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General introduction 
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MYOCARDIAL INFARCTION 
Cardiovascular diseases (CVDs) are disorders of the heart and the circulatory 
system, often a result of atherosclerosis. CVDs remain the number one cause of 
death globally, accounting for approximately 18.6 million deaths in 2019 [1]. The 
main forms of CVDs are ischemic cardiac diseases, including myocardial infarction 
(MI, or heart attack) and stroke. In the Netherlands, 25% of the total deaths was 
due to a CVD in 2019. Interestingly, the mortality due to MI showed a decrease over 
the period 1980-2019, but still represents 13% of the CVD deaths [2]. 
 
Ischemic cardiac diseases are caused by (partial) obstruction of the coronary 
arteries, this can be due to atherosclerotic plaque formation or thrombotic 
processes [3]. The obstruction leads to the deprivation of oxygen and nutrients to 
the surrounding cardiac tissue and insufficient removal of metabolites (such as 
lactate), resulting in cell dysfunction, injury and/or death. In case of MI a complete 
blockage of the blood flow eventually leads to cardiomyocyte necrosis and the 
subsequent loss of cardiac function. 
 
The timely and accurate diagnosis and treatment of MI is essential to limit the size 
of the myocardial injury and to preserve the cardiac function [4]. The diagnosis of 
MI is based on clinical signs and symptoms, like acute chest discomfort, diagnostic 
techniques such as electrocardiography (ECG), and often requires the detection of 
cardiac biomarkers (Figure 1.1). The current biomarker of choice is cardiac troponin 
T or I (cTnT and cTnI, respectively), because of their unique cardiac origin. 
Additionally, their levels rise quickly after the onset of MI and stay elevated for 
several days. They are of great value especially for patients without persistent ST-
segment elevation (NSTEMI) on the ECG, and are used in the diagnosis, risk 
stratification and treatment of patients with suspected NSTEMI [4]. 
 

CARDIAC TROPONINS 
The cardiac troponin complex is part of the contractile apparatus in skeletal and 
cardiac muscles (Figure 1.2A). It is located at the thin filament and has three 
different subunits (troponin T, I and C) that serve for the binding to tropomyosin, 
inhibit the myosin-actin binding and binding to calcium, respectively [5-7]. Cardiac 
specific isoforms exist for troponin T (cTnT, UniprotKB ID P45379, MW = 35.9 kDa) 
and troponin I (cTnI, UniprotKB ID P19429, MW = 24.0 kDa). During myocardial 
injury, the cardiac troponins (cTns) are released from damaged cardiomyocytes into 
the bloodstream. The levels of cTn rapidly increase within a few hours, with a peak 
around 6-12 hours, after symptom onset and remain elevated for several days. 
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Figure 1.1. Schematic representation of MI diagnosis. Upon presentation with acute chest 
pain an ECG is applied, patients with ST-elevation will receive prompt PCI, while non-STEMI 
patients require cardiac troponin (serial) measurements for triage. ECG = electrocardiogram; 

NSTEMI = non-ST-elevation myocardial infarction; PCI = percutaneous coronary intervention; STEMI = 
ST-elevation myocardial infarction 

 
Nowadays, high-sensitivity cardiac troponin (hs-cTn) assays are available and 
preferred for the diagnosis of MI [3, 4, 8]. With these sensitive assays it should be 
noted that an isolated elevation of cTn concentrations (above the 99th percentile 
upper reference limit; URL) is no longer a synonym for MI, because cTn 
concentration also became detectable in patients with other cardiac and non-
cardiac disorders [4], like patients with renal dysfunction [9-12] and endurance 
sporters [13, 14]. 
 
To overcome this limitation in the clinical specificity, the guidelines recommend the 
use of resampling algorithms for the triage of patients suspected with NSTEMI 
(Figure 1.1) [3, 4]. These algorithms consider the dynamic changes of cardiac 
troponins concentrations after MI, a rise or fall over time. The 0h/1h or 0h/3h 
algorithm requires a baseline measurement (0h) and a follow-up sample after 1h 
or 3h, respectively. Assay specific cut-offs are used to determine ‘rule-in’ or ‘rule-
out’ of MI [4]. 
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Interestingly, the troponin subunits are known to be susceptible to degradation by 
intra- and extracellular proteases [15-19]. However, the exact composition of cTn 
forms and whether these forms originate directly from the damaged myocardium 
and/or are degraded in the bloodstream, remains unclear. 
 
The composition of circulating cTnT after MI has been previously described [20-24], 
showing the presence of intact cTnT, either as part of the ternary cTn T-I-C complex 
or as a free form, and two fragments (29 kDa and 15-18 kDa, respectively) (Figure 
1.2B). Also, it was observed that the cTnT conformation changed over time [20, 23]. 
On the other hand, in patients with end-stage renal disease (ESRD) only the smaller 
fragments (15-18 kDa) were observed [25]. 
 
There is less consensus on the circulating forms of cTnI, although most MI studies 
showed a major presence of the binary cTn I-C complex, others also observed the 
ternary cTn T-I-C complex and even small portions of intact cTnI and its degradation 
products (Figure 1.2B) [22, 24, 26-30]. 
 

 
Figure 1.2. Cardiac troponin, the preferred biomarker for myocardial infarction (MI). 
Schematic representation of (A) the cardiac troponin (cTn) complex (on cardiomyocyte-thin 
fibers, adapted from [31]), B) Hypothesis on composition of troponin in the bloodstream 
after MI (based on Katrukha et al.[24]). C) cTnT and cTnI with the antibody epitopes from 
the Roche hs-cTnT and Abbott hs-cTnI immunoassays, respectively [32]. aar. = amino acid 

residue; cTnI = cardiac troponin I; cTnT = cardiac troponin T; TnC = troponin C 
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Cardiac troponin (cTn) immunoassays 
Current cTn immunoassays use monoclonal antibodies (mAb) directed against 
specific epitopes of either cTnT or cTnI (Figure 1.2C). These cTn assays recognize all 
circulating forms in the blood to represent the cTn concentration. In addition to 
this, it remains to be investigated whether targeting a specific form of cTn present 
in the blood after MI in the future might possibly improve the discrimination of MI 
patients from other pathologies that are known for increased cTn concentrations. 
 
The cTnT assays from Roche Diagnostics are the only available clinical assays for 
cTnT, with the fifth generation hs-cTnT being the most recent. The employed mAbs 
target the central region at amino acid residues 125-131 and 136-147 with a 
ruthenium tag for electrochemiluminescence detection [32, 33]. While, for cTnI 
there are several manufacturers on the market, using mAbs that target different 
epitopes though at least one mAb targets the central part of cTnI, and they often 
employ different detection methods [32]. So the presence of different cTn forms in 
the circulation, possible post-translational modifications (PTMs) of the protein, as 
well as changes in the conformation might result in a variability of the 
immunoreactivity, especially when mAbs target epitopes in modified regions [34]. 
 

REPERFUSION AFTER MYOCARDIAL ISCHEMIA 
The therapies after MI are focused on the restoration of the blood flow to limit 
cardiac injury as much and as soon as possible. Reperfusion is performed by 
thrombolytic therapy, percutaneous coronary intervention, or revascularization 
[4]. Although the restoration of the oxygen and nutrient supply as well as the 
removal of metabolites is essential, this sudden reperfusion can also have a 
detrimental effect and exacerbate injury [35]. This so-called ischemia/reperfusion 
(I/R) injury, was first described by Jennings et al. in 1960 [36]. In the past decades 
many studies were dedicated to the elucidation of the mechanisms of I/R injury 
[37]. 
 
Cardiac injury results in morphological changes of the myocardium, as the process 
of remodeling begins rapidly after injury [38]. Besides the cardiomyocytes, also 
fibroblasts, the interstitium, collagen and the vasculature are involved in the 
physiological and pathological changes of the myocardium [39, 40]. Different stages 
can be distinguished over time, from inflammation to scar formation [39]. These 
changes after MI cause a division of the heart in three regions: the infarct itself, a 
peri-infarct (or border) region and remote myocardium [41]. The peri-infarct tissue 
is located between the infarct and remote myocardium and the intermediate 
perfusion results in a slower progression of tissue injury and might contain a 
mixture of viable and necrotic myocytes [41-43].  
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MOLECULAR INFORMATION DIRECTLY FROM TISSUE 
From a molecular perspective, mass spectrometry (MS)-based ‘omics’ strategies 
have shown great potential in providing insight in pathophysiological changes, and 
the involved pathways have been studied at different levels: from metabolites and 
lipids to proteins [44-49]. 
 
Nowadays, molecular imaging techniques are frequently used in biomedical 
research to unravel the complexity of biological samples. One of these techniques, 
mass spectrometry imaging (MSI), is gaining popularity for investigating healthy 
and diseased tissues and improve the understanding of ongoing processes [50]. 
Unlike traditional immunohistochemistry approaches, MSI can detect hundreds of 
molecules simultaneously and provide the spatial information of a specific 
molecular class (based on sample preparation) without prior knowledge of the 
exact molecule of interest or the need for specific labels. 
 
When using MSI, like with traditional MS, different ionization techniques are 
available, all having complementary capabilities regarding spatial resolution and 
mass range [51-53]. The most commonly applied ones are matrix-assisted laser 
desorption/ionization (MALDI), secondary ion mass spectrometry (SIMS) and 
desorption electrospray ionization (DESI) MSI. MALDI is a popular ionization 
technique, due to its broad mass range detection and high throughput capabilities, 
and most frequently combined with a time-of-flight (TOF) mass analyzer [54, 55]. A 
drawback is the lack of mass resolving power, therefore a Fourier transform ion 
cyclotron resonance (FT-ICR) or orbitrap FT is often used. These offer higher mass 
resolution and mass accuracy which allow for the separation of ions with small mass 
differences but are limited in their mass range. 
 
In short, for MSI the tissue from healthy or diseased organs is sectioned in µm-thick 
tissue slices. Then, for MALDI-MSI (Figure 1.3) the tissue section needs to be 
covered with a fine organic crystal layer, the matrix, which crystalizes on the tissue 
surface and extracts the molecules from the tissue. As its name indicates, MALDI is 
based on laser desorption and ionization, where the matrix absorbs the energy and 
facilitates the energy transfer and ionization of molecules. The focused laser 
generates a mass spectrum for every pixel (commonly with a spatial resolution of 
20-50 µm), and the ions are separated based on their mass-to-charge ratio (m/z 
value) which correlates with the time needed to reach the detector. Finally, the 
peak intensities provide information on the molecular abundances in every pixel. 
The distribution of the molecule in the tissue is reconstructed by visualization of 
the intensities in every pixel. 
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Figure 1.3. Overview of a general MALDI-MSI workflow. Tissue sections are placed on a 
glass slide and covered with a matrix. Using a laser, mass spectra are generated for every 
pixel. Afterwards, the distribution of a molecule can be visualized based on peak intensities 
in every pixel. 

 
In the mass spectra obtained using MALDI-TOF each peak represents one specific 
or multiple molecules with similar m/z. Ideally, the peaks (molecules of interest) 
could be directly identified, however, for the majority of molecules the m/z value 
does not provide sufficient information for unique identification. Most experiments 
therefore require separate ‘omics’ workflows, for example tandem MS (MS/MS) 
analysis, high mass resolution analyses, and/or including another dimension of 
molecular separation such as ion mobility or liquid chromatography (LC). An 
exception is the data-dependent acquisition (DDA) for lipid identification, for which 
high-mass-resolution MSI and lipid tandem MS data is generated in parallel [56]. 
Undoubtedly, these omics approaches provide highly sensitive and in-depth 
analysis of the tissue, yet it has several drawbacks. In most cases it requires 
additional consecutive tissue sections and/or the use of extracts from tissue 
homogenates, which is the case for LC-MS. This leads to an averaging of molecular 
abundances [57] and loss of the spatial information. Maintaining the spatial 
information is essential for the correct interpretation of the complex biological 
samples. 
 
Within the MSI community a variety of workflows has been developed and used to 
facilitate the identification of different molecular classes, from high-mass-accuracy 
measurements for metabolites and proteins [58, 59], to MSI-based lipidomics 
approaches for lipids [56] and on-tissue imaging of peptides [60]. Moreover, the 
use of laser capture microdissection (LMD) has been implemented in MALDI-MSI-
based spatial-omics pipelines [61-63], providing an in-depth proteomics analysis 
while maintaining the spatial information. 
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THESIS OUTLINE 
This thesis focuses on myocardial injury and the molecular processes that take place 
in the cardiac tissue after ischemia and reperfusion.  
 
In the first part of this thesis, the field of mass spectrometry imaging (MSI) is 
introduced and applied to cardiovascular diseases with a focus on 
ischemia/reperfusion (I/R) injury. Chapter 2 starts with an overview of the current 
trends of mass spectrometry imaging (MSI) in cardiovascular diseases. Published 
protocols are described and an overview of MSI results for different molecular 
classes, from metabolites to proteins, is provided. Chapter 3 demonstrates the 
novel implementation of a single conductive slide in a spatial-omics workflow. This 
work performed on cardiac tissue, used a combination of MALDI-MSI, laser capture 
microdissection (LMD) and in-depth proteomics. 
 
In the following chapters two different animal models were used for the evaluation 
of molecular processes that take place in the heart after I/R injury. In chapter 4, the 
protein spatial information in the rat I/R heart is examined. In addition, spatially 
resolved protein identification was performed using the LMD workflow as 
established in chapter 3. Chapter 5 describes the investigation of the lipid signature 
in a mouse I/R model. This study combined both spatial and temporal information 
of lipid signatures in the I/R heart, by a combination of MALDI-MSI, on tissue 
identification using data-dependent acquisition (MALDI-MSI DDA) and the gold 
standard LC-MS/MS approach. 
 
In the second part of this thesis, the circulating molecular forms of cardiac troponin 
T and I (cTnT and cTnI) are investigated. In chapter 6 the composition of cTnT is 
described in a healthy population after running a marathon and compared with 
forms seen after MI. In chapter 7 we explore the cTnI composition during the 
course of MI using coronary venous sampling, close to the site of release, and 
compare this with the forms in marathon runners and patients with end-stage renal 
disease. 
 
Finally, chapter 8 discusses the obtained results and conclusions in a broader 

context and directions for future research are provided. In chapter 9 the impact on 

the scientific community as well as healthcare and industry is described. 
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Chapter 2 
Trends in mass spectrometry imaging 

for cardiovascular diseases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The work presented in this section has been published as 
Trends in mass spectrometry imaging for cardiovascular diseases 

S.T.P. Mezger, A.M.A. Mingels, O. Bekers, B. Cillero-Pastor and R.M.A Heeren 
Analytical and Bioanalytical Chemistry 2019 411(17):3709-3720
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In the cardiovascular research field, the use of mass spectrometry imaging (MSI) is 
still emerging. The technique has the advantage of analyzing multiple molecules 
without prior knowledge while maintaining the relation with tissue morphology. 
Particularly, MALDI-based approaches have been applied to obtain in-depth 
knowledge of cardiac (dys)function. Here, we discuss the different aspects of the 
MSI protocols, from sample handling to instrumentation used in cardiovascular 
research, and critically evaluate these methods. The trend towards structural lipid 
analysis, identification, and “top-down” protein MSI shows the potential for 
implementation in (pre)clinical research and complementing the diagnostic tests. 
Moreover, new insights into disease progression are expected and thereby 
contribute to the understanding of underlying mechanisms related to 
cardiovascular diseases. 
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CARDIOVASCULAR DISEASES AND CLINICAL DIAGNOSIS 
For the last 15 years, the leading cause of death worldwide is cardiovascular 
diseases, in particular ischemic heart disease and stroke [1]. During such an acute 
ischemic event, an atherosclerotic plaque in the blood vessels is ruptured, causing 
obstructive blood flow and a lack in oxygen supply in the surrounding tissue. The 
build-up of this plaque in the inner-most layer of the artery wall results in narrowing 
of the artery and the loss of arterial elasticity. It is a complex process with many 
different factors, which are not completely understood yet, and is also related to 
other chronic diseases of the heart and blood vessels [64]. 
 
Cardiovascular diseases are diagnosed using a range of clinical tests, from 
laboratory to imaging-based analyses. Laboratory tests check for general blood 
components like lipids (fats, cholesterol) or for cardiac specific biomarkers, like 
cardiac troponins and natriuretic peptides. Imaging techniques check for structural 
and spatial information, either invasively or non-invasively, being often 
echocardiography, cardiac MRI, or computed tomography [65]. Very important 
considerations in the diagnostic work-up are also patient medical record, family 
history, and risk factors. The diagnosis of acute myocardial infarction (MI) is based 
on typical clinical signs and an electrocardiogram. In case of non-ST elevation MI 
the additional detection of a rise and/or fall of cardiac biomarkers (either cardiac 
troponin T and I) or other imaging are required [8]. The clinical tests and imaging 
techniques are however not sufficient to obtain all molecular information on a 
spatial level. 
 
In cardiovascular research, on the contrary, far more sophisticated techniques such 
as mass spectrometry imaging (MSI) are available to obtain more in-depth 
information on the involved components and pathways. The characterization of 
these biochemical changes provides information on the pathophysiology which 
may eventually be used in clinical applications [44, 66]. MSI is an emerging tool and 
obtains spatial information of multiple molecules without prior knowledge; 
therefore, this might be an interesting complementary tool as compared with 
current clinical methodologies, for instance, immunohistochemistry in the field of 
tissue characterization. 
 
In this chapter, we provide an overview of available MSI protocols and applications 
in cardiovascular research (Table 2.1, page 35), with a focus on the following 
molecular classes: lipids, proteins/peptides, and metabolites. We will elaborate on 
the choices to be made, from sample handling to instrumentation. Some of these 
choices depend on the molecular class of interest, from washing steps, enzymatic 
digestion, matrices, to mass range. Finally, we discuss the trends in MSI for 
cardiovascular diseases with an outlook to future work.  
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MASS SPECTROMETRY IMAGING: A BRIEF INTRODUCTION 
In a typical MSI experiment, a mass spectrum is generated for every pixel on the 
tissue section and information on the molecular content is captured (Figure 2.1). 
The two most frequently used ionization techniques in cardiovascular MSI are 
matrix-assisted laser desorption/ionization (MALDI) and secondary ion mass 
spectrometry (SIMS). In MALDI, the analyte molecules are extracted from the tissue 
section and incorporated into matrix crystals. Irradiation of the matrix-covered 
sample with a laser beam (typically a pulsed UV laser) then produces gas-phase 
molecular ions that are mass separated in a mass spectrometer. After ion detection, 
a mass spectrum is generated. This process recurs on each individual analysis 
position and a collection of mass spectra is acquired. This dataset can be 
transformed into an image for each individual molecule present in the acquired 
data. A histological stain can be performed following the MSI experiment and co-
registered with this MSI data with respect to the tissue pathology. In that case, the 
matrix coating needs to be removed prior to the histological staining procedure. 
 
In SIMS, a high-energy primary ion beam is used to bombard the tissue surface, 
which leads to the emission of atomic, fragmented, and molecular (the so-called 
secondary) ions which are subsequently analyzed in the mass spectrometer [67, 
68]. Currently, the development of ambient molecular imaging techniques, such as 
desorption electrospray ionization (DESI), is emerging. In DESI, charged droplets 
impact the surface and extract analytes from the tissue surface. Ions are generated 
through electrospray ionization following the droplet interaction with the surface. 
This technique does not require high vacuum and can be deployed for samples that 
are not vacuum compatible [69]. SIMS and DESI are often performed without 
extensive sample preparation on untreated tissue sections. 
 

MASS SPECTROMETRY IMAGING IN CARDIOVASCULAR DISEASES 
The first and crucial aspect for MSI is sample handling after tissue collection. It is 
very important to store the tissue in an appropriate manner to preserve structural 
information, and halt biological processes. Ischemia of tissue can very quickly result 
in molecular changes that will affect the MSI results. In pathology, the maintenance 
of the correct spatial information, reduction of degradation, and delocalization are 
routinely done by formalin-fixed paraffin embedding (FFPE). However, FFPE tissue 
is less compatible with MSI, the cross-linking caused by formalin makes ionization 
and identification difficult [55]. Developments in sample preparation have 
improved MSI possibilities for the use of FFPE samples for metabolite and 
protein/peptide imaging [58, 70-73]. The preferred tissue preservation method for 
MSI that provides access to a wide variety of molecular classes is still cryo-
preservation through immediate flash freezing after tissue resection/collection. 
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Figure 2.1. Schematic overview of the workflow for MSI. First, the organ is harvested, then 
either snap-frozen or fixed, with or without embedding. Next, the tissue is cut and mounted 
on a slide. Then, optional and depending on the analyte of choice, washing steps, antigen 
retrieval, and digestion protocols are performed. For MALDI, a matrix is applied on top of 
the tissue, and a laser beam generates the ions for detection. For SIMS, an ion beam 
generates the secondary ions for detection. For DESI, a charged solvent extracts the ions 
from the tissue. Afterwards, a histological stain can still be done. 

 
The next step is tissue sectioning, for frozen tissue a cryo-microtome is used with 
the operating temperature ranging from −5 to −25 °C and depending on the tissue 
[52]. For frozen arterial and cardiac tissue, temperatures between −20 and −25 °C 
have been used [52, 74]. The typical section thickness varies between 10 and  
20 μm, to avoid cracking or excessive drying times. Fragile cardiovascular tissue can 
be supported during sectioning with an embedding medium, for example, gelatin 
[75, 76] or carboxymethyl cellulose [77, 78]. The use of optimal cutting temperature 
(OCT) compound is not recommended due to possible polymeric contamination of 
the MS spectra [79] that obscures some of the relevant molecular details. 
Nevertheless, OCT has been used in some cardiovascular disease studies [74, 80-
82]. Tissue sections are then thaw-mounted on glass slides or electrically 
conductive indium tin oxide (ITO)–coated glass slides, for orthogonal and non-
orthogonal instruments, respectively. A microtome is used for FFPE material, and 
the section thickness varies between 3 and 15 μm [71, 72, 83]. Before further 
sample preparation, the FFPE sample needs to undergo deparaffinization and when 
interested in peptide/protein analysis, also antigen retrieval.  
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It has been shown to be beneficial to add an adhesive substance to the glass slide 
before mounting the tissue, in cardiovascular studies poly L-lysine is used [74, 84]. 
This prevents tissue loss during extensive wash protocols. 
 
Depending on the analyte of interest, the protocol can include washing and/or 
digestion steps. Washing steps reduce ion suppression by the removal of salts, 
small molecules, and/or lipids [85, 86]. Therefore, these steps are used for 
protein/peptide and in general not for lipid and or metabolite imaging. Digestion 
steps are included to reduce the size of larger biomacromolecules such as proteins 
and glycans and make their fragments (proteolytic peptides and oligosaccharides) 
amenable to MSI. 
 
The application of a matrix layer on top of the tissue is the next step for MALDI-
MSI. This matrix solution consists of an organic acid (the matrix) and an organic 
solvent, and in some cases, trifluoroacetic acid is added to assist in protonation of 
the analytes. The organic acid forms analyte-matrix crystals, which absorb the 
energy from the laser, enabling the ionization and acting as a proton source [78]. 
Different methods are available to ensure the formation of a uniform matrix layer 
on top of the tissue surface, namely spraying [79], vibrational vaporization [80], 
nebulization [81], and sublimation [84, 87]. These methods generate layers of 
matrix crystals of different sizes and thicknesses. In the case of metal-assisted SIMS, 
a thin layer of gold can be deposited on the sample to improve molecular ion yield 
[88]. The attainable spatial resolution in matrix-based MSI strategies is determined 
by the matrix crystal size and the laser spot size. The narrow width of the ion beam 
and the reduced sample preparation in SIMS result in a spatial resolution that 
outperforms MALDI by one to two orders of magnitude. The spatial resolution in 
DESI-based MSI is influenced by the size, shape, stability, and solvent used for the 
spray. It can be beneficial to perform reactive DESI for some endogenous 
compounds with low ionization efficiencies. In this approach, the analyte is 
derivatized with a reagent in the spray solvent [77, 89]. 
 
The mass analyzer used for MSI defines the mass accuracy, mass resolution, and 
resolving power. For MALDI-MSI, the most frequently used mass analyzer is the 
time-of-flight (TOF), which has a theoretical unlimited mass-to-charge (m/z) range 
and single ion detection capabilities [90]. A TOF or even TOF-TOF has often been 
used for the analysis of different molecular classes in cardiovascular studies [74, 80, 
84, 91, 92]. MALDI can also be combined with a Fourier transform ion cyclotron 
mass spectrometer (FT-ICR) [74], which provides higher mass accuracy and mass 
resolution compared with a TOF-MS; however, this instrument is less suitable for 
high m/z analysis. Other optional mass analyzers are a quadrupole TOF [92], a LTQ 
XL linear ion trap [93], and an orbitrap Fourier transform MS (FTMS) [94]. For SIMS 
MSI, a TOF-based mass spectrometer is most often used [76, 82, 88, 95-97].  



 

Chapter 2 | 25 

An ion source, for instance, gold or bismuth liquid metal ion gun, generates a pulse 
of primary ions that are accelerated towards the surface. For DESI-MSI, the source 
can be coupled with different mass analyzers that can cope with continuous beams, 
such as a triple quadrupole, q-TOF, FT-ICR, and orbitrap. In addition to the 
aforementioned protocols, tandem MS is also applied for identification of particular 
compounds. The generated fragments in tandem MS are compared with database 
libraries and used for the identification of the molecule; tandem MS is required for 
a proper structural identification. When using accurate mass analysis, the intact 
mass is used to determine the composition, database matching, and identification. 
For example, in lipid identification, high-resolution mass analysis enables a 
confident assignment of lipid classes; tandem MS is required for the identification 
of the individual fatty acid (FA) chains. Structural lipid identification will increase 
the understanding in lipid biochemistry and their roles in (patho)physiological 
processes. 
 

LIPID MSI APPLIED TO CARDIOVASCULAR DISEASES 
Lipids play a vital role in many cellular processes. It is a diverse and complex class 
of molecules with high structural variability. It includes among others FA, steroids 
and many classes of phospholipids (PL). The heart uses FA as its major energy 
substrate, and besides FA its lipidome consists mainly of (lyso)phospholipid, 
sphingolipid species, and neutral lipids [98, 99]. 
 
For the MSI analysis of specific lipid species, Angel et al. obtained signal 
enhancement by adding aqueous washing steps prior to matrix deposition [100]. 
Their protocol using ammonium formate or ammonium acetate showed increased 
signal intensity in negative ionization mode and reduction of sodium and potassium 
adducts in positive ionization mode. The choice of matrix and the ionization polarity 
(positive and/or negative) are important for all MSI lipid experiments. The success 
of a study is affected by the natural polarity of many lipids. When analyzing in 
positive ionization mode, sphingomyelins (SM), phosphatidylcholines (PC), and 
neutral lipids, such as triacylglycerols (TAG) and cerebrosides, can be detected [101, 
102]. In negative ionization mode, phosphatidylinositols (PI), phosphatidylserines 
(PS), phosphatidylethanolamines (PE), phosphatidylglycerols (PG), 
glycosphingolipids, and cardiolipins (CL) are found. For cardiovascular lipid 
research, 2,5-dihydroxybenzoic acid (DHB) is the most commonly used matrix, as it 
can be used in both ionization polarities [74, 80, 84, 100]. Other matrices in 
negative ion mode are 2,6-dihydroxyacetophenone (DHA) and 9-aminoacridine 
(9AA); in positive ion mode, α-cyano-4hydroxycinnamic acid (CHCA) [80]; and for 
dual polarity also 1,5-diaminoaphthalene (DAN) [81]. 
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Cardiovascular lipid imaging was mostly performed with a (Q)TOF or TOF-TOF 
instrument, coupled with MALDI [80, 84, 91, 103, 104] or SIMS [76, 82, 88, 95-97]. 
Structural information, high mass accuracy, and identification were done using an 
FR-ICR, LTQ XL linear ion trap, or orbitrap coupled with MALDI [74, 91, 93, 94, 104] 
or DESI [77, 89]. 
 
Multiple MALDI-MSI studies focused on the distribution of phospholipid species in 
healthy cardiac tissue. Lipids play an important role as structural biomolecules and 
in signal transduction processes. One of these species is cardiolipins, a lipid found 
in the mitochondrial membrane and closely associated with mitochondrial 
function. It is found to be homogeneously distributed in the ventricular 
myocardium of a healthy rat heart [84]. Other lipid species predominantly found in 
the rat myocardium were PCs and PEs, while the vessel region had a higher 
abundance of TAG and PI species [94]. Researchers have constructed a 3D MSI 
model of a rat heart to provide a full view of the cardiac structure and morphology, 
obtained with metal- assisted TOF-SIMS [88]. Distinctive peaks for the aorta wall, 
valve, ventricles, atria, pericardium, and endocardium were found (Figure 2.2) and 
used for the reconstruction of the 3D volume. A cross-species validation study 
revealed similar lipid patterns in rat and mouse hearts, while a human ventricular 
sample showed distinctive structures, with higher cholesterol in the myocardium, 
and high diacylglycerol species and ceramide in the pericardium. The distribution 
of metals, important components in cellular and molecular processes in the heart, 
was visualized in a mouse heart by combining laser ablation inductively coupled MS 
(LA-ICPMS) and SIMS [82]. These imaging results suggested higher concentrations 
of Zn, Mn, Cu, Mg, and Ca in the right compared with the left ventricle. Using 
MALDI-MSI, other authors found a, as yet unidentified, phospholipid (m/z 600) that 
differentiated the hinge region and valve cusp in mouse aortic valves [103], and in 
ovine aortic valves, a combination of PC, PE, and SM species was distinctive for the 
fibrosa and spongiosa regions while this differentiation could not be made for pre-
natal valves [74]. 
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Figure 2.2. Sagittal sections of a rat hearts imaged using metal-assisted SIMS. Anatomical 
features are visualized in SIMS ion images, specific for the aorta wall (a-d), ventricles (h and 
n), and pericardium (m). Localization of the main cholesterol ions (m/z 369 and m/z 385) 
shows localization in the aorta wall, aorta valve, right coronary artery, and right and left 
atria, image e and i respectively. Scale bar = 100 μm. Reprinted with permission from Springer 

Nature Customer Service Centre GmbH: Springer Anal Bioanal Chem. Fornai L, Angelini A, Klinkert I, 
Giskes F, Kiss A, Eijkel G et al. Three-dimensional molecular reconstruction of rat heart with mass 
spectrometry imaging. Anal Bioanal Chem. 2012;404(10):2927–38, copyright 2012 [88]. 

 
Regarding cardiovascular diseases, MALDI-MSI of an infarcted heart revealed a 
higher ion signal of lysoPLs and a decrease in intact PLs in the infarcted region and 
supports the hypothesis that phospholipase A2 (PLA2) and arachidonic acid play a 
role in MI, with an increased activity of PLA2 in the infarcted area [93]. Margulis et 
al. applied a machine learning algorithm to DESI-MSI data to improve data analysis. 
This resulted in a molecular signature that distinguished between ischemic and 
perfused cardiac tissue in mice [89]. The 62 selected molecular ion peaks classified 
tissue types across pixels with high accuracy and precision; one of the ion peaks 
was the amino acid taurine, found more abundantly in perfused tissue. 
Additionally, polyunsaturated long-chain fatty acids were found to be depleted in 
infarcted areas.  



28 | Chapter 2 

Another frequently studied cardiovascular disease is atherosclerosis; Castro-Perez 
et al. showed a distinct distribution of lipids across the aortic plaque region, with 
free cholesterol in the plaque and necrotic core, cholesteryl ester (CE) species in 
the lesion area, lyso-PC (LPC) species in the arterial wall and atheroma, and PC 
species homogenously present across the tissue [80]. Others found increased 
lysolipids, PI, PG, and SM species in the intima, and specific localization of TAG, 
diacylglycerophosphate (PA), SM, and PE-Cer species in calcified regions of the 
atherosclerotic samples [91, 104]. Zaima et al. investigated mouse atherosclerotic 
lesions; they identified PC species characteristic for the smooth muscle cell region 
and CE species in the lipid-rich region and found one unidentified m/z value (566.9) 
specific for the calcified region [105]. Their analysis of human atherosclerotic 
lesions showed similar distributions for PC and CE species compared with mouse, 
with the addition of a TAG in the lipid region and a different m/z value (539.0) for 
the calcified region. A 3D MSI reconstruction of atherosclerotic plaques from mouse 
heart and human carotid by Patterson et al. revealed similar lipid patterns [81]. 
 
Both contained LPCs in the bulk of the plaque, and PC species in the plaque interior 
wall. In addition, TAGs were present in the mouse aortic valve cusps and ceramide 
species showed co-localization with LPCs in the human plaque. Silver-assisted LDI 
MSI of the mouse plaque displayed free FAs containing unsaturated FA chains co-
localized with PCs and specific localization of cholesterol not co-localized with free 
FAs. Interestingly, Tanaka et al. focused on the role of LPC acyltransferase-3 
(LPCAT3) and suggested a relation in LPCAT3 expression and atherosclerosis 
progression as they observed an increase of LPC and a decrease of arachidonyl-PC 
species [106]. The lipid metabolism in a human plaque was investigated using TOF-
SIMS and showed different distributions of several FA species, cholesterol,  
vitamin E, PA, PC species, SM, and PI fragments in the atherosclerotic intima and 
medial layer [95, 97]. The human atherosclerotic plaque imaged with DESI-MSI 
showed lipid-rich regions across the plaque, containing different compositions of 
cholesterol, SM, and PC species. In addition, DESI-MS identified LPC species in the 
plaque that are known to be more abundant in oxidized LDL found in plaques [77]. 
 
Lipid analysis of a vascular graft that was removed from a human body, containing 
a plaque-like occlusion, revealed the deposition of cholesterol, SM, and PC species 
[107]. A comparison between this graft and other research on atherosclerotic 
arterial tissue showed a remarkable resemblance in the lipid content, not only in 
the plaque but also in the artificial vessel.  



 

Chapter 2 | 29 

APPLICATION OF PEPTIDE AND PROTEIN MSI TO CARDIOVASCULAR 
DISEASES 
Proteins and peptides are fundamental components of cells and play important 
roles in many biological processes. Protein imaging can be done “bottom-up” or 
“top-down”, detecting proteolytic peptides or intact proteins respectively. Peptides 
are generated by enzymatic or chemical digestion, a conventional approach in 
proteomics, measured and identified by a combination of high-resolution MS, 
tandem MS–based peptide sequencing, and database searching. The bottom-up 
protein imaging approach is often used when only FFPE material is available; 
however, a wide range of tissues can be used. FFPE tissue requires dewaxing and 
antigen retrieval protocols to make the tissue proteins amenable for enzymatic 
digestion. 
 
On the contrary, top-down protein imaging does not involve any enzymatic 
digestion. The intact protein is desorbed and ionized from the matrix covered tissue 
surface followed by controlled fragmentation inside the mass spectrometer using 
CID, ECD, UVD, or a combination thereof. Unlike bottom-up, this approach 
potentially allows full sequence coverage, aims at the preservation of existing post 
translational modifications, and provides detailed structural information. For intact 
protein in MALDI-MSI, the use of fresh frozen tissue is favorable, as formalin-fixed 
tissues require additional processing and washing steps. Fixation of the protein 
content with Carnoy’s solution or acidified ethanol [83] can be beneficial; another 
approach that works well is ethanol-preserved paraffin embedding [108]. 
 
In protein MSI, washing steps are crucial for the removal of salts, metabolites, and 
lipids to prevent signal suppression. The most common washing solution is ethanol. 
For enzymatic digestion, the enzyme is applied to the tissue and digestion is 
enabled in a high-humidity chamber. In cardiovascular research, the most 
frequently used enzyme, and the gold standard in proteomics, is trypsin, which has 
specific cleavage sites at the C-terminus of lysine or arginine. Other enzymes used 
are chymotrypsin, pepsin, elastase, recombinant LysN, PNGaseF, LysC, ArgC, AspN, 
or GluC, all with their own specific cleavage sites [109]. Chemical digestion involves 
the treatment of the sample with reactive solutions containing, for example, formic 
acid, hydrochloric acid, or chemicals such as cyanogen bromide. This approach 
leads to high-mass peptides, suitable for middle-down proteomics [110-112]. 
 
Commonly used matrices for peptide and protein MSI are DHB, CHCA, and sinapinic 
acid (SA) [51, 71, 72, 83, 85, 91, 104, 113-115]. A MALDI TOF-TOF is the most 
frequently used instrument for peptide and protein MSI for cardiovascular diseases, 
operated in positive ion mode with a range up to 30 kDa [71, 72, 83, 85, 91, 104, 
113, 116]. Linear mode was mostly used to enhance the signal of high-mass 
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molecules, while the reflectron mode was used for small proteins and peptides. 
Furthermore, validation and identification were conducted using tandem MS and 
accurate mass MS, with an FT-ICR, orbitrap, or quadrupole ion trap TOF. Additional 
(nano) LC-MS/MS measurements are performed for the identification of proteins. 
MSI has been used in several studies into peptides and protein; for example, a 
baseline measurement of the chick’s cardiac proteome was established by Grey et 
al. who combined the MALDI-MSI data obtained with different matrices and 
observed a distinct spatial distribution for different combined protein signals [83]. 
Identification of these signals was not performed; however, they suggest the use of 
the established methodology in future experiments for the characterization of 
heart development stages in healthy and diseased hearts. 
 
The role of different peptides and proteins in myocardial infarction (MI) has been 
studied in a mouse MI model [85]. The spatial distribution of the tyrosine kinase 
receptor ephrinA1, both as intact protein and tryptic peptides, was investigated by 
Lefcoski et al. and revealed a higher expression of ephrinA1 fragments in healthy 
compared with MI mouse hearts. Within the MI heart, three regions (injured, 
border, and remote) were identified to have specific protein signatures. 
Interestingly, the injured region showed proteins involved in redox processes, 
mitochondrial and metabolic enzymes, lipoproteins, and phagocytic vesicles. The 
results suggesting the involvement of mitochondrial enzymes are in line with the 
lipid findings of Menger et al. [93]. The remote region displayed proteins indicating 
increased remodeling, while data from the border region suggested high 
transcription, translational activity, and defense response. Furthermore, Alghamri 
et al. investigated the role of the enzyme aminopeptidase A (APA) in the 
metabolism of cardiac angiotensin (ANG), focusing on ANG II and ANG-(1-7) [116]. 
This metabolism pathway was visualized using a MALDI-MSI enzyme assay. In this 
approach, the heart sections were incubated with ANG II. Higher APA protein levels 
were detected in MI compared with sham mouse hearts, suggesting the 
degradation of ANG-(1-7) in cardiac repair and reduction of the ventricular function 
after MI. Also, human MI cardiac tissue was used to identify proteins reflecting 
cardiomyocyte viability [71]. The damaged lesions showed an enhanced signal for 
hemoglobin subunit α, adenosine triphosphate synthase subunit alpha (ATPA), and 
the sarcomeric proteins myosin-6 (MYH6), myosin-7 (MYH7), myosin light chain 3 
(MYL3), and alpha actin 2 (ACTA2, Figure 2.3). Validation of the results for MYH6 
and ATPA was done with immunohistochemistry.  
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Figure 2.3. Peptide MALDI-MSI analysis of cardiac tissue. The left column contains H&E 
staining and orientation (endocardium and pericardium) of the samples. Other columns 
contain ion images of the identified proteins including m/z values or the corresponding 
immunohistochemistry as indicated above the images. * represents the coronary artery [71]. 

 
Next, a distinct peptide profile was found for the differentiation of three atrial 
fibrillation subtypes (paroxysmal, persistent, and long-lasting persistent) [72]. 
MALDI-MSI of human left atrial appendage specimens showed a discriminative 
distribution of ATPA, alpha 1 type I collagen, myosin light chain 4 (MYL4), histone 
H1.3, neuroblast differentiation-associated protein, cadherin-13, and vimentin in 
the myocardial tissue. 
 
In atherosclerotic tissue, a significant alteration of thymosin β4 (TMSB4X) protein 
in the intima compared with the media layer was found in rabbit and its localization 
and overexpression in human aortas were confirmed with immunohistochemistry 
[91, 104]. The previously suggested roles of TMSB4X in tissue regeneration and 
wound healing and its protective role are in correspondence with the observations. 
A MALDI-MSI study into the molecular profiles in human stenotic aortic valves 
showed different peptide patterns for characteristic regions, such as calcification, 
collagen-rich, elastic fiber-rich areas, and histological layers [113]. Moreover, two 
peptides involved in the development of calcified aortic stenosis were identified; 
these peptides come from collagen VI α-3 and N-myc downstream-regulated  
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gene 2 (NDRG-2) protein. Collagen is important in tissue integrity maintenance, 
suggested to be part of the biomineralization cascade, and calcium accumulation 
on osteoblast-like cells. NDRG-2 is involved in cell apoptosis, stimulating 
mineralization. The localization of both proteins around the calcified lesions 
reinforces their roles. 
 

METABOLITE MSI AND CARDIOVASCULAR DISEASES 
Small molecular compounds (<1500 Da) are involved in biological and pathological 
processes; these metabolites are products and intermediates of metabolic 
pathways. Metabolite studies typically use frozen tissues to prevent degradation; 
however, Buck et al. demonstrated the use of FFPE for metabolite analysis of 
human carcinoma tissue samples [58, 117]. The samples were deparaffinized and 
covered with 9AA matrix followed by MSI in negative ion mode. Alternatively, for 
the preservation of the chemical composition of a cardiac tissue sample, rapid 
thermal inactivation is reported to be beneficial [118, 119]. With this technique, 
fast heating of the sample denatures the enzymes, reducing the degradation of 
molecular compounds without morphological changes. 
 
The most frequently used matrices for metabolites are 9AA and N-(1-naphthyl) 
ethylenediamine dihydrochloride (NEDC) [119]. For identification purposes, an 
instrument with high mass resolution and accurate mass capabilities is required, for 
instance, FT-ICR-MS or orbitrap FTMS. Imaging of cardiac metabolites was done 
using a MALDI-TOF [119] or MALDI Q-TOF instrument [120]. Additionally, peak 
assignment was done with accurate MS analysis and MS/MS on an ion trap TOF 
instrument [119]. 
 
The majority of the metabolic studies on the heart are gathered using 
homogenates, losing all spatial information, for example, with LC, GC, or CE-TOF MS 
[121-123]. In the cardiovascular field, information on the metabolic distributions 
might provide further insight into pathways involved or the origin of these changes. 
For example, the metabolite creatine is used for the identification of the infarcted 
region in cardiac tissue; it was previously described as abundant in healthy tissue 
and reduced in ischemic tissue [85, 93]. As creatine is part of the creatine-
phosphocreatine system, these results hint to changes in the energy-related 
pathways. 
 
By combining MALDI-MSI and capillary electrophoresis (CE)-electrospray ionization 
(ESI)-MS, Sugiura et al. developed a quantitative MSI protocol [119]. For their 
analysis of the metabolic dynamics in ischemic mice hearts, focused microwave 
irradiation was used to minimize postmortem ischemic changes. They distinguished 
three regions in the infarcted heart with a different metabolite distribution and 
energy charge (Figure 2.4). These ischemic, penumbra, and normoxic regions can 
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be discriminated using NADH, glucose-derived metabolites, and adenine 
nucleotides. 
 
A multimodal study investigated the role of acute viral myocarditis and 
inflammation in cardiac metabolic remodeling [120]; they combined imaging with 
quantitative methods. MALDI-MSI analysis revealed a distinct metabolic profile for 
viral myocarditis compared with control hearts, the significant decrease of high-
energy phosphate, and NAD levels associated with a reduction in the oxidative 
metabolism of the heart. Also, different metabolic profiles were found within the 
myocardium distinguishing infiltrated areas from non-infiltrated areas. 
 
OUTLOOK 
Today, MSI approaches are more widely being used for applications in 
cardiovascular diseases, though it remains limited to research purposes. Most 
frequently, MALDI-based techniques have been applied with a focus on lipid 
analysis, including mass spectrometry techniques, to obtain reliable lipid structural 
information and identification. Moreover, the increasing interest for MSI 
approaches stimulated the development and optimization of techniques, allowing 
researchers to use a wider range of (preserved) samples and increase their 
throughput [124, 125]. Furthermore, to make MSI a diagnostic tool, it is important 
that standardization, internal standards, quality controls, and normalization 
strategies are developed and validated by multicenter studies. These are required 
for a reliable and responsible use. 
 
We also expect that much of the future cardiovascular work will happen in the 
growing field of “top-down” protein MSI, as it provides a new, comprehensive 
approach to characterize the cardiac proteome in its native conformation [126]. 
The application to cardiac proteins to investigate their role in cardiac (dys)function 
opens new avenues to treatment and diagnostics for personalized medicine. The 
combination of spatial information and the relative abundance of cardiac proteins 
will allow different phases of disease progression. In the future, MSI information 
will complement the clinical analysis by contributing to the understanding of 
involved pathways in cardiovascular diseases. 
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Figure 2.4. Distribution of cardiac metabolites in an ischemic mouse heart. A) Optical 
image of the section indicates the ischemic region in red using NADH as metabolic indicator. 
The other columns show the ion images of the glucose-derived metabolites and adenine 
nucleotides as indicated above the images. B) Energy charge (E.C.) values per pixel were 
calculated based on MALDI-MSI and normalized using CE-MS-based quantitative analysis. 
This is presented for the LAD ligated (left) and sham (right) mouse hearts. C) The E.C. values 
for the three distinct areas in the LAD ligated heart (ischemic, penumbra, and normoxic 
regions) and the sham heart. D) Correlation between adenosine elevation and ischemic 
severity was detected (left), adenosine overflow in the penumbra region (arrow in the 
middle panel) from the ischemic core (right panel) was seen. Adapted from Sugiura et al. [119]. 

 



 

 

Table 2.1. Overview of MSI research on cardiovascular tissue. 

 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

LI
P

ID
 

M
A

LD
I 

Rat Healthy heart 
Frozen 
Washes 
DHB, sublimation 

Autoflex III MALDI-TOF/TOF, Bruker 
Daltonics 
Lateral resolution: 100µm 
Negative ionization mode 

Ventricular myocardium: CL (m/z 1447.97) H&E [84] 

Rat Healthy heart 
Frozen 
AgNPs- implantation 

MALDI LTQ-XL Orbitrap, Thermo Fisher 
Lateral resolution: 50µm 
Positive ionization mode: 600-1100 Da, 
Negative ionization mode: 600-1700 Da 

Vessels region: TAG (+) and PI (-) species 
Myocardium: PC (+), PE (+&-) and CL (-) 
species and fragments 

n/a [94] 

Mouse Healthy heart 
Frozen 
DHB, sublimation 

MALDI TOF (homebuilt) 
Lateral resolution: 9.6µm 
Positive ionization mode 

Hinge: m/z 600 
Hinge and valve cups: m/z 741, 846 

H&E [103] 

Rat LAD ligation model; heart 
Frozen 
DHB with(out) NaOAc,  
nebulizer 

MALDI LTQ-XL Linear ion trap, Thermo 
Scientific 

Lateral resolution: 100µm 
Positive ionization mode, m/z 100-250 
and m/z 200-2000 

Infarcted region: lysoPL  
Perfused region: Intact PL, creatine (m/z 
132) 

TTC [93] 

Ovine 

Healthy adult aortic valves Frozen 
Washes 
DHB, sublimation 

UltrafleXtreme MALDI TOF/TOF, Bruker 
Daltonics 
Lateral resolution:25µm 
Positive ionization mode, m/z 450-
1800 

Differentiate fibrosa and spongiosa: 
PC(12:0/16:0) m/z 678.5, SM(d18:1/18:0) 
m/z 731.7, PC(16:0/16:0) m/z 732.6, 
PE(18:1/20:1) m/z 774.7, PC(18:0/22:5) m/z 
836.7 

VVG 

[74] Healthy pre-natal aortic 
valves 

Amorphous valve structure 

Human 
Aortic valve – pediatric 
donor tissue 0 to 14 years of 
age – healthy or diseased 

OCT – frozen 
Washes 
DHB, sublimation 

Apex-9.4-Qe FTICR, Bruker Daltonics 
Spatial resolution: 20µm 
Positive ionization mode, m/z 450-
1600 

Fibrosa: SM(16:0) m/z 703.6 
Spongiosa: SM(18:0) m/z 731.6 

H&E 

Mouse 

ApoE-/- - high cholesterol diet 
– orally dosed with stable 
isotope labelled cholesterol 
Atherosclerotic aortic tissue 

OCT – frozen 
DHB, sublimation or 
CHCA, acoustic droplet 
ejection 

QTOF MALDI Synapt G2 HDMS, Waters 
Corporation 
Spatial resolution: 50µm 
Positive ionization mode, m/z 50-950 

Plaque and necrotic core: Free cholesterol 
(m/z 369.3514) 
Heart tissue: CE (m/z 649.5944) 
Lesion arterial wall and atheroma: LPC 
species (m/z 496.3394, 524.3699, 522.3538) 
Homogeneous: PC (m/z 758.5677) → Lp-
LPA2 action 

H&E [80] 



 

  

Table 2.1. continued 
 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

LI
P

ID
 

M
A

LD
I 

Rabbit 
Atherosclerosis model - 
aortic section 

Frozen 
DHB, sprayed 

UltrafleXtreme MALDI-TOF, Bruker 
Daltonics 
Spatial resolution: 30µm 
Dual polarity, 500-1200 Da 

Calcified region: PA, SM, and PE-Cer species 
Increased in intima: SFA, SM, PI, PF, and 
lysolipid species 

H&E, AR 
ORO 
IHC 

[91, 
104] 

Mouse ApoE-/-, aortic sinuses 
OCT 
DAN, sublimation or 
Silver sputtering 

UltrafleXtreme MALDI-TOF/TOF, 
Bruker Daltonics 
Spatial resolution: DAN dual polarity, 
40µm - Silver-assisted LDI, 30µm 

Bulk of plaque: LPC (example: m/z 496.3) 
Plaque: Interior wall - PC species (example: 
m/z 804.5, 832.5), Cholesterol rich regions 
Aortic valve cusps: TAG species 

ORO 

[81] 

Human 
Atherosclerotic carotid 
artery 

Frozen - OCT 
DAN, sublimation or 
Silver sputtering 

UltrafleXtreme MALDI-TOF/TOF, 
Bruker Daltonics 
Spatial resolution: DAN dual polarity, 
100µm - Silver-assisted LDI, 100µm 

Plaque: LPC species and ceramide species 
(m/z 616.4, 687.6, and 685.6) 

H&E 

Mouse 
ApoE-/-, atherosclerotic aortic 
roots 

Paraformaldehyde, 
CMC 
DHB, airbrush 

Ultraflex II MALDI TOF/TOF, Bruker 
Daltonics 
Lateral resolution: 25µm 
Positive ionization mode, m/z 400-
1000 

Lipid rich: CE species (m/z 671.6, 673.6) 
Smooth muscle cells: PC species (m/z 804.5, 
832.5) 
Calcified region: m/z 566.9 

H&E, ORO 
IHC 

[105] 

Human 
Atherosclerotic femoral 
artery 

Frozen 
DHB, airbrush 

Ultraflex II MALDI TOF/TOF, Bruker 
Daltonics 
Lateral resolution: 50µm 
Positive ionization mode, m/z 400-
1000 

Lipid rich: CE (m/z 671.6, 673.6) and TAG 
species (m/z 907.7) 
Smooth muscle cells: PC species (m/z 804.5, 
832.5) 
Calcified region: m/z 539.0 

Mouse ApoE-/-, aortic sample 

Frozen 
DHB, airbrush 

Ultraflex II MALDI TOF/TOF, Bruker 
Daltonics 
Lateral resolution: 50µm 
Positive ionization mode, m/z 400-
1000 

Atherosclerotic tissue: increase LPC and 
decrease arachidonyl-PC 
Arachidonyl-PC region: increase LPCAT3 
expression 

H&E, EVG 
IHC 

[106] 
Human 

Atherosclerotic femoral 
artery 



 

 

Table 2.1. continued 
 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

LI
P

ID
 

SI
IM

S 

Mouse Healthy heart OCT - frozen 

LA (New wave, Fremont, US) coupled 
to ICPMS (quadrupole, XSeries2), 
Thermo Fischer Scientific 
Spatial resolution: 160µm 
TOF SIMS IV, IONTOF GmbH - Bismuth 
liquid metal ion gun 
Lateral resolution: 33µm, m/z up to 
800 

Right ventricle: higher Zn, Mn, Cu, Mg, and 
Ca 
Aorta: higher Fe 
Endocardium: choline and its fragment (m/z 
104.21, 84.12), cholesterol fragment (m/z 
146.97) 

H&E [82] 

Rat Healthy aorta 
Frozen, freeze-
fracture, free-dried 

TOF SIMS IV & V, IONTOF GmbH 
Bismuth liquid metal ion gun 
Ion beam focus: 300nm 
Dual polarity 

Intima and media (between lamellae): 
choline headgroup (m/z 184); Media 
(lamellae region): potassium, cholesterol 
(m/z 369, 385) 

Toluidine 
blue/azan 

[95] 

Human Atherosclerotic plaque Frozen 
Intima: cholesterol (spots), PC and SM 
species 
Media: PC and DAG species 

n/a 

Rat Healthy heart 

Frozen 
Metallization: gold 
sputtered 

TOF SIMS TRIFT II, Physical Electronics,  
Gold liquid metal ion gun 
Positive ionization mode, m/z up to 
1500 

Aorta wall (m/z 667 and 840), Pericardium 
(m/z 334),  
Ventricles (m/z 175 and 213) 
Aorta wall, semilunar valve, endocardium: 
m/z 83 
Pulmonary artery, right atrium, 
atrioventricular valve: m/z 145; Atria, aorta 
wall, atrioventricular valves, coronary 
artery: cholesterol (m/z 369, 385); Atria, 
aortic wall, aorta valve: m/z 86; Atria, aorta, 
pulmonary artery, atrioventricular and 
semilunar valves: choline (m/z 104) 

H&E 

[88] 

Mouse Healthy heart Mouse similar patterns as rat 

Human 
Ventricle from failing left-
ventricular free-wall heart 
explants 

Myocardium: cholesterol choline (m/z 369), 
choline (m/z 104); Endocardium: choline 
(m/z 104); Pericardium: DAG species (m/z 
549, 557) and ceramide (m/z 604) 

H&E 
Sirius Red 
Trichrome 

Mouse 
LDLr-/- model; Atherosclerotic 
carotid artery 

Gelatin – Frozen 
TOF-SIMS TRIFT II, Physical Electronics 
Gold liquid metal ion gun 
Dual polarity 

Necrotic core: LPA species, cholesterol, 
phosphatidic acids, triglycerides 

H&E 
IHC 

[76] 



 

  

Table 2.1. continued 
 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

LI
P

ID
 

SI
M

S 

Rat 

Healthy heart 
Frozen 
Silicon substrate 

TOF SIMS IV, IONTOF, Gold liquid metal 
ion gun 
Lateral resolution: ~3.9µm 
Dual polarity 

Complementary distribution of PL and CL 
species, 16 and 18-C FA species 

n/a [96] 

Healthy left ventricular cells 
Isolated cells 
25µl on silicon 
substrate 

TOF SIMS IV, IONTOF, Gold liquid metal 
ion gun  
Lateral resolution: ~430nm 
Positive ionization mode 

Cell membrane: phospholipids and 
cholesterol species 

Human Atherosclerotic carotid artery Frozen 

TOF-SIMS IV, IONTOF, Bismuth cluster 
ion source 
Spatial resolution: 1-2µm  
Dual polarity, m/z 1-1000 

Inner border: cholesterol (m/z 385), 
phosphatidic acids (m/z 650-750) and SM 
fragments (m/z 616, 642) 
Surrounding and thrombus: vitamin E (m/z 
430) 
Intima: PI fragments 

Masson 
Trichrome 

[97] 

LI
P

ID
 

D
ES

I 

Human Atherosclerotic carotid artery 
Frozen 
CMC for sectioning 

DESI stage (lab built) coupled to LTQ 
(Thermo Scientific) - Normal & Reactive 
DESI 
Spatial resolution: 200µm 
Positive ionization mode, m/z 150-
1200 

Plaque: SM and PC species, and cholesterol 
Lipid core: CE species surrounded by 
cholesterol, PC, and SM 

H&E [77] 

Mouse LAD ligation model; heart Frozen 

DESI stage (custom built) LTQ-Orbitrap 
XL (Thermo Fisher Scientific) 
Lateral resolution: 0,2mm 
Negative ionization mode, m/z 50-1200 

Infarcted tissue: FA(18:1) m/z 281.248, 
FA(18:0) m/z 283.264, FA(16:1) m/z 
253.217, and FA(16:0) m/z 255.232 
Perfused tissue: glycerophospholipid 
species, polyunsaturated FAs, and taurine 
(m/z 124.007) 
GBDT algorithm: 62 peaks for classification 

H&E [89] 

Human Vascular graft Frozen 

DESI source (OMNIspray) AmaZon ETD 
(Bruker Daltonics) - Normal & Reactive 
DESI 
Dual polarity, m/z 300-1200 

Graft: SM, PC species and cholesterol. Graft 
Wall: SM (24:1), Biofilm on graft wall: PS 
(38:4), Plaque: cholesterol 

n/a [107] 



 

 

  

Table 2.1. continued 
 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

P
e

p
ti

d
e

/p
ro

te
in

 

M
A

LD
I 

Chicken Healthy heart 

Fixation - Embedding 
Dewaxing 
Washes 
DHB, CHCA or SA, 
nebulizer 

Autoflex III MALDI TOF/TOF, Bruker 
Daltonics, Linear mode 
Lateral resolution: 75-100µm 
Positive ionization mode, m/z 3000-
30000 

Myocardium (m/z 9492, 11862), 
Myocardium right ventricle (m/z 6614), 
Atrial myocardium (m/z 6643) 
Outer ventricular wall (m/z 6643), Walls 
major heart vessels layers (m/z 7475, 6143, 
and 11862) 
Aortic valvular tissue (m/z 5308,) Aortic 
intimal and adventitial tissue (m/z 5935) 
Apex interventricular septum (m/z 6669), 
Bundle of His (m/z 9329), Valve structures 
(m/z 12209), Leaflets left AV valve (m/z 
3915) 

n/a [83] 

Mouse LAD ligation model; heart 
Frozen 
ANG II 

Autoflex III MALDI TOF/TOF, Bruker 
Daltonics 

Infarct area: ANG III (m/z 931) and ANG-(2-
7) (m/z 784) 
Increase of APA in MI tissue  

TTC [116] 

Mouse 

LAD ligation model; heart 
Frozen 
Washes 
Intact: SA, TM sprayer 
Peptide: trypsin, SA, 
TM sprayer 

Autoflex Speed MALDI-TOF/TOF, 
Bruker Daltonics 
Spatial distribution: 100µm 
Positive ionization mode 
Intact: linear mode 
Peptides: reflectron mode 

Healthy cardiac tissue: creatine (m/z 132) 
Remote: altered enzymatic activity 
Border: high transcription and translation 
Infarcted: mitochondrial and metabolic 
enzymes 

H&E [85] 

Healthy heart 
Healthy cardiac tissue: m/z 908, 1632.96, 
2816.25, and 4497.11 (Ephrin A1 peptides) 

Mouse 
Human 

MI heart samples 

FFPE 
Pre-treatment buffer 
Trypsin, DHB, chemical 
inkjet printer 

MALDI TOF/TOF (AXIMA Performance 
and 7090 series; Shimadzu) 
Positive ionization mode, m/z 700-
3000 

Endocardium: Haemoglobin subunit ɑ (m/z 
1529.997) 
Infarcted region: MYH6, MYL3, ATP5A, 
MYH7, and ACTA2 (m/z 1084.64, 1396.96, 
1625.09, 1741.12, and 1956.24, 
respectively) 

H&E 
PTAH 
IHC 

[71] 

Rabbit 
Atherosclerosis model - 
aortic section 

Frozen 
Washes 
SA, sprayed 

UltrafleXtreme MALDI-TOF, Bruker 
Daltonics 
Spatial resolution: 30µm 
Linear positive, 2000-20000 kDa 

TMSB4X (m/z 4762) upregulated IHC 
[91, 
104] 



 

Reflectron mode unless stated otherwise, +: positive ionization mode, -: negative ionization mode  
AR: Alizarin Red, EVG: Elastica van Gieson, H&E: Haematoxylin and eosin, IHC: Immunohistochemistry, ORO: Oil Red O, PTAH: Phosphotungstic acid-
haematoxylin, TTC: 2,3,5-triphenultetrazolium chloride, VVG: Verhoeff-Van Gieson 

 

Table 2.1. continued 
 Species Tissue Sample preparation Instrument and settings Main results Histology Ref 

P
e

p
ti

d
e

/p
ro

te
in

 

M
A

LD
I 

Human 
Heart valve with moderate 
CAS 

Frozen 
Carnoy procedure 
SA, sprayed 

Autoflex III smartbeam MALDI-
TOF/TOF, Bruker Daltonics 
Spatial resolution: 75µm 
Positive ionization mode, 1000-
30000Da 

Calcified area (5059 Da), Collagen-rich (4300 
Da), Elastic fibers-rich (13984 Da), 
Surrounding tissue (14659 Da), Margins 
calcified area: NDRG-2 (peptide, 3398 Da), 
Around calcified lesion: CO6A3 (peptide, 
4321 Da) 

VVG 
ORO 
IHC 

[113] 

Human 

Left atrial appendage 
specimens 
Atrial fibrillation (PX, PE, and 
LSP) 

FFPE 
Dewaxing, Washes, 
Antigen retrieval 
Trypsin, CHCA, Image 
Prep 

Autoflex III MALDI TOF/TOF, Bruker 
Daltonics 
Lateral resolution: 80µm 
Positive ionization mode, m/z 800-3500 

Decreased in PX: ATPA (m/z 1000.489), 
MYL4 (m/z 1262.601), H13 (m/z 1260.618), 
AHNK (m/z 901.472), CDH13 (m/z 
1564.840), VIM (m/z 1093.555) 
Increased in LSP and PE: CO1A1 (m/z 
837.393) 

IHC [72] 

M
e

ta
b

o
lit

e
s 

M
A

LD
I 

Mouse 

LAD ligation model; heart 
 
13C labelled glucose & 
lactate injection 

FMW fixation 
Super cryo embedding 
medium 
9AA, manual spray 
coated 

UltrafleXtreme MALDI TOF, Bruker 
Daltonics 
Lateral resolution: 100µm 
Negative ionization mode, m/z 50-1000 

Ischemic core: increase NADH, lactate, 
succinate, 13C3-glutamate; Non-ischemic 
region adjacent to core: ATP, ADP; More 
distant region: higher lactate/pyruvate ratio 

n/a [119] 

Mouse 

C3H mice 
- injected with CVB3 virus 
(VM hearts) 
- control 

Frozen 
9AA, Suncollect 

QTOF MALDI SYNAPT HDMS G2Si, 
Waters 
Lateral resolution: 100µm  
Negative ionization mode 

VM hearts vs. control: decrease ATP, ADP, 
AMP, total adenine nucleotide, NAD 
Increase UDP-GlcNAc, PI, AA, cardiolipin 

H&E [120] 
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Chapter 3 
Mass spectrometry spatial-omics 

on a single conductive slide 
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Analytical Chemistry 2021 93(4):2527-2533  



44 | Chapter 3 

The spatial distribution of hundreds of different molecules can be analyzed directly 
from tissue sections using mass spectrometry imaging (MSI). These tissue sections 
are usually placed on conductive glass slides to provide conductivity on the sample 
surface. Additional experiments are often required for molecular identification 
using consecutive sections on membrane slides compatible with laser capture 
microdissection (LMD). In this chapter, we demonstrate for the first time the use of 
a single conductive slide for both matrix-assisted laser desorption/ionization 
(MALDI)-MSI and direct proteomics. In this workflow, regions of interest can be 
directly ablated with LMD while preserving protein integrity. These results offer an 
alternative for MSI-based multimodal spatial-omics. 

  



 

Chapter 3 | 45 

INTRODUCTION 
Mass spectrometry imaging (MSI) offers unlabeled in-depth detection of molecules 
directly from tissue sections while maintaining their spatial information. Different 
sample preparation protocols allow the analysis of a wide range of molecular 
classes, from small metabolites to large proteins [52]. Although subsequent 
molecular identification can be done on the same tissue section using tandem mass 
spectrometry (MS/MS), this direct identification remains limited to the most 
abundant molecules, especially for intact proteins. Hence, increasing the number 
of identified molecules often requires separate experiments, with additional 
dimensions of separation such as liquid chromatography (LC) using tissue 
homogenates. The major drawback of this approach is however the loss of spatial 
information. 
 

In this regard, laser capture microdissection (LMD) enables the selection of specific 
tissue areas and allows subsequent molecular identification [127]. A first study by 
Banks et al. explored the use of an infrared laser beam to retrieve selected cells by 
activating a transfer film placed in contact with the tissue section, followed by 
protein analysis [128]. Alternatively, UV lasers have been used in the past for 
negative sample selection or more recently by using polyethylene napthalate (PEN), 
polyethylene tetraphthalate (PET) or polyphenylene sulfide (PPS) membrane slides. 
Target cells are then harvested through the action of the UV laser that cuts around 
the selected areas and tissue elements are subsequently collected by gravity or 
catapulting. These systems were used in more recent studies coupled with MSI, 
showing the potential of MSI-guided LMD [61, 63, 129-131]. In these studies, the 
spatial molecular information obtained from MSI is used for region of interest (ROI) 
selection in consecutive sections, acquiring more in-depth molecular information 
and improving the overall molecular identification. Additionally, the necessity of a 
proper co-registration between histology, MSI and LMD was described [131]. 
However, using a consecutive section might introduce issues due to section-to-
section variability, especially now that the MSI field is moving to higher spatial 
resolution and single-cell imaging [132]. 
 

MSI analysis coupled to LMD typically use non-conductive membrane slides for 
molecular identification. A main disadvantage, however, is that these slides are not 
compatible with all MSI instruments. Most TOF-based instruments need an 
electrically conductive surface such as an indium tin oxide (ITO)-coated glass slide 
or IntelliSlidesTM, their implementation in the LMD workflow would be beneficial as 
it avoids the necessity for additional tissue sections. It will also allow the direct 
acquisition of imaging and ‘omics’ data from exactly the same sample. 
 

In the present study, we demonstrate the compatibility of conductive slides for 
matrix-assisted laser desorption/ionization (MALDI)-MSI followed by an LMD 
proteomics workflow. 
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EXPERIMENTAL SECTION 
Chemicals and Solvents 
All solvents (ULC grade) were purchased from Biosolve (Valkenswaard, The 
Netherlands) unless stated otherwise. 9-aminoacridine (9AA), ammonium 
bicarbonate (ABC), α-cyano-4-hydroxycinnamic acid (CHCA), citric acid, 
dithiothreitol (DTT), Eosin-Y (Avantor), formic acid (ULC grade), Gill’s hematoxylin, 
iodoacetamide (IAM), norharmane, trifluoroacetic acid (TFA, ULC grade), and 
xylene were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). 
RapiGestTM SF was purchased from Waters. Trypsin (modified porcine, Sequencing 
Grade) was purchased from Promega (Leiden, The Netherlands). Polyethylene 
naphthalate (PEN) microdissection membrane slides and 0.2-mL tubes were 
purchased from Leica Microsystems (Wetzlar, Germany). Indium tin oxide (ITO) 
glass slides were obtained from Delta Technologies (Loveland, USA) and conductive 
IntelliSlidesTM from Bruker Daltonics GmbH (Bremen, Germany). 
 
Tissue samples 
All animal experiments were approved by the Institutional Animal Care and User 
Committee of Maastricht University, and they were performed adhering to the 
Dutch law. 
 
Residual Wistar Han rat cardiac tissue was provided by the department of General 
Surgery, Maastricht University Medical Center, Maastricht, The Netherlands. Rat 
cardiac tissue was flash frozen after organ removal. Using a cryotome (Leica 
Microsystems, Wetzlar, Germany), 10 µm thick sections were cut at -20 °C and thaw 
mounted onto either a PEN membrane, an ITO slide or an IntelliSlideTM. The slides 
were stored at -80 °C until further analysis. 
 
Residual mouse cardiac tissue was provided by the department of Physiology, 
Maastricht University, Maastricht, The Netherlands. After removal, the tissue was 
fixed in 4% paraformaldehyde for forty-eight hours, embedded in paraffin and 
stored at room temperature until sectioning. From this formalin fixed paraffin 
embedded (FFPE) tissue, sections of 4 µm thick were cut with a rotary microtome 
(Microm GMBH HM 355) and placed on either a PEN membrane, ITO slide or 
IntelliSlideTM. The slides were stored at +4 °C until further analysis. 
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Lipid mass spectrometry imaging on frozen tissue 
Frozen rat cardiac tissue sections on ITO slides or IntelliSlideTM were covered with 
15 layers of 7 mg/mL norharmane in 2:1 chloroform:methanol using a Suncollect 
pneumatic sprayer (SunChrom GmbH, Germany) with increasing flow rates of 10, 
20, 30, 40 µL/min for the first four layers, and 40 µL/min for the remaining layers. 
The sections were imaged at 75 µm raster size on a RapifleX tissueTyper (Bruker 
Daltonics GmbH, Bremen, Germany) in positive or negative ion reflector mode at a 
m/z range of 400-2000, summing 500 laser shots per pixel position with 70% of laser 
power and attenuator at 85%. The instrument was calibrated using red phosphorus. 
Following MSI, the slides were stored at -80 °C until LMD. 
 
Metabolite mass spectrometry imaging on FFPE tissue 
FFPE mouse cardiac tissues underwent deparaffinization with two 8 min Xylene 
washes, as described previously [117], followed by the application of 11 layers of 
10 mg/mL 9AA in 70% methanol using a Suncollect pneumatic sprayer (SunChrom 
GmbH, Germany) with increasing flow rates of 10, 20, 30, 40 µL/min for the first 
four layers and 40 µL/min for the remaining layers. All sections were imaged at  
75 µm raster size on a RapifleX tissueTyper (Bruker Daltonics GmbH, Bremen, 
Germany) in negative ion reflector mode at a m/z range of 40-1000, summing 500 
laser shots per position with 60% of laser power and attenuator at 85%. Instrument 
calibration was done using red phosphorus. After MSI, the slides were stored at  
+4 °C until LMD. 
 
Laser capture microdissection 
LMD was performed using a Leica LMD 7000 instrument (Leica Microsystems, 
Wetzlar, Germany). The experimental workflow is depicted in Figure 3.1, showing 
the different dissection methods used for PEN membrane and conductive, non-
membrane slides. For FFPE tissues, the paraffin was removed by 2 h of heating at 
60 °C followed by two 5 min washes with xylene and two 2 min washes with 
isopropanol [61]. Before LMD the tissue sections were dried in a desiccator. A total 
of 0.1, 0.2, 0.5, or 1.0 mm2 dissected material was collected in triplicate, from FFPE 
and frozen material, before and after hematoxylin and eosin (H&E) staining. The 
areas were dissected using the following laser settings: wavelength 349 nm,  
power 40, aperture 30, speed 5, specimen balance 0, line spacing 5,  
head current 60%, and pulse frequency 501 Hz (later referred to as settings A). A 
second set of laser parameters was also used for ITO and IntelliSlidesTM:  
wavelength 349 nm, power 50, aperture 38, speed 17, specimen balance 0,  
line spacing 5, head current 60%, and pulse frequency 310 Hz (referred to as 
settings B). For PEN membrane slides ‘draw and cut’ was used and ‘draw and scan’ 
was used for ITO slides and IntelliSlidesTM. 
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Dissected areas were collected in the caps of 0.2-mL centrifuge tubes, prefilled with 
20 µL buffer (50 mM ABC for frozen, 50 mM citric acid for FFPE tissue) and stored 
at -20 °C until further processing for LC-MS/MS. 
 

 
Figure 3.1. Schematic representation of the dissection method used for laser capture 
microdissection (LMD). The selected region is dissected from a polyethylene naphthalate 
(PEN) membrane slide (A, black oval) or ablated from a conductive, non-membrane slide (B, 
orange pattern). Graphical elements were adapted from Servier Medical Art. 

 
LMD after MALDI-MSI was performed on ITO slides and IntelliSlidesTM after matrix 
removal with 70% ethanol, as shown in Figure 3.2. A ROI was selected based on 
segmentation data and co-registered with the LMD using an in-house build MATLAB 
script [131]. Areas of 0.5 mm2 were ablated from the ITO slide or IntelliSlideTM using 
laser settings B, as described above, collected in 20 µL buffer (50 mM ABC for 
frozen, 50 mM citric acid for FFPE) and stored at -20 °C until further processing for 
LC-MS/MS. 
 
 

 
Figure 3.2. Schematic representation of the workflow coupling matrix-assisted laser 
desorption/ionization (MALDI)-MSI and laser capture microdissection (LMD). After 
MALDI-MSI experiments, the matrix was removed followed by the ablation of the selected 
regions from the indium tin oxide (ITO) slide or IntelliSlideTM (orange pattern). The collected 
material was then processed for proteomics. Graphical elements were adapted from Servier 

Medical Art or created by Fredrik Edfors from the Noun project. 
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Sample processing for proteomics 
The dissected material was further processed based on the protocol as previously 
described by Longuespee et al. [61]. In short, for FFPE samples antigen retrieval was 
performed by heating to 99 °C for an hour while shaking at 800 rpm in a 
Thermoshaker (Eppendorf, Hamburg, Germany). For both FFPE and frozen samples, 
RapiGestTM (final concentration 0.01%) was added and incubated for 10 min at 
room temperature (RT = 21 °C), the pH of FFPE samples was adjusted by addition 
of ABC. All samples were reduced using DTT (final concentration 10 mM) at 56 °C 
for 40 min at 800 rpm and alkylated using IAM (final concentration 20 mM) at RT 
for 30 min at 800 rpm. DTT (final concentration 10 mM) was used to quench the 
excess of IAM at RT for 10 min at 800 rpm. Digestion using trypsin (final 
concentration 15 µg/mL) was performed overnight at 37 °C and 800 rpm. The 
second digestion step (trypsin final concentration 5 µg/mL) was performed in 80% 
ACN for 3 hours at 37 °C and 800 rpm. The digestion was stopped by adding TFA 
(final concentration 0.5%) and an incubation step at 37 °C for 45 min and 800 rpm. 
After centrifugation (15,000 g, 10 min at +4 °C, Thermo scientific Heraeus Biofuge 
stratos) the supernatant was collected and concentrated to a final volume of 
approximately 30 µL using a speedvac (Hetovac VR-1 Hetosicc). The concentrated 
samples were stored at -20 °C until LC-MS/MS analysis. 
 
LC-MS/MS Analysis 
Peptide separation was performed on a Thermo Scientific (Dionex) Ultimate 3000 
Rapid Separation UHPLC system equipped with a PepSep C18 analytical column  
(15 cm, ID 75 µm, 1,9 µm Reprosil, 120Å). An aliquot of 10 µL of sample was 
desalted using an online installed C18 trapping column, the peptides were 
separated on the analytical column with a 110 min linear gradient from 5% to 35% 
ACN with 0.1% formic acid at 300 nL/min flow rate. 
 
The UHPLC system was coupled to a Q ExactiveTM HF mass spectrometer (Thermo 
Scientific). Mass spectra were acquired in positive ionization mode, full MS scan 
between m/z 250-1250 at resolution of 120,000 followed by MS/MS scans of the 
top 15 most intense ions at a resolution of 15,000 to obtain DDA results. 
 
Data Analysis 
The triplicates were analyzed individually, and protein identification was done using 
Proteome Discoverer 2.2 (Thermo Scientific). The search engine Sequest was used 
with the SwissProt Rattus norvegicus (SwissProt TaxID = 10116) or Mus musculus 
(SwissProt TaxID = 10090) database from October 2017. The following settings were 
used for the database search: Trypsin was used as enzyme with a maximum of  
2 missed cleavages and a minimal peptide length of 6 amino acids. Mass tolerance 
for precursor of 10 ppm and for fragments of 0.02 Da. Dynamic modifications of 
methionine oxidation and protein N-terminus acetylation, static modifications of 
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cysteine carbamidomethylation. The false discovery rate (FDR) was used to 
estimate the certainty of the identification, only proteins with a high protein FDR 
confidence were used for further analysis. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange Consortium via the PRIDE [133] 
partner repository with the dataset identifier PXD023196. 
 
Results on the number of proteins identified per triplicates are presented as mean 
± standard deviation (SD). Comparisons were performed with the t-test or one-way 
ANOVA and a p-value <0.05 was considered statistically significant. All statistical 
analyses were performed using GraphPad Prism (version 5.00, GraphPad Software, 
Inc., San Diego, CA). 
 
Proteins commonly identified in the triplicates were used for gene ontology cellular 
component analysis. UniProt ID mapping was used to obtain the gene names which 
were then submitted to EnrichR [134] where cellular components with  
p-value <0.05 were considered for further analysis. The components were 
categorized based on a higher level in the Gene Ontology Cellular Component tree 
for a more concise and structured analysis. Pathway analysis was performed for the 
differentiation of the clusters after MSI. EnrichR used Reactome’s cell signaling 
database and pathways with p-value <0.05 were used for the analysis. 
 
MSI data were analyzed using SCiLS lab MVS, version 2020a (Bremen, Germany) 
after TIC normalization. TIC normalization is commonly used in TOF based MSI, 
when samples contain similar cell types [135]. Segmentation by bisecting k-means 
with correlation distance was performed to obtain ROI information. mMass [136] 
was used to generate a peak list (15 precision baseline correction with 25 relative 
offset, Savitzky-Golay smoothing with a window size of 0.2 m/z and 2 cycles, lastly 
peaks were picked with a S/N threshold of 3.5, relative intensity threshold of 0.5% 
and picking height 75). 
 
Hematoxylin and Eosin (H&E) staining 
For FFPE samples, the paraffin was removed by 15 min of heating at 60 °C followed 
by two 10 min Xylene washes. This was followed by a standard H&E protocol for 
staining of all tissues, slides were immersed for 3 min in distilled water, followed by 
a nuclei stain with 0.1% Gill’s hematoxylin in 3 min, blueing is done for 3 min in 
running tap water and after a rinse with distilled water the cytoplasm was stained 
in 0.2% eosin for 30 sec. The excess of eosin was removed by 10 dips in 70% ethanol, 
and the sections were dehydrated in 100% ethanol two times 2 min and 
equilibrated in xylene for two times 5 min. The H&E-stained tissue for LMD was not 
covered with a cover slip and stored at +4 °C until LMD. 
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RESULTS 
Protein identification from PEN membrane and ITO slides 
The potential use of ITO slides for LMD based proteomics applications was 
evaluated and compared to conventionally used PEN membrane slides for cardiac 
tissue as depicted in Figure 3.1. The number of identified proteins was determined 
for different dissected tissue areas (0.1, 0.2, 0.5 and 1.0 mm2) for both frozen and 
FFPE. Images of the dissected tissue are depicted below in Figure 3.3. 
 
 

 
Figure 3.3. Images of the dissected tissue after laser capture microdissection (LMD). Tissue 
collected from (A) a PEN membrane slide and (B) an ITO slide, using a 5x magnification. The 
collected tissue from an ITO slide imaged (C) with a 10x magnification, and (D) using 
scanning electron microscopy (SEM) with a 5000x magnification. 
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Figure 3.4 demonstrates the feasibility of LMD-based proteomic workflows directly 
from ITO slides. The number of proteins identified increased when bigger areas 
were dissected. This trend was significant for frozen tissue from both slide types  
(p = 0.0047 for PEN membrane and p = 0.0168 for ITO slides), and for FFPE tissue 
only for PEN membrane slides, p <0.0001. As expected, the number of identified 
proteins was significantly higher in PEN membrane slides for both frozen and FFPE 
tissue (p <0.05 is indicated with an asterisk*). Interestingly, the number of 
identified proteins for frozen and FFPE tissue were similar in PEN membrane slides, 
while the number of identified proteins from ITO slides was lower for FFPE 
compared to frozen tissue. 

 
Figure 3.4. Proteins identified from PEN membrane and ITO slides. Before (A and B) and 
after H&E staining (C and D) for frozen tissue (A and C) and FFPE tissue (B and D). 
Data are presented as mean ± SD, * indicates p <0.05 when comparing equal areas from PEN 
membrane versus ITO slides.  
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The number of identified proteins was also assessed after staining the sections with 
hematoxylin and eosin (H&E, Figures 3.4C and 3.4D). Protein identification directly 
from ITO slides after H&E staining was still possible, but with less favorable 
numbers compared to PEN membrane slides.  
 
An enrichment analysis on commonly found proteins within the triplicates was 
performed to assess the cellular component origin and to verify whether the 
protein integrity was maintained after tissue dissection. Table 3.1 depicts the top 
10 most significant cellular components and shows the preservation of cellular 
components from mitochondrial and secretory granule proteins for all studied 
samples.  
 
Table 3.1. Top 10 most significant cellular components (p <0.05) that were identified after 
LMD. The cellular components were clustered and ordered alphabetically. 

 FROZEN TISSUE FFPE TISSUE 

PEN membrane ITO PEN membrane ITO 

Cell junction x x x  
Cell projection    x 
Cytoplasm  x   
Cytoplasmic vesicle x    
Cytoskeleton  x  x 
Cytosol x  x  
Mitochondrion x x x x 
Ribosome x  x  
Secretory granule x x x x 

 
A more detailed analysis of all significant cellular components revealed that 87 and 
38 cellular components were found in PEN membrane and ITO slides from frozen 
tissue, respectively. In comparison, analysis of FFPE tissue resulted in 72 and 11 
cellular components, from PEN membrane and ITO slides respectively (Figure 3.5 
and Table 3.2). Despite this variability, the categorized analysis showed the 
preservation of cytoskeletal, mitochondrial, and secretory granule proteins. 
 
Effect of the LMD laser on protein identification 
Next, the laser parameters were adjusted with the aim to improve the number of 
proteins identified, which was based on visual inspection of the residue left on the 
ITO slide after collection with LMD. The results shown in Figure 3.6 indicate an 
improvement in number of identified proteins when using settings B, especially for 
FFPE tissue (p = 0.0119 and p = 0.0065 for 0.5 and 1.0 mm2, respectively). Cellular 
component analysis showed no differences for the top 10 most significant 
components (Table 3.3). Based on the improvement seen for FFPE tissue on ITO 
slides, settings B were used without further optimization. 
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Figure 3.5. Categorized representation of the cellular components found after LMD on 
both frozen (A) and FFPE (B) tissue. For this analysis, all significant components (p <0.05) 
were considered. Information on the corresponding number of proteins per category can 
be found in Table 3.2. 

 
 

 
Figure 3.6. Comparison of two laser settings for ablation from an ITO slide. The figure 
represents the number of proteins from A) frozen tissue and B) FFPE tissue. 
Data are presented as mean ± SD, * indicates p <0.05. 
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Table 3.2. Number of cellular components and proteins after LMD on both frozen and FFPE 
tissue. The components were clustered and shown in alphabetical order. The column ‘CC’ 
contains the number of cellular components per category and ‘protein’ the number of 
proteins present in the category. 
 FROZEN TISSUE FFPE TISSUE 

PEN membrane ITO PEN membrane ITO 
CC (n=87) protein CC (n=38) protein CC (n=72) protein CC (n=11) protein 

Cell junction 2 66 3 16 3 54   
Cell projection 5 18   1 2 1 1 
Cytoplasm 10 80 3 11 7 60   
Cytoplasmic 
vesicle 

7 75 2 9 5 39   

Cytoskeleton 14 172 10 58 10 107 6 17 
Cytosol 3 37   1 23   
Endoplasmic 
reticulum 

3 47 2 7 3 25   

Intracellular 
organelle 

2 14 1 1 1 5   

Membrane 6 32   7 35   
Mitochondrion 9 310 9 138 10 389 1 2 
Protein-
containing 
complex 

5 16 1 3 3 15   

Ribosome 7 78 1 2 7 84   
Secretory 
granule 

10 159 5 36 10 100 3 6 

Supramolecular 
complex 

1 3 1 2 3 11   

Vacuole 3 33   1 10   
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Table 3.3. Top 10 cellular components for frozen and FFPE tissue comparing laser 

settings. The components were clustered and shown in alphabetical order. 

LASER SETTING 

FROZEN TISSUE FFPE TISSUE 

A B A B 

Cell junction x x 
  

Cytoplasm x x x x 
Cytoplasmic vesicle x x 

  

Cytoskeleton 
  

x x 
Mitochondrion x x x x 
Protein-containing complex 

   
x 

Secretory granule x x 
 

x 

 
Proteomics after MALDI-MSI 
Lipid and metabolite imaging experiments, for frozen and FFPE tissue respectively, 
were performed on ITO slides and IntelliSlidesTM (Figure 3.2) to evaluate the effect 
of a MALDI-MSI workflow prior to our LMD-proteomics approach. Figure 3.7 shows 
that proteins can still be identified from tissue sections that were previously used 
for lipid or metabolite MSI on ITO slides or IntelliSlidesTM (marked as INT in the 
figure). However, comparing the number of identified proteins from frozen tissue 
on ITO slides before (Figure 3.6A, laser settings B) and after MSI showed a 
significant decrease in the number of identified proteins, as indicated with an 
asterisk (*) in Figures 3.7A and 3.7B. Still, the number of identified proteins after 
MALDI-MSI remained above one hundred. No statistically significant differences 
were found before (Figure 3.6A, laser settings B) and after MALDI-MSI for FFPE 
tissues (Figure 3.7C). 
 
In relation to protein preservation after MALDI-MSI, the top 10 most significant 
cellular components were found to be similar to those from tissue before MALDI-
MSI (Table 3.4). Figure 3.8 shows all significant cellular components found in frozen 
tissue before and after positive or negative lipid MSI analysis. Cytoplasmic vesicle, 
cytoskeleton, mitochondrion, and secretory granule proteins are the main 
contributors in all conditions (number of proteins per cellular category can be found 
in Table 3.5). In comparison, also for FFPE tissue the cellular components map to 
similar categories as before MSI, having cytoplasmic, cytoskeleton, mitochondrion 
and secretory granule proteins as the biggest contributors (Figure 3.9, Table 3.6). 
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Figure 3.7. Number of proteins identified after MSI from ITO and IntelliSlidesTM (INT) 
followed by LMD. Lipid MSI on frozen tissue in A) positive ion mode, B) negative ion mode, 
and C) metabolite MSI on FFPE tissue in negative ion mode.  
Data are presented as mean ± SD. * indicates p <0.05 when comparing the results from ITO slides 
before versus after MSI. The horizontal lines represent the mean number of proteins identified before 
MSI, light grey for 0.5 mm2 and dark grey for 1.0 mm2. 

 
 
Table 3.4. Top 10 cellular components from conductive slide before and after MALDI-MSI. 
The top 10 most significant components were clustered and shown in alphabetical order. 

POLARITY 

FROZEN TISSUE FFPE TISSUE 

Before After Before After 
ITO ITO Intelli Slide ITO ITO Intelli Slide 

 +/- +/-  - - 

Cell junction x    x x 
Cytoplasm x x/x x/x x   
Cytoplasmic vesicle x  x/0*    
Cytoskeleton  x/x x/x x x x 
Mitochondrion x x/x x/x x x x 
Protein-containing complex    x   
Secretory granule x 0/x x/x x   

* 0 indicates not found 
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Figure 3.8. Clustered representation of all significant cellular components found from 
frozen tissue before (A) and after lipid MSI (B). In panel A the inner circle (1) represents 
the PEN membrane slide, and the outer circle (2) the ITO slide. In panel B the inner circle (1) 
represents ITO positive ion mode, circle 2; IntelliSlideTM positive ion mode, circle 3; ITO 
negative ion mode, outer circle (4); IntelliSlideTM negative ion mode). All components with 
p <0.05 were considered. The corresponding number of proteins per category can be found 
in Table 3.5. 

 
 

 
Figure 3.9. All cellular components found in FFPE tissue before MSI (circle 1; PEN 
membrane slide, 2; ITO slide) and after metabolite MALDI-MSI (circle 3; ITO slide, 4; 
IntelliSlideTM). Components with p <0.05 were considered. The corresponding number of 
proteins per category can be found in Table 3.6. 
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Finally, segmentation data from positive ion mode lipid MALDI-MSI was used for 
the selection of two clusters, as indicated in Figure 3.10A, to illustrate the use of 
conductive slides for MSI-guided LMD. Figure 3.10B shows the number of identified 
proteins from both clusters, both approximately 0.5 mm2. Categorized analysis of 
cellular components showed a similar distribution (Figure 3.10C, Table 3.7). Further 
analysis of the biological differences between clusters was done with pathway 
analysis, the detailed results can be found in Table 3.8. In total, 103 pathways were 
identified, of which 29 and 33 pathways were specific for cluster 1 and 2, 
respectively. 
 

 
Figure 3.10. Segmentation data from positive ion mode lipid analysis (A). The numbers 
indicate clusters 1 (purple) and 2 (green), an area of 0.5 mm2 was ablated. B) The number 
of proteins identified from clusters 1 and 2, data is presented as mean ± SD. C) Cellular 
component analysis of the significant (p <0.05) components found in the two clusters 
dissected after positive lipid MALDI-MSI. The corresponding number of proteins per 
category can be found in Table 3.7. 

 



 

Table 3.5. Number of cellular components and proteins from frozen tissue before and after (positive or negative) lipid MALDI-MSI. The 
components were clustered and shown in alphabetical order. The column ‘CC’ contains the number of cellular components per category 
and ‘protein’ the number of proteins present in the category.  

BEFORE MSI AFTER POSITIVE MODE LIPID MSI AFTER NEGATIVE MODE LIPID MSI 

PEN membrane ITO ITO IntelliSlideTM ITO IntelliSlideTM 
CC 

(n=90) 
protein 

CC 
(n=60) 

protein 
CC 

(n=40) 
protein 

CC 
(n=46) 

protein 
CC 

(n=43) 
protein 

CC 
(n=42) 

protein 

Cell junction 2 64 2 31     3 12 2 8 
Cell projection 3 14   1 2 3 6     

Cytoplasm 12 96 6 33 2 9 2 9 3 12 4 14 
Cytoplasmic vesicle 8 90 4 45 5 12 6 16 3 17 2 10 
Cytoskeleton 15 154 14 96 10 51 10 50 11 68 12 66 
Cytosol 2 38 1 6         

Endoplasmic 
reticulum 

5 46 3 22 1 2 1 2 1 2 1 2 

Intracellular 
organelle 

3 16 1 5 1 1 1 1 1 3 1 1 

Membrane 5 31 5 24 1 2 4 4 2 3 1 1 
Mitochondrion 10 321 9 224 9 120 9 110 9 160 9 138 
Protein-containing 
complex 

4 16 1 3 1 2 1 1 1 2 1 2 

Ribosome 7 92   2 4 2 4   1 2 
Secretory granule 10 165 10 124 6 24 6 25 7 51 6 39 
Supramolecular 
complex 

2 8 1 2 1 2 1 2 1 2 1 2 

Vacuole 2 23 3 24     1 5 1 4 
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Table 3.6. Number of cellular components and proteins from FFPE tissue before and after 
metabolite MALDI-MSI. The components were clustered and shown in alphabetical order. 
The column ‘CC’ contains the number of cellular components per category and ‘protein’ the 
number of proteins present in the category. 

 BEFORE MSI AFTER METABOLITE MSI 

PEN membrane ITO ITO IntelliSlideTM 
CC 

n=64 
protein 

CC 
n=33 

protein 
CC 

n=42 
protein 

CC 
n=44 

protein 

Cell junction 3 46 3 9 2 26 2 26 
Cell projection         

Cytoplasm 8 50 4 14 6 24 6 26 
Cytoplasmic 
vesicle 

7 49 1 5 2 16 2 16 

Cytoskeleton 9 88 9 48 9 90 11 102 
Cytosol 1 18       

Endoplasmic 
reticulum 

2 21   2 12 2 12 

Intracellular 
organelle 

1 7 1 1     

Membrane 5 26   2 5 2 5 
Mitochondrion 9 366 9 145 11 280 11 293 
Protein-
containing 
complex 

2 7 1 3 1 3 1 3 

Ribosome 6 65       

Secretory 
granule 

7 85 5 29 6 55 6 56 

Supramolecular 
complex 

3 9   1 2 1 2 

Vacuole 1 10       
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Table 3.7. Number of cellular components and proteins from cluster 1 and 2 after positive 
lipid MALDI-MSI. The components were clustered and shown in alphabetical order. The 
column ‘CC’ contains the number of cellular components per category and ‘protein’ the 
number of proteins present in the category.  

CLUSTER 1 CLUSTER 2 

CC (n=44) protein CC (n=35) protein 

Cell junction 1 5   

Cell projection 2 3 1 1 
Cytoplasm 4 13 2 8 
Cytoplasmic vesicle 4 9 5 11 
Cytoskeleton 10 49 10 47 
Cytosol     

Endoplasmic 
reticulum 

1 2   

Intracellular 
organelle 

2 3 1 1 

Membrane     

Mitochondrion 10 113 6 52 
Protein-containing 
complex 

1 2 1 1 

Ribosome 2 4 2 4 
Secretory granule 6 23 6 24 
Supramolecular 
complex 

1 2 1 2 

Vacuole     
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Table 3.8. Pathway analysis from clusters 1 and 2 after positive lipid MALDI-MSI. All 
significant pathways (p <0.05) were included and displayed in alphabetical order. 
COMMON PATHWAYS, n=41 SPECIFIC FOR CLUSTER 1, n=29 SPECIFIC FOR CLUSTER 2, n=33 

AUF1 (hnRNP D0) binds and 
destabilizes mRNA 

Activation of caspases through 
apoptosome-mediated cleavage 

Assembly of the HIV virion 

Beta oxidation of lauroyl-CoA to 
decanoyl-CoA-CoA 

Acyl chain remodeling of CL 
Association of licensing factors 
with the pre-replicative complex 

Binding and uptake of ligands by 
scavenger receptors 

Amino acid synthesis and 
interconversion 
(transamination) 

Cell-extracellular matrix 
interactions 

CHL1 interactions 
Apoptotic factor-mediated 
response 

Constitutive Signaling by 
NOTCH1 HD domain mutants 

Citric acid cycle (TCA cycle) 
Beta oxidation of decanoyl-CoA 
to octanoyl-CoA-CoA 

Diseases of carbohydrate 
metabolism 

Creatine metabolism 
Beta oxidation of hexanoyl-CoA 
to butanoyl-CoA 

Disorders of transmembrane 
transporters 

Downregulation of ERBB4 
signaling 

Beta oxidation of octanoyl-CoA 
to hexanoyl-CoA 

Downregulation of 
ERBB2:ERBB3 signaling 

Erythrocytes take up carbon 
dioxide and release oxygen 

Branched-chain amino acid 
catabolism 

Glycogen breakdown 
(glycogenolysis) 

Erythrocytes take up oxygen and 
release carbon dioxide 

Cellular responses to stress Glycogen storage diseases 

Gluconeogenesis Complex I biogenesis Glycogen synthesis 

Glucose metabolism 
Cytochrome c-mediated 
apoptotic response 

Hemostasis 

Glycolysis 
Detoxification of reactive 
oxygen Species 

IRAK2 mediated activation of 
TAK1 complex 

Lipid digestion, mobilization, 
and transport 

Fatty acid, triacylglycerol, and 
ketone body metabolism 

IRAK2 mediated activation of 
TAK1 complex upon TLR7/8 or 9 
stimulation 

Metabolism Fructose metabolism 
MAP3K8 (TPL2)-dependent 
MAPK1/3 activation 

Metabolism of amino acids and 
derivatives 

Glyoxylate metabolism and 
glycine degradation 

Membrane binding and 
targeting of GAG proteins 

Metabolism of carbohydrates 
Histidine, lysine, phenylalanine, 
tyrosine, proline and tryptophan 
catabolism 

Membrane trafficking 

Metabolism of polyamines 
Hormone-sensitive lipase (HSL)-
mediated triacylglycerol 
hydrolysis 

Myoclonic epilepsy of Lafora 

mitochondrial fatty acid beta-
oxidation of saturated fatty 
acids 

Ion homeostasis 
NF-kB is activated and signals 
survival 

mitochondrial fatty acid beta-
oxidation of unsaturated fatty 
acids 

Ketone body metabolism 
NRIF signals cell death from the 
nucleus 

Mitochondrial protein import Lysine catabolism 
p75NTR recruits signaling 
complexes 

Mitophagy 
Metabolism of lipids and 
lipoproteins 

p75NTR signals via NF-kB 

 



64 | Chapter 3 

Table 3.8. continued 
COMMON PATHWAYS, N=41 SPECIFIC FOR CLUSTER 1, N=29 SPECIFIC FOR CLUSTER 2, N=33 

Muscle contraction Methionine salvage pathway 
Receptor-ligand binding initiates 
the second proteolytic cleavage 
of Notch receptor 

O2/CO2 exchange in 
erythrocytes 

Mitochondrial fatty acid Beta-
Oxidation 

Recycling of bile acids and salts 

Pink/Parkin mediated mitophagy 
Neurotransmitter clearance in 
the synaptic cleft 

Reduction of cytosolic Ca++ 
levels 

Platelet activation, signaling and 
aggregation 

Pregnenolone biosynthesis 
Regulation of innate immune 
responses to cytosolic DNA 

Platelet degranulation 
Regulation of pyruvate 
dehydrogenase (PDH) complex 

Regulation of PLK1 activity at 
G2/M transition 

PTK6 regulates RTKs and their 
effectors AKT1 and DOK1 

Signaling by retinoic acid 
Signaling by NOTCH1 HD domain 
mutants in cancer 

Pyruvate metabolism Synthesis of ketone bodies Spry regulation of FGF signaling 
Pyruvate metabolism and citric 
acid (TCA) cycle 

Transcriptional regulation by 
TP53 

Synthesis and processing of GAG, 
GAGPOL polyproteins 

Regulation of cytoskeletal 
remodeling and cell spreading by 
IPP complex components 

 
TGF-beta receptor signaling in 
EMT (epithelial to mesenchymal 
transition) 

Regulation of mRNA stability by 
proteins that bind AU-rich 
elements 

 
TRAF6 mediated induction of 
TAK1 complex 

Respiratory electron transport  Translesion synthesis by REV1 
Respiratory electron transport, 
ATP synthesis by chemiosmotic 
coupling, and heat production by 
uncoupling proteins. 

 Transport of organic anions 

Response to elevated platelet 
cytosolic Ca2+ 

  

Scavenging of heme from plasma   
SLC transporter disorders   
Striated muscle contraction   
The citric acid (TCA) cycle and 
respiratory electron transport 

  

TP53 regulates metabolic genes   
Translocation of GLUT4 to the 
plasma membrane 

  

Vesicle-mediated transport   
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DISCUSSION 
In this chapter, we demonstrated the use of conductive slides for LMD-based 
proteomics workflows and the possibility to identify proteins from ITO slides and 
IntelliSlidesTM after MALDI-MSI. This will positively impact MSI-based spatial-omics 
workflows for different reasons. Our method enables the use of the same tissue 
section for both MSI and subsequent LC-MS/MS based identification. This reduces 
the identification variability from section-to-section and is relevant for co-
registration strategies with other imaging modalities without the need of additional 
material. Also, the IntelliSlidesTM contain engraved marks and a unique identifier 
for sample registration, which improves automation capabilities and speeds up the 
co-registration between staining, MSI and LMD. And finally, with a conductive slide 
it is possible to use any MSI instrument of choice for MSI-based LMD. 
 
The influence of the LMD laser on protein integrity was evaluated. The main 
difference between a membrane slide and a conductive slide is the dissecting 
method: the laser either cuts around the tissue for dissection or it scans across the 
tissue for ablation, respectively. In the latter case, the LMD laser is pointed directly 
on the tissue section, which could induce unwanted side effects such as tissue 
degradation. Nevertheless, our cellular component analysis showed a good 
preservation of proteins after ablation. It should be noted that in the present study 
only two laser settings were compared, which were chosen based on the efficacy 
of tissue collection. A too high LMD laser power or defocusing of the laser might 
cause tissue damage by inducing an increase of the temperature, as was found for 
non-membrane slides [137, 138]. Finally, the LMD laser speed in combination with 
its frequency determines the time and intensity of exposure to the laser. Based on 
our and previous studies [61, 129-131] there is an optimal laser setting for every 
tissue, sample type, and glass slide combination.  
 
Histological staining provides additional spatial and morphological information to 
MSI data. Our results with ITO slides showed a reduction in the number of proteins 
identified after H&E staining. Even though it was still possible to identify the 
majority of the proteins, this decrease might introduce challenges when 
investigating low abundant proteins or minor differences in protein expression 
between ROIs. As the observed loss of proteins might be due to the different 
washing steps in the H&E protocol, previous studies investigated truncated H&E 
protocols [139]. A study by Craven et al. illustrated, using 2D-PAGE, that staining 
mainly affected the relative abundance of several proteins [140]. On the other 
hand, with the micro-proteomics approach from PEN membrane slides as used by 
Dewez et al. a robust number of proteins was identified from H&E-stained tissue 
[131]. Further optimization of the LMD laser settings as described above and 
adjustment of the staining protocol might also improve the number or proteins 
identified after staining. 
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In our goal to explore the use of conductive, non-membrane glass slides in a 
workflow coupling MALDI-MSI, LMD and proteomics, different MALDI-MSI sample 
preparation protocols were used based on the following considerations. First, 
frozen tissue was investigated with a frequently used lipid MSI protocol. FFPE tissue 
had limited options due to formalin induced protein-crosslinking and the possible 
modification of the molecular content during paraffin removal. Therefore, a 
previously established metabolite MSI protocol was used for FFPE tissue [117]. 
Next, the MALDI matrices and organic solvents might affect the tissue, as does the 
removal of the matrix afterwards. When focusing on the number of proteins 
identified after metabolite MSI, an increase was observed, although this trend was 
not statistically significant. Perhaps, here the formalin had a protective effect on 
protein preservation. In addition, the washing steps and the matrix might also 
facilitate the extraction of low molecular weight analytes and further reduce the 
presence of interfering compounds. An increase in the number of identified 
proteins after MSI was also observed in a study by Dilillo et al., where it was 
presumed to be due to the acidic matrix solution [130]. After lipid MSI, on the 
contrary, we observed a decrease in proteins identified. Here, we hypothesize that 
the mixture of chloroform and methanol used as matrix solvent might disrupt the 
cell membranes and wash away the majority of highly hydrophobic proteins [141]. 
 
The combination of MSI, LMD and a proteomics approach is described in previous 
studies, but with membrane slides and other tissue types. Using an 1D LC-MS/MS 
proteomics protocol, Longuespee et al. [61] identified approximately 700 proteins 
from approximately 0.4 mm2 dissected FFPE tumor tissue from a PEN membrane 
slide (estimated to contain 2700 ± 245 cells). In comparison, our 0.5 mm2 dissected 
frozen and FFPE cardiac tissue contained approximately 1100 and 1400 cells, 
respectively. This resulted in an average of 424 identified proteins for frozen tissue, 
and 347 identified proteins for FFPE tissue, from PEN membrane slides. This 
indicates that for a proper comparison between dissected areas, the number of 
cells should be carefully considered as this varies per tissue type. Longuespee et al. 
further optimized the protocol by including a 2D LC-MS/MS method which doubled 
the number of proteins identified [61, 129]. A more recent study used a hybrid-
source system, the timsTOF fleX, and identified on average 2500 proteins 
(approximately 2000 cells) from PEN membrane slides [63]. These studies indicate 
that with the addition of another separation method the number of identified 
proteins could further improve our results. Other studies have used a nanoPOTS 
sample-processing platform [142, 143]. This workflow did not include MSI but 
maintained the spatial information as proteins were identified per tissue. In 
contrast to all automated methods, Quanico et al. described a manual dissection 
approach combining MSI with a multi-omics approach on the same tissue section, 
resulting in metabolite and protein identifications [144]. Their study shows 
additional omics possibilities for the dissected tissue. Incorporation of a multi-
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omics approach in our workflow would add another level of data obtained from a 
single tissue section. 
 
So far, the direct identification of proteins by MALDI-MSI is limited to the highly 
abundant proteins [60, 145]. The incorporation of ion mobility separation helps on 
the separation of compounds with similar m/z [73]. However, it is still limited to a 
low number of proteins compared to our approach [60]. While the methods used 
in both studies maintain the spatial information, the on-tissue identification 
remains limited due to the presence of abundant species and the lack of 
chromatographic separation. In contrast, the workflow as proposed in our study 
provides the spatial mapping of compounds and additional in-depth protein 
identification. Our workflow could be compatible with other imaging-LMD guided 
methods such as secondary ion mass spectrometry (SIMS), liquid extraction surface 
analysis (LESA) or desorption electrospray ionization (DESI). 
 
In summary, our results show that a single tissue section placed on a conductive 
slide can be used for multidimensional spatial-omics. Future adjustments of the 
method for different applications will further impact the MS(I) community. 
 

CONCLUSIONS 
Here we demonstrate for the first time, the use of a single conductive non-
membrane slide in a MALDI-MSI-LMD workflow. Proteins were identified with a 
bottom-up proteomics approach after LMD from conductive slides with good 
preservation of the protein integrity. Therefore, this MSI-coupled to LMD workflow 
in combination with omics approaches facilitates the identification of multiple 
compounds from a single tissue section, and potentially aid in answering biological 
questions. 
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Chapter 4 
Protein alterations in cardiac 

ischemia/reperfusion by spatial-omics 
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Myocardial infarction (MI) is the most common cause of death worldwide. A better 
understanding of underlying alterations in protein and signaling pathways is 
required to develop strategies that minimize myocardial damage. To identify the 
protein signature of cardiac ischemia/reperfusion (I/R) injury in a rat model we 
combined, for the first time, protein matrix-assisted laser desorption/ionization 
mass spectrometry imaging (MALDI-MSI) and a label-free proteomics workflow on 
the same tissue section from a conductive slide. 
 
Wistar rats were subjected to I/R surgery and sacrificed after 24h. Ischemic heart 
injury was evaluated using plasma high-sensitivity cardiac troponin T and I 
measurements. Segmentation analysis of the protein MALDI-MSI data revealed 
ischemia specific regions. Using imaging guided proteomics on the same tissue 
section, alteration in protein content of these different regions was evaluated. 
 
Firstly, the infarct core, compared to histologically unaffected tissue, showed a 
significant downregulation of cardiac biomarkers and energy metabolism proteins, 
while an upregulation was seen for coagulation and immune response proteins. 
Interestingly, for the core and border of the infarct tissue alterations in the 
cytoskeleton reorganization and inflammation were found. 
 
This work demonstrates that a single tissue section can be used to study spatial 
protein profiles with MALDI-MSI, followed by proteomics and corresponding 
pathway analysis. Future in-depth analysis of the proteins is needed to validate the 
contribution of the mechanisms to cardiac I/R injury and evaluate them as a target 
for new strategies to minimize damage after MI.  
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INTRODUCTION 
Myocardial infarction (MI) is the most common cause of cardiovascular death and 
is a result of the blockage of coronary arteries leading to a reduced blood flow to 
the underlying cardiac tissue. Although early restoration of the blood flow is 
essential, by thrombolytic therapy or invasive procedures, this sudden reperfusion 
can cause additional myocardial injury, the so-called ischemia-reperfusion (I/R) 
injury [35, 146]. After an ischemic event the heart can be classified in infarct (core), 
peri-infarct (or border) and remote myocardial regions, where complex processes 
take place, including structural changes and pathological processes, like oxidative 
stress, activation of cell death, inflammation, and eventually remodeling [147-150]. 
 
The cardiac proteome has been studied to obtain knowledge of the molecular 
factors involved in these pathological processes. Different infarct models provided 
information on protein changes from early to late timepoints after reperfusion, 
mostly using whole tissue extract or extracts specific from the infarct and remote 
regions [151-153]. Also, the remote and peri-infarct regions have been described 
to have altered mechanical function, based on cardiac magnetic resonance studies 
[43], only a few proteome studies analyze these different regions separately [139, 
151, 154]. 
 
In contrast to the proteomics approaches mentioned above, tissue analyses using 
matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-
MSI) provides molecular spatial information. MALDI-MSI has been previously 
applied to cardiovascular diseases [155] and revealed spatial changes at all 
molecular levels, from metabolites to proteins. Metabolites have been examined in 
an acute infarct mouse model, revealing distinct metabolic responses in the infarct 
core, border and remote regions by using this technology [119]. A more recent 
study evaluated metabolic changes in the first 4 hours of ischemia, detecting 
significant changes already after 15 min while the myocardium appeared normal by 
histology [156]. At the lipid level, lysophospholipids were found increased while 
intact phospholipids were decreased in the infarct region 24h after MI in rat and 
mice models [93, 157]. These results suggest the increased activity of 
phospholipases, like phospholipase A2 which is associated with inflammation. 
Lastly, also proteins in MI have been studied, but mostly as peptides after on-tissue 
digestion [71, 85]. These studies indicated an increased remodeling in the remote 
tissue, inflammatory response in the border region, and mitochondrial and 
metabolic enzymes in the infarct tissue. 
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The limited number of studies studying on-tissue intact protein MSI indicate the 
challenge in the field of protein imaging. Here, the m/z alone does not provide 
sufficient information for unique identification and the protein detection to the 
dynamic range remains limited to the most abundant proteins. Protocols to 
overcome this include on-tissue digestion or the use of additional separating 
techniques like ion mobility or liquid chromatography (LC), in general using tissue 
homogenates. Recent developments in the field of spatial-omics showed the 
combination of MALDI-MSI, laser capture microdissection (LMD) and proteomics 
[61, 63]. We previously showed the use of this workflow on single conductive slides 
[158], and demonstrated that the protein content could be analyzed in small 
amounts of tissue after lipid or metabolite MSI. 
 
In the present proof-of-concept study, the spatial-omics approach was applied after 
on-tissue intact protein MALDI-MSI for the in-depth assessment of 
pathophysiological protein alterations in cardiac I/R in a rat model. This state-of-
the-art approach allowed the identification of changes in protein content and the 
investigation of pathways involved in I/R injury, providing a new workflow for the 
development of strategies to minimize myocardial damage after MI. 
 

MATERIALS AND METHODS 
Chemicals and solvents 
All solvents (ULC grade) were purchased from Biosolve (Valkenswaard, The 
Netherlands) unless stated otherwise. Ammonium bicarbonate (ABC), 2,6-
dihydroxyacethophenone (DHA), dithiothreitol (DTT), Eosin-Y (Avantor), formic acid 
(ULC grade), Gill’s hematoxylin, iodoacetamide (IAM), trifluoroacetic acid (TFA, ULC 
grade), and xylene were purchased from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). RapiGestTM SF was purchased from Waters (Milford, USA). Trypsin 
(Modified porcine, Sequencing Grade) was purchased from Promega (Leiden, The 
Netherlands). 0.2-mL centrifuge tubes were purchased from Leica Microsystems 
(Wetzlar, Germany). Indium tin oxide (ITO) glass slides were obtained from Delta 
Technologies (Loveland, USA). 
 
Tissue and blood samples 
All animal experiments were performed according to the Guide for the Care and 
Use of Laboratory Animals (U.S. National Institutes of Health publication 85-23, 
revised 1996) and was approved by the local ethical committee (CENOMEXA 
number 54; ref 0871.01). For this study, six 12-week-old male Wistar rats (Janvier 
Labs, Le Genest-Saint-Isle, France) were subjected to either sham surgery or 
ischemia/reperfusion (n=3/group), as described before [159, 160]. In short, the 
animals were anesthetized with intraperitoneal administration of ketamin/xylazine 
(150 and 5 mg/kg, respectively). Ischemia was provoked by temporary occlusion of 
the proximal left coronary artery (40 min), followed by reperfusion for 24 hours 
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(visually verified before closing the chest). After 24 hours the animals were 
sacrificed and the hearts were excised, transversally cut and washed in ice-cold PBS 
buffer to remove blood. The hearts were immediately frozen in liquid nitrogen and 
kept at -80 °C until analysis. The tissue was sectioned at 10 µm thickness using a 
cryotome (Leica Microsystems, Wetzlar, Germany) at -20 °C, sections were thaw-
mounted on ITO glass slides and stored at -80 °C until further analysis. The blood 
was collected from the abdominal aorta and collected in lithium heparin or EDTA 
plasma tubes, centrifuged, and stored at -80 °C until further analysis. 
 
Clinical chemistry measurements 
High-sensitivity cardiac troponin T and I concentrations (hs-cTnT and hs-cTnI, 
respectively) were measured in the obtained plasma samples with the hs-cTnT STAT 
immunoassay on the Cobas e602 (Roche Diagnostics, Mannheim, Germany) and the 
hs-cTnI STAT immunoassay on the Alinity i (Abbott Diagnostics, Wiesbaden, 
Germany). The unpaired t-test was used to compare the concentrations between 
the sham and I/R samples, a p-value ≤ 0.05 was considered statistically significant. 
 
Intact protein MALDI mass spectrometry imaging 
Tissues were washed 30 sec in 70% ethanol, 30 sec in 100% ethanol, 2 min in 
Carnoy´s solution (being 60% ethanol, 30% chloroform, 10% acetic acid), followed 
by 30 sec in 100% ethanol, demineralized water, and 100% ethanol. They were 
afterwards dried in a desiccator. Next, 9 layers of 15 mg/mL DHA in 80% 
acetonitrile, 0.4% TFA, 0.4% acetic acid were applied using the SunCollect sprayer 
(SunChrom GmbH, Germany). For co-registration purposes, fiducial markers were 
placed next to the tissue using water-based Tipp-Ex (BIC, Paris, France). The tissue 
was analyzed with a RapiFleX tissueTyper (Bruker Daltonics GmbH, Bremen, 
Germany) in positive ion linear mode, summing 1000 laser shots per position with 
a laser frequency of 5000 Hz and 80 µm pixel size. Data was acquired in the m/z 
range from 2000-20.000 and protein calibration standard I (Bruker Daltonics) was 
used for instrument calibration. Slides were stored at -80 °C until LMD. 
 
MSI data analysis 
All datasets were recalibrated using FlexAnalysis v3.4 (Bruker Daltonics) for optimal 
spectral comparison. This was done in quadratic correction mode using m/z 5487, 
8565, 11307, 12135, 15198 as calibrants with a 500 ppm peak assignment 
tolerance. After recalibration, the MSI data was analyzed using SCiLS lab MVS 
version 2021b (Bruker, Bremen, Germany) after total ion current (TIC) 
normalization. M/z images were generated with an interval width of 2 Da. The 
overall average spectrum was imported in mMass [136] to generate a peak list (50 
precision baseline correction with 75 relative offset, moving average smoothing 
window of 5 m/z and 2 cycles, S/N threshold of 2.5, relative intensity threshold of 
1.0% and picking height 75). 
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Probabilistic latent semantic analysis (pLSA) [161] with 5 components was 
performed with random initialization using the overall peaklist on the individual 
spectra. Discriminative m/z values were evaluated using receiver operating 
characteristic (ROC) analysis [162] comparing the infarct and unaffected regions 
from I/R and sham hearts as found by the pLSA taking a random subset of 3000 
spectra. The area under the curve (AUC) threshold ≥ 0.8 or < 0.2, resulted in  
m/z values specific for the infarct or the unaffected regions, respectively. 
 
Segmentation was performed in SCiLS using bisecting k-means with the overall 
peaklist and correlation distance, to obtain region of interest (ROI) information. The 
coordinates from the ROIs were exported for LMD using an in-house build MATLAB 
script [131]. 
 
Laser capture microdissection 
From the selected ROIs, areas of 0.5mm2 were dissected using the Leica LMD 7000 
(Leica Microsystems, Wetzlar, Germany) using the previously established protocol 
[158], with the following laser settings: wavelength 349 nm, power 40, aperture 38, 
speed 5, specimen balance 0, line spacing 5, head current 60%, and pulse frequency 
310Hz in “draw+scan” mode. Different methods for tissue collection were 
compared, see Figure 4.1. Based on these results it was chosen to collect the 
dissected tissue without prior removal of the DHA matrix in 0.2-ml centrifuge tubes 
containing 20 µL ethanol, the sample was dried in the speedvac and resuspended 
in 20 µL 50mM ABC buffer and stored at -20 °C until further processing. 
 

 
Figure 4.1. Comparison of collection methods for tissue covered with matrix after protein 
MALDI-MSI. 
 
Sample processing for proteomics 
The dissected material was further processed as previously described in chapter 3 
[158]. In short, RapiGestTM was added to enhance enzymatic protein digestion, the 
samples were reduced using DTT and alkylated using IAM. Protein digestion was 
done using a double trypsin step. 
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LC-MS/MS analysis 
An aliquot of 10 µL of the sample used for the LC-MS/MS analysis as described in 
chapter 3 [158]. In short, an online installed C18 trapping column was used for 
desalting. This was performed on a Thermo Scientific (Dionex) Ultimate 3000 Rapid 
Separation UHPLC system. A PepSep C18 analytical column (15 cm, ID 75 µm, 1.9 
µm Reprosil, 120Å) was used to separate the peptides with a flowrate of 300 nL/min 
and a 110 min linear gradient from 5% to 32% ACN with 0.1% formic acid. 
 
The UHPLC system was coupled to a Q ExactiveTM HF mass spectrometer (Thermo 
Scientific) with Nanospray Flex source. Mass spectra were acquired in positive 
ionization mode, full MS scan between 250-1250 m/z at resolution of 120,000 
followed by MS/MS scans of the top 15 most intense ions at a resolution of 15,000 
in DDA mode. 
 
Proteomics data analysis 
Protein identification was performed using Proteome Discoverer 2.2 (Thermo 
Scientific). The search engine Sequest was used with the SwissProt Rattus 
norvegicus (SwissProt TaxID = 10116) database, August 2020. The database search 
was performed as described in chapter 3. The mass spectrometry proteomics 
dataset can be found in the ProteomeXchange Consortium via the PRIDE [133] 
partner repository with the dataset identifier PXD026115. 
 
The number of identified proteins for the segmentation clusters was presented as 
median ± interquartile range (IQR). The variation regarding the numbers of proteins 
identified was analyzed using an ANOVA test. 
 
The Proteome Discoverer software was used for further analysis of the identified 
proteins. It was used to determine protein abundances and calculate the 
abundance ratios between clusters, like ‘green/red’ or ‘yellow/red’. Next, the 
ANOVA test was performed to determine if the selected ratios show a statistically 
significant change. 
 
Only protein abundance ratios with a fold-change higher than 1.5 or lower than 
0.67 (log2 ≥ 0.58 or ≤ -0.58, respectively) and adjusted p-value ≤ 0.05 were 
considered for further analysis. For the pathway analysis, protein accession 
numbers were converted to gene names using UniProt ID mapping. The significantly 
altered proteins were included in the pathway analysis using EnrichR [134, 163] 
with the Reactome’s cell signaling database. The up- or downregulated pathways 
(with adjusted p-value <0.05) were ranked by the combined score. 
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Hematoxylin and Eosin (H&E) staining 
After LMD a standard H&Estaining protocol was performed [158], which included a 
3 min nuclei stain with 0.1% Gill’s hematoxylin and a 30 sec cytoplasm stain with 
0.2% eosin. The H&E-stained samples were mounted with a cover slip and a digital 
optical image was obtained using the Aperio CS2 slide scanner (Leica Microsystems, 
Wetzlar, Germany). Annotation of various areas was done on consecutive sections 
and performed by a pathologist using QuPath v0.2.3. [164]. 

 
RESULTS 
Cardiac troponin as biomarker for ischemic heart injury 
The evaluation of ischemic heart injury was based on the concentrations of hs-cTnT 
and hs-cTnI in the blood circulation (Figure 4.2). For the sham rats the 
concentrations were in the normal range [165, 166], with mean ± SD of 12.0 ± 2.9 
ng/L for hs-cTnT and 0.5 ± 0.49 ng/L for hs-cTnI while in the I/R rats concentrations 
were significantly (p ≤ 0.005) elevated up to 5093 ± 1513 ng/L and 12091 ± 3734 
ng/L, respectively. 
 

 
Figure 4.2. Cardiac troponin concentrations (A, hs-cTnT and B, hs-cTnI) for sham and I/R 
rats illustrating significant heart injury in the I/R rats. The mean is represented by the line 
and * indicates p-value ≤ 0.005 

 
Spatial distribution of proteins in the I/R heart 
Both sham and I/R hearts were analyzed using MALDI-MSI to study the protein 

spatial distribution and to identify m/z values specific for distinctive regions within 

the heart after I/R injury (Figure 4.3). An unsupervised multivariate probabilistic 

latent semantic analysis (pLSA, using 5 components, Figure 4.4) showed three 

components which represented distinct regions in the tissue. These were identified 

as the infarct region (Figure 4.5A), unaffected tissue (Figure 4.5B) and tissue with 

interstitial stroma (Figure 4.5C) respectively. The assignment of these regions was 

confirmed by histological annotation of a consecutive section by a blinded trained 

pathologist (Figure 4.5D, detailed annotation in Figure 4.6).  
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Furthermore, based on the distinctive regions obtained from the pLSA, ROC 

analyses were performed to look for region specific m/z values (Supplementary 

Table 4.1, page 181). This analysis revealed 11 m/z species specific for the infarct 

region (AUC ≥0.8). For example, m/z 3332.7 and m/z 10150.4 (AUC 0.939 and  

AUC 0.935, respectively, Figures 4.7A and 4.7B) showed both a high intensity in the 

infarct area. Within the unaffected tissue 43 m/z species were distinctive  

(AUC <0.2), like m/z 17122.4 and m/z 8125.9 (AUC 0.097 and AUC 0.054, 

respectively Figures 4.7C and 4.7D). The comparison between unaffected tissue in 

I/R (remote) versus sham hearts gave 5 unique m/z values (AUC ≥ 0.8), with a higher 

intensity in the I/R hearts. 

 

 
Figure 4.3. Schematic representation of the workflow. A) Wistar rats underwent sham or 
I/R surgery (n=3/group). Ischemia was induced by 40 min ligation of the left anterior 
descending (LAD) artery followed by 24 hours of reperfusion, after which both the heart 
and blood were collected for further analysis; B) The cardiac tissue was sectioned at 10 µm 
thickness, deposited on ITO slides, washed, and covered with DHA matrix for protein 
MALDI-MSI followed by laser capture microdissection (LMD) and proteomics. 
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Figure 4.4. Probabilistic latent semantic analysis (pLSA) separating the data in 5 
components, revealed the separation of the tissue in unaffected myocardial tissue 
(components 1 and 3), infarct (component 2), tissue containing interstitial stroma 
(component 4) and matrix (component 5). 

 
 

 
Figure 4.5. pLSA analysis revealed distinct regions within the I/R heart. These regions were 
identified as infarct (A), unaffected tissue (B) and tissue containing interstitial stroma (C). 
The infarct region is annotated in H&E-stained consecutive sections (D, detailed annotations 
are depicted in Figure 4.6). Biol rep = biological replicate 
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Figure 4.6. Histological annotation of the I/R hearts (consecutive sections, A-C) identified 
(D) unaffected myocardial tissue, (E) unaffected interstitial stromal tissue, (F) necrosis with 
edema (yellow in A-C), (G) necrosis with cell infiltration (red in A-B) and (H) Hemorrhagic 
necrosis (black in A-C). The scale bar in A-C indicates 2 mm and in D-H 250 µm. 

 
 

 
Figure 4.7. ROC analysis illustrated 55 m/z values that discriminate between the infarct 
tissue and the unaffected tissue from the I/R and sham hearts. Representative examples 
are A) m/z 3332.7 (AUC 0.939), B) m/z 10150.4 (AUC 0.935), C) m/z 17122.4 (AUC 0.097) 
and D) m/z 8125.9 (AUC 0.054). Biol rep = biological replicate 
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Figure 4.8. Segmentation analysis of sham and I/R hearts divided the tissue over 7 
clusters, separating infarct, unaffected tissue, blood and matrix. A) The segmentation 
results showed representation of the infarct core by the green and infarct border by orange 
clusters, while the red, yellow and turquoise clusters correspond to unaffected tissue. The 
blood and matrix were represented by the purple and blue clusters, respectively. B) Based 
on the segmentation results (black lines) different ROIs were selected for proteomics 
analysis. The colored regions (approximately 0.5 mm2) were ablated using LMD. 
 

Spatial segmentation analysis was used to differentiate regions in the cardiac tissue 
based on spectral differences obtained by MALDI-MSI. Compared to pLSA, it 
clustered the data into maximally different sets of spectra and picked up additional 
features. As shown in Figure 4.8A, 7 clusters were found, each color depicts a 
particular cluster, of which 5 clusters corresponded to tissue, and 2 related to blood 
and matrix (spectra can be found in Figure 4.9). In more detail, tissue specific 
clusters, as confirmed with histological annotations (Figure 4.6), showed that 
unaffected tissue could be separated into red and yellow clusters, depending on 
the amount of interstitial stromal tissue (Figures 4.6D and 4.6E). Green and orange 
clusters corresponded to the infarct core and border tissue, respectively, with 
different levels of necrotic tissue damage. Within the core region, hemorrhagic 
necrotic tissue and inflammatory cell infiltration were observed (Figures 4.6G and 
4.6H), while the border area mainly contained necrotic tissue with edema (Figure 
4.6F). The purple cluster was defined as blood based on the presence of m/z 15198, 
which can be tentatively assigned to hemoglobin α-chain [167, 168], and the matrix 
(blue) cluster was outside the tissue. 
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Figure 4.9. Average spectra corresponding to all clusters from the segmentation analysis 
(Figure 4.8). The unaffected tissue is represented by red, yellow and turquoise clusters. The 
infarct tissue by the green and orange clusters, purple represents the blood and blue the 
matrix. 
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Image guided proteomics revealed up- and downregulation in the infarct area 
Direct identification of proteins using MALDI-TOF-MSI is challenging due to the lack 
of chromatographic separation and protein dynamic range. To overcome this, we 
used MALDI-MSI to screen the spatial protein content and later performed protein 
identification following a spatial-omics approach including LC-MS/MS, a more 
sensitive and accurate analysis, on the same tissue sections previously used for 
protein MALDI-MSI. Guided by the segmentation data, regions of 0.5 mm2 were 
ablated from ITO slides; 5 red, 4 yellow, 2 orange and 2 green sample that represent 
infarct or unaffected tissue (colored areas in Figure 4.8B). Proteomics analysis 
identified a total of 465 proteins directly from the ITO slides, these proteins were 
used for subsequent comparative analysis. Between the clusters, the number of 
identified proteins showed no significant differences (ANOVA p-value = 0.34, Figure 
4.10A). 
 

 
Figure 4.10. Proteins identified in the different clusters, with (A) the number of proteins 
identified in the replicates, and (B) heatmap showing the abundance ratio (log2) for 
classically known cardiac biomarkers, * indicates adjusted p-value ≤0.05. 
R = Red; Unaffected tissue, Y = Yellow; Unaffected interstitial stromal tissue, O = Orange; Infarct 
border, G = Green; Infarct core. Where Y/R is the ratio of Yellow versus Red.  
ASAT = Aspartate aminotransferase, CK-M = creatine kinase-M type, FABP = fatty acid-binding protein, 
LDH = lactate dehydrogenase, Myo = myoglobin, cTnI = cardiac troponin I, cTnT = cardiac troponin T. 

 
First, abundance changes in (previously) used cardiac biomarkers that clinically 
serve for diagnosis and monitoring of myocardial infarction such as cardiac 
troponins (cTnI and cTnT) were evaluated. The abundance ratios of these proteins 
are shown in the heatmap in Figure 4.10B. A significant downregulation was 
observed for myoglobin (MYO), creatine kinase-M type (CK-M) and fatty acid 
binding protein (FABP) in the infarct region. 
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From the identified proteins, 99 were found to be differentially abundant  

(log2 ratio ≤-0.58 or ≥0.58 with an adj. p-value ≤0.05) in one of the comparisons as 

shown in Figure 4.11 (Supplementary Table 4.2, page 183). It should be noted that 

16 proteins were not detected in all regions, resulting in a minimal or maximal 

abundance ratio presented as black (-6.64) or dark blue (6.64) boxes in the heatmap 

of Figure 4.11. 

 
A comparison of the unaffected tissue (red) with the infarct core (green) showed a 
lower abundance for 17 proteins, amongst others the cardiac biomarkers MYO and 
FABP. Likewise, 56 proteins were upregulated, like c-reactive protein an important 
diagnostic marker for inflammation, and indicators for cell damage clusterin and 
protein S100. The heatmap in Figure 4.11 illustrates that comparisons of the infarct 
regions (green or orange) with the unaffected tissue (red or yellow) results in similar 
patterns for protein abundances. Between the two clusters within the unaffected 
tissue (yellow vs. red) different abundances were found for 49 proteins. The 
significantly upregulated proteins in the tissue that contained interstitial stroma 
(e.g. capillaries and fibroblasts) were related to coagulation and a downregulation 
in cytoskeletal regulation. 
 
When zooming in on the ischemic region, a significant difference was found for 13 

proteins between the border (orange) and core (green) of the infarct. The core 

region showed a higher abundance for structural proteins like elastin and 

transgelin, and a lower abundance for mitochondrial fission 1 protein and keratin, 

type I cytoskeletal 13 proteins. 

 

Furthermore, pathway analysis was performed for the significantly altered proteins 

using the Reactome database through EnrichR (Top 10 pathways can be found in 

Supplementary Table 4.3, page 186). The enriched pathways in the infarct core 

region compared to the unaffected tissue (green vs. red, Table 4.1) showed that 

the top 10 upregulated pathways, based on ranking of the combined score, are 

related to coagulation, inflammatory responses and integrin signaling. 

 
Finally, the comparisons within the infarct tissue (core-green vs. border-orange, 

Table 4.2) showed pathways involved in RHO GTPase activation and prostaglandin 

synthesis demonstrating ongoing changes in the architecture and inflammation. 

Only synthesis of Prostaglandins (PG) and Thromboxanes (TX) pathways were 

downregulated with a significant p-value. 
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Figure 4.11. Heatmap showing the abundance ratios for the differentially abundant 
proteins (n=99). In blue the upregulated proteins (log2 ratio ≥0.58), the downregulated 
proteins (log2 ratio ≤-0.58) in black. R = Red; Unaffected tissue, Y = Yellow; Unaffected interstitial 

stromal tissue, O = Orange; Infarct border, G = Green; Infarct core, for example Y/R is the ratio of 
Yellow versus Red. 
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Table 4.1. Top 10 upregulated pathways for infarct core compared to unaffected tissue 
(green vs. red), with an adjusted p-value <0.05 and ranked by the combined score. 
Reactome pathway analysis was done including the significantly altered proteins from 
infarct core vs. unaffected tissue (green vs. red). Overlap indicates the number of proteins 
identified compared to the number of proteins in the pathway. 

UPREGULATED PATHWAYS OVERLAP COMBINED SCORE 

Platelet degranulation 16/105 5135.92 

Response to elevated platelet cytosolic ca2+ 16/110 4791.00 

GRB2:SOS provides linkage to MAPK signaling for integrins 4/15 2403.01 

P130cas linkage to MAPK signaling for integrins 4/15 2403.01 

Platelet activation, signaling and aggregation 17/253 1679.42 

Common pathway of fibrin clot formation 4/22 1320.54 

Terminal pathway of complement 2/8 1089.78 

Platelet aggregation (plug formation) 5/37 1069.55 

Formation of fibrin clot (clotting cascade) 5/39 990.15 

Integrin alpha IIb beta3 signaling 4/27 973.26 

 
Table 4.2. Upregulated pathways for infarct core compared to infarct border (green vs. 
orange), with an adjusted p-value <0.05 and ranked by the combined score. Reactome 
pathway analysis was done including the significantly altered proteins from infarct core vs. 
to infarct border (green vs. orange). Overlap indicates the number of proteins identified 
compared to the number of proteins in the pathway. 

UPREGULATED PATHWAYS OVERLAP COMBINED SCORE 

RHO GTPases activate CIT 1/16 1422.78 

RHO GTPases activate ROCKs 1/17 1318.68 

RHO GTPases activate PAKs 1/21 1012.63 

Nephrin interactions 1/22 955.53 

Sema4Dd induced cell migration and growth-cone collapse  1/24 857.29 

Sema4D in semaphorin signaling  1/27 740.22 

Smooth muscle contraction 1/33 576.31 

Epha-mediated growth cone collapse 1/34 555.22 

Elastic fibre formation 1/41 439.30 
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DISCUSSION 
In this study we showed for the first time an intact protein based spatial-omics 
approach on cardiac tissue sections from a single conductive ITO slide. In short, as 
a proof-of-concept MALDI-MSI data of a cardiac I/R rat model was used for an 
unbiased evaluation of the spatial on-tissue protein profile, compared to classical 
pathological evaluation. The subsequent in-depth label-free proteomics analysis of 
selected regions provided insight in protein alteration and corresponding processes 
that play a role in the acute phase after I/R. 
 
Previous studies of early phase ischemia in mouse [153] and pig [151] models 
showed the activation of immunological and inflammatory processes, alterations in 
the expression of structural proteins, and the formation of edema in the infarct 
region. Also, they observed alterations of contractile and mitochondrial proteins in 
the remote tissue. In our acute I/R model we confirmed the increase of proteins 
related to coagulation and inflammatory processes in the infarct tissue 
(Supplementary Table 4.3, page 186). Furthermore, changes in structural proteins 
were observed, and our histological annotations later confirmed the formation of 
edema. However, our unsupervised analysis did not show a distinct signature for 
the remote tissue in the I/R hearts compared to control. 
 
In addition, our MALDI-MSI data showed a differentiation within the infarct tissue 
of the core and border region, where differences in extent of necrosis were verified 
by H&E staining (Figure 4.6). However, we were not able to differentiate between 
the different forms of cell death [169]. Specific immunohistochemistry and higher 
MSI spatial resolution experiments would be relevant and should be considered in 
a follow up study. The border or peri-infarct region has been described to play an 
important role in healing, but also in arrythmia development [139, 154]. Since the 
early phase after I/R is mostly characterized as infarct expansion, most studies 
investigate this border area in a later stage when remodeling has started. In a pig 
model one month after I/R, the impairment of the energy metabolism, 
mitochondrial dysfunction and the activation of angiogenesis was found in the peri-
infarct region indicating a downregulation of proteins in the electron transport 
chain in line with a decreased energy metabolism [154]. In comparison, our early 
I/R model showed a non-significant decrease in the abundance of mitochondrial 
membrane proteins. We hypothesize that our model studies an earlier phase in the 
remodeling process, the addition of multiple timepoints would provide temporal 
information on the effects of I/R injury. Although we used a small sample size (n=3) 
for this proof-of-concept study we were able to demonstrate the use of protein 
MALDI-MSI in the spatial-omics workflow [158] on rat cardiac I/R tissue where we 
could verify previous published pathway alterations, for example energy 
metabolism. 
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Even though our data identified a significant alteration of only 13 proteins between 
the core and border region within the infarct, it does show important differences 
and intra-infarct heterogeneity. For example, elastin is a protein involved in ECM 
organization, which is known to be changed in response to ischemia as the necrotic 
cells are replaced by ECM and later a fibrotic scar [170, 171]. Also, myosin-11 and 
transgelin were altered in the infarct, these proteins are known to be part of the 
vascular smooth muscle cell cytoskeleton. Interestingly, transgelin was upregulated 
in the infarct core compared to its border, while the border showed a significant 
downregulation versus the unaffected tissue. Transgelin was previously indicated 
as a potential therapeutic target for MI, as it plays a role in NF-κB activity and 
vascular inflammation [172, 173]. Future research into the different regions within 
the infarct seems interesting to further evaluate the role of these proteins and the 
affected pathways. The use of a spatial-omics approach is beneficial to achieve this, 
as the boundaries of these regions might not be easily distinguishable when just 
based on their morphology. 
 
As previously mentioned, histological annotation verified the segmentation results 
obtained by MALDI-MSI, showing differences in morphology of the unaffected 
tissue and in the extent of necrosis in the infarct tissue. Within the unaffected 
tissue, the different amount of interstitial stromal tissue with fibroblasts and 
microvasculature most likely caused the distinction between the red and yellow 
clusters (Figure 4.8). This could be due to sectioning at slightly different levels in 
the heart, where the orientation of the cardiomyocytes differs, and more interstitial 
stromal tissue might be present. The higher expression of proteins related to 
inflammation and coagulation might be the result of microvasculature activation in 
the interstitial stromal compartment in comparison to the unaffected tissue. 
Another explanation could be the so-called acute surgical trauma, previously 
described as an increased inflammation response in control animals [174]. 
 
The success of I/R surgery was confirmed with the significant increase of the 
biomarkers cTnT and cTnI in the blood circulation. However, our proteomics data 
did not reveal a significant decrease of these structural cardiac proteins in the 
infarct region compared to the unaffected tissue. Previous studies by gel 
electrophoresis are in line with our results where changes in cTnT after MI in dogs 
and human were not evident [175]. Another study found significant changes for 
cTnT in the cytosolic fraction after permanent ligation but not in an I/R model [153]. 
 

Furthermore, the inclusion of three biological replicates illustrated the variation in 
morphology of the hearts, mainly in the size of the infarct area. These differences 
are hypothesized to be the individual responses to the I/R surgery, where the exact 
placement of the suture and time of occlusion are known for their direct influence 
on the severity of the I/R injury. Although differences in the morphology and 
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molecular profiles among hearts were observed, our MALDI-MSI analysis identified 
regions in the tissue that behaved similarly (same segmentation cluster). 
 
Unfortunately, we were only able to provide a few (tentative) identifications of 
some observed m/z values in our MALDI-MSI data due to previously described 
limitations of on-tissue protein analysis with MALDI-MSI. We obtained those by 
comparing protein identifications from LC-MS/MS to m/z signals from our protein 
MALDI-MSI data and literature, additional immunohistochemistry is needed to 
verify the identifications of m/z 11309 as histone H4, m/z 12135 as cytochrome C 
oxidase subunit, m/z 13775, 13792 and 14008 as histone H2 and m/z 15189 as 
hemoglobin α-chain. Although there are differences between LC-MS/MS and 
MALDI-MSI; bottom-up versus top-down, as well as difference in ionization 
approaches, analyte extraction methods and additional chromatographic 
separation similar results could have been expected for the most abundant 
proteins. Additional experiments like top-down proteomics or MALDI-FTICR-MSI (as 
described by Piga et al. [176]) might be used in future studies to improve on-tissue 
protein identifications. Experiments using the same analyzers for both MALDI and 
LC-MS/MS analysis or MALDI-based proteomics would enable the correlation 
between the datasets regarding the protein identification. Nevertheless, the 
method we propose combines frequently used and fast MALDI-MSI and LC-MS/MS 
methods. 
 
Regarding the LMD approach, some parts of the workflow need further 
consideration for future improvements. Firstly, a similar amount of tissue was 
collected for all ROIs, which area size was based on previous results of healthy 
cardiac tissue [158]. Increasing the amount of tissue or the incorporation of an 
additional dimension in peptide separation, will improve the number of proteins 
identified. Furthermore, no protein quantitation (for example using a Bradford 
assay) was done prior to LC-MS/MS due to the limited amount of sample. 
Nevertheless, between the ablated areas a comparable number of peptides was 
detected and a similar number of proteins was identified (ANOVA non-significant). 
 
We previously showed that a spatial-omics approach works efficiently on 
conductive ITO slides and although the number of proteins identified after MALDI-
MSI was decreased compared to before MALDI-MSI, the cellular component 
analysis showed that the proteins were preserved [158]. However, while the use of 
a consecutive section on PEN membrane slides provides more proteins identified, 
the use of a consecutive section hampers proper co-registration in some cases, as 
the morphology might be slightly different between the slides. Co-registration is 
crucial for proper tissue selection, especially with small ROIs such as used in our 
study. Here, minor spatial inaccuracy might result in limitations when selecting 
different proximal areas. Additionally, further improvements of the co-registration 
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might facilitate the selection of specific cells and cell populations, thereby 
facilitating the evaluation of cell-specific contributions to the pathological changes 
after I/R. This approach was previously used in a gene expression study using laser 
microdissection pressure catapulting, showing an upregulation of p21 in cardiac 
fibroblasts and cardiomyocytes in the peri-infarct zone [139]. 
 
And finally, adjustments of the proteomics protocol might improve the evaluation 
of certain ECM proteins. In this case the use or addition of another enzyme, like 
collagenase, might result in more ECM proteins [115]. As edema formation and 
extra cellular matrix remodeling play an important role after an ischemic event, it 
is expected that this might provide more insight in the involved proteins. 
 
In the present study an acute I/R model was used, providing information on the 
processes initiated early after I/R. Future research should be considered for 
translation from a (small) animal model to human: both on the level of the 
proteome and pathological responses between species, as well as the inclusion of 
comorbidities or medicine compared to the clinical situation. Other experimental 
work including western blot or immunohistochemical staining is necessary to verify 
the abundance of proteins, as on-tissue identification of proteins remains 
challenging with MALDI-MSI. 
 

CONCLUSION 
With this proof-of-concept work we show the usefulness of a protein guided 
spatial-omics approach using conductive ITO slides for cardiovascular research. We 
characterized significant local changes in the protein content of infarct core and 
border regions compared to unaffected tissue in rat hearts after I/R. Future 
experiments should include multiple timepoints and a permanent cardiac ischemia 
model. The results demonstrate that our approach can also be applied to other 
cardiac models, such as a permanent ligation or heart failure model, providing 
valuable insight in the protein driven pathophysiological processes after cardiac 
injury. 
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Lipidome disturbances occur after myocardial infarction and lead to secondary 
post-ischemic cardiac injuries. However, the exact mechanism of lipid involvement 
remains unknown, in part due to the lack of knowledge of the spatial and temporal 
lipid profiles in the heart after cardiac ischemia. In this chapter, a tempo-spatial 
lipid profile of ischemia/reperfusion (I/R) mouse hearts was established via two 
methods, region-based LC-MS/MS and mass spectrometry imaging (MSI). The 
biological interpretation was explored by correlating lipid signatures with 
immunohistochemistry. 
 
First, C57BL/6J mice underwent I/R or sham surgery. The lipids in the heart were 
visualized and quantified at four timepoints (3 hours, 24 hours, 3 days, 7 days) after 
I/R surgery using a combination of MALDI-MSI and LC-MS/MS techniques. Different 
matrices, ionization modes as well as high-mass-resolution DDA measurements 
were explored to broaden the spectrum of detected lipids and for lipid 
identification. The association between the lipid distribution/intensity and post-I/R 
injury pathogenesis was analyzed. Higher spatial resolution (20 µm) MALDI-MSI and 
immunostaining were used to assess the correlation between lipids and immune 
cell infiltration, fibroblast activation or collagen deposition. Finally, we validated 
our findings by applying MALDI-MSI on I/R pig hearts. 
 
Alterations of the lipidome were observed with distinct temporal features. In the 
infarct cardiac tissue, the glycerolipids respond quickly (within hours) while for 
phospholipids and sphingolipids more variation was seen, and changes occurred at 
a later timepoint. 
 
Our findings indicate that a correlation between certain lipids and different cell 
types (like immune cells) exists and shows a time-dependent profile. Among those 
lipids, PC 32:0 showed the strongest correlation with macrophage infiltration which 
was verified by in situ MSI. These correlations, when conserved across species, 
could point to lipids that can serve as a marker reflecting the disease status of 
cardiac I/R injury, a prognostic marker or therapeutic target in future studies. 
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INTRODUCTION 
Timely diagnosis of myocardial infarction (MI) and subsequent interventions are 
extremely important to reinstate blood flow and limit the damage of ischemia. 
However, it is widely accepted that this sudden restored perfusion can trigger 
further damage (i.e. I/R injury) and cause enlarged infarct lesions [177]. Generally, 
three phases of pathological changes occur after I/R injury. The inflammatory phase 
is the first and a fast response to clear dead cells and danger-associated molecular 
patterns to prevent the expansion of the injury. Neutrophils, Ly6Clo monocytes 
(which further differentiate into M1 macrophages) and T cells infiltrate the infarct 
area in a time-dependent pattern at this phase. Followed by the reparative phase 
when the quiescent fibroblasts are activated and start proliferating and depositing 
collagen in order to substitute the damaged tissue and prevent cardiac rupture. The 
collagen will be cross-linked and the scar is finally determined in the maturation 
phase at a later timepoint (weeks to months after injury) [178]. 
 
Lipid metabolism has long been recognized in the progress of MI [179, 180]. In the 
healthy myocardium, around 70% of the substrate for oxidative metabolism are 
fatty acids (FA), while the source of energy switches to glycolysis during ischemia 
and causes FA accumulation in cardiomyocytes [179, 181]. This toxic accumulation 
of FA during I/R injury triggers multiple biological responses, including the activation 
of endoplasmic reticulum stress [182], the upregulation of mitochondrial 
uncoupling proteins [183] and the formation of reactive oxygen species (ROS) [184]. 
These pathological responses lead to necrosis and apoptosis after MI. Therefore, 
lipids show a great potential of being diagnostic markers or future therapeutic 
targets in cardiac ischemia. Steroids and triacylglycerides (TAG) are two lipid families 
that are commonly studied [185, 186]. For decades, clinicians utilized circulating 
levels of TAGs, cholesterol esters (CE) and lipoproteins (such as low-density-
lipoprotein and apolipoprotein E) to predict the risk of MI. In addition, the increase 
of bioactive lipids such as diacylglycerides (DAG), lysophosphatidylcholines (LPC) 
and sphingolipids in the infarcted heart have also been reported in several studies 
[93, 187-189]. In order to fully understand the interactions and biological function 
of these lipids, efforts have been made to visualize the spatial profile – either using 
histochemistry (e.g. ORO staining for TAGs), or spatial mass spectrometry imaging 
(MSI) techniques (e.g. matrix-assisted laser desorption/ionization, MALDI or 
secondary ion mass spectrometry, SIMS) [93, 157, 189]. However, only few studies 
investigated the time-course of lipid changes in cardiac ischemia [190], and a limited 
number of papers describe the biological meaning of individual altered lipid in the 
infarct heart, presumably due to the complex interactions among lipids [93]. 
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Matrix-assisted laser desorption/ionization MSI (MALDI-MSI) facilitates the in situ 
detection of biomolecules, such as peptides [191], metabolites [117, 192] and lipids 
[193], directly from the biological samples while retaining both the relative 
abundance and spatial distribution [194]. It has been applied previously to study 
cerebral [195], kidney [196] and cardiac ischemic injury [93, 157]. However, when 
compared to the gold standard LC-MS/MS, the current MALDI-TOF-MSI techniques 
still have a relatively poor coverage of the lipid species, most likely due to the lack 
of additional separation. This improves when using high mass resolution MALDI-
MSI coupled to data-dependent acquisition (DDA) of on-tissue tandem MS for lipid 
identification [56, 189, 197]. Here, MALDI-MSI and LC-MS/MS were combined with 
the aim to depict the spatial and temporal 2D lipid profiles in the I/R injured mouse 
hearts. Furthermore, the biological meaning of these lipid changes was explored by 
investigating the correlation between individual lipids and immune cell infiltration 
or scar formation. 
 

EXPERIMENTAL SECTION 
Chemicals and Solvents 
All (ULC grade) solvents were purchased from Thermo Fisher Scientific 
(Massachusetts, USA) or Biosolve (Valkenswaard, The Netherlands) unless stated 
otherwise. 1-butanol and methanol were purchased from Merck Millipore 
(Massachusetts, USA). 2,5-dihydroxybenzoic acid (DHB) was purchased from Bruker 
Daltonics (Massachusetts, USA) or Sigma-Aldrich (Zwijndrecht, The Netherlands). 
Chloroform, norharmane were purchased from Sigma-Aldrich (Missouri, USA or 
Zwijndrecht, The Netherlands). 
 
Animals 
All experiments utilized male mice (8-10 weeks old, C57/BL6Jax strain background) 
purchased from InVivos (Singapore) and pigs from the National Large Animal 
Research Facility (NLARF) Singapore. The animals were kept at room temperature 
(average 23 °C), 12-hour light-dark cycle with accesses to food and water ad libitum. 
All animal studies were approved by the National University Singapore Institutional 
Animal Care and Use Committee and complied to the guidelines on the care and 
use of animals for scientific purposes (NACLAR, Singapore, 2004) and the Guide for 
the Care and Use of Laboratory Animals published by the US National Institutes of 
Health (NIH Publication, 8th Edition, 2011). 
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I/R surgery 
The sham surgery and I/R injury on mice and pigs were generated as previously 
described [198-200]. In brief, mice were anesthetized by intraperitoneal injection 
of 0.5 mg/kg medetomidine, 5.0 mg/kg dormicum and 0.05 mg/kg fentanyl. 
Myocardial ischemia was induced by ligation of the left descending coronary artery 
(LAD) with 8-0 suture (Ethicon, Somerville, USA). To induce reperfusion injury, the 
ligature was released after 30 mins of ischemia. After surgery, mice were recovered 
by 0.5 mg/kg atipamezole and 5 mg/kg flumazenil and received 0.1 mg/kg 
buprenorphine subcutaneously twice daily for three days. Injured mice were 
sacrificed at different timepoints after I/R injury, the blood was collected in EDTA-
coated collection tubes (Greiner Bio-One, Kremsmünster, Austria) via 
submandibular vein by cheek puncture and was subsequently centrifuged at 4 °C, 
2000 g for 10 min, to obtain plasma. The hearts were perfused with saline, and the 
atria and right ventricles were removed. The left ventricles were divided 
transversally, the bottom parts were dissected for LC-MS/MS and upper part was 
later used for MALDI-MSI. Sham surgery was performed (later referred to as control) 
where all processes were same to the experimental group except for the LAD 
ligation. Tissue and blood from sham group were collected immediately after sham 
surgery to serve as baseline lipid level (control). 
 
For the I/R porcine model, the pigs were intubated and ventilated during the 
anesthesia induced by intramuscular injection of 10 mg/kg ketamine,  
0.04 mg/kg atropine and 0.6 mg/kg midazolam. Isoflurane was used to maintain the 
anesthesia. The ligation on the left circumflex (LCX) coronary prior to major 
branches were performed on adequate anesthetic depth. To induce reperfusion 
injury, the ligature was released after 105 mins of ischemia. Biopsy of the injured 
left ventricle were sampled on 28 days after I/R injury. All tissues were snap-frozen 
in liquid nitrogen and stored at -80 °C until further analysis. 
 
Cardiac troponin I ELISA 
Cardiac troponin I concentrations were measured in mouse plasma utilizing high-
sensitivity mouse cardiac troponin I ELISA kit (Life Diagnostics Inc., West Chester, 
USA) following manufacturers instruction. 
 
Slide preparation 
Frozen heart samples were sectioned at 10 μm thickness using a Leica CM1850 
cryostat (Leica Biosystems GmbH, Nussloch, Germany) under OCT compound-free 
conditions. For MALDI-MSI, the sections were mounted on indium tin oxide (ITO) 
glass slides (Bruker Daltonics GmbH, Bremen, Germany). Consecutive sections of  
5 μm thick, for histological and immunohistochemistry staining, were mounted on 
TOMO® adhesion microscope slides (Matsunami Glass Ind. Ltd., Osaka, Japan). All 
sections were stored at -80 °C until further use.  
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Lipid MALDI Mass spectrometry imaging 
Frozen sections were restored at room temperature in a desiccator for 30 min. 
Fiducial markers were applied using a diamond tipped engraving pen. Optical 
images were generated using a Perfection V39 model office scanner (Seiko Epson 
Corporation, Nagano, Japan) at 4800 dpi. DHB (15 mg/mL dissolved in  
90% acetonitrile, 1% TFA) was sprayed onto the slides using a TM-sprayerTM (HTX 
Technologies, LLC, Chapel Hill, USA), coating the slides with 14 layers of DHB, with 
nozzle temperature at 60 °C, at a flow rate of 0.125 mL/min in a crisscross pattern. 
 
Lipid MALDI-MSI was performed using the optimized protocols for each laboratory 
and specific instruments used. For protocol 1, DHB coated sections were imaged on 
a rapifleX tissueTyper (Bruker Daltonics GmbH, Bremen, Germany) controlled by 
flexControl 4.0 and flexImaging 5.0, in positive ion mode with square-shaped 
ablation at 50 µm raster, 1000 laser shots at each position with a m/z range of  
400-1400. The rapifleX was also used for partial MS/MS analysis of lipid panels and 
was done directly on the tissue, with 2000 total laser shots for precursor 
accumulation, 4000 total shots for fragment accumulation at 54% laser power 
boost. During the 20 µm MALDI-MSI run, single shot laser mode and 70% power 
boost were applied while the rest of the parameters remained identical. 
 
For protocol 2 the DHB coated sections were desiccated until dry. Additional fiducial 
markers were applied on the slide using water-based Tipp-ex (BIC, Paris, France). An 
optical image was generated using a Canon 9000F office scanner at 4800 dpi. The 
tissues were imaged at 50 µm raster size on a rapifleX tissueTyper (Bruker Daltonics 
GmbH, Bremen, Germany) controlled by flexControl 4.0 and flexImaging 5.0, in 
positive ion mode at a m/z range of 400-1600, summing 500 laser shots per 
position. 
 
For the analysis of lipids in negative polarity (protocol 3), tissues were covered with 
15 layers of norharmane (7 mg/mL in 2:1 chloroform:methanol) using the 
SunCollect pneumatic sprayer (SunChrom GmbH, Germany). The sections were 
imaged at 50 µm raster size on a rapifleX tissueTyper (Bruker Daltonics GmbH, 
Bremen, Germany) controlled by flexControl 4.0 and flexImaging 5.0, in positive and 
negative ion reflector mode at a m/z range of 400-2000, summing 500 laser shots 
per position. The instrument was calibrated using red phosphorus. After MSI 
analysis all slides were stored at -80 °C until further analysis.  
 
Additionally, a data-dependent acquisition (DDA) approach was used to obtain high-
mass-resolution MSI combined with simultaneous MS/MS data acquisition [56]. To 
obtain a better signal when remeasuring tissue sections, the tissue sections were 
resprayed using an optimized method for DDA with DHB (20 mg/mL in  
2:1 methanol:chloroform, 12 layers at 30 °C) or norharmane (7 mg/mL in  
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2:1 chloroform:methanol, 10 layers at 30 °C) using the TM-sprayerTM (HTX 
Technologies, LLC, North Carolina, USA). All sections were imaged at 50 µm raster 
size in positive or negative ion mode on an LTQ Orbitrap Elite (Thermo Fisher 
Scientific, Bremen, Germany), at a m/z range of 200-2000 with a resolution of 
240,000 @ 400 m/z. 
 
Lipidomics by LC-MS/MS 
Sample preparation 
Approximately 10 mg of frozen cardiac tissue samples were manually dissected into 
infarct and remote areas based on the morphology under a light microscope. Later, 
tissues were homogenized with 5 mm stainless steel beads (QIAGEN, Hilden, 
Germany) in 100 μL of PBS on ice using TissueLyser LT (QIAGEN) with 2 min of  
25 oscillation/s for three times. The protein concentrations were later determined 
by Pierce Detergent Compatible Bradford Assay (Thermo Fisher) following 
manufacture’s instruction. All samples were kept at -80 °C until further use. 
 
Lipid extraction and quantification 
10 µL of tissue homogenate was suspended in 100 μL of butanol/methanol (1:1, v:v; 
Merck Millipore, Massachusetts, USA) spiked with internal standards, 400 nM PE 
17:0/17:0, 2.4 nM Cer d18:1/8:0, 200 nM PC 13:0/13:0, 1.7 nM HexCer d18:1/8:0, 
400 nM LPC 13:0, 400 nM LPE 14:0, 400 nM PS 17:0/17:0, 3.6 nM SM d18:1/6:0,  
0.8 nM SPH d18:1 d7 and 0.8 nM SPH d18:0 d7 from Avanti Polar Lipids, and 
400 nM TG 12:0/12:0/12:0 from Sigma Aldrich. The samples were sonicated for  
30 min followed by centrifugation at 14,000 g for 10 min at 22 °C. The supernatant 
was used for analysis. The samples were analysed using an Agilent 1290 series 
UHPLC system connected to an Agilent 6495 QQQ mass spectrometer after 
separation on a ZORBAX Eclipse plus C18 column (2.1 x 50 mm, 1.8 µm, 95 Å, 
Agilent) at 40 °C. The injection volume was 2 µL. Solvent A consisted of  
60% water/40% acetonitrile (v/v) with 10 mM ammonium formate; solvent B 
consisted of 90% isopropanol/10% acetonitrile (v/v) with 10 mM ammonium 
formate. The gradient started with a flow rate of 0.4 mL/min at 20% B and increased 
to 60% B at 2 min, 100% B at 7 min, held at 100% B until 9 min, followed by 
equilibration with 20% B from 9.01 min until 10.8 min. The column effluent was 
introduced to the mass spectrometer via AJS-ESI ion source operating under the 
following conditions: Gas temperature, 200 °C; gas flow, 14 L/min; nebulizer, 20 psi; 
sheath gas temperature, 250 °C; sheath gas flow, 11 L/min; capillary, 3500 V. Mass 
spectrometry analysis was performed in positive ion mode with dynamic scheduled 
multiple reaction monitoring (dMRM). Mass spectrometry settings, LC-MS gradient 
and MRM transitions for each lipid class were adapted from a previously published 
method [201]. Quantification of lipid was based on one-point calibration with class 
specific internal standards and was further normalized to the total protein content 
within each sample. 
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Pooled quality control (QC) samples were prepared and run every 10 samples. The 
average signal to noise (S/N) ratio and the coefficient of variation (CV) of each 
individual lipid in the QC samples were then calculated. Lipids with S/N ratio below 
10 and CV higher than 30% were excluded. Dilution series of QC samples were 
prepared and measured at the start and end of the experiment, respectively. The 
Pearson correlation test was used to test the linearity of the dilution curves. Lipid 
peaks with R2 lower than 0.8 were excluded.  
 
Hematoxylin and Eosin (H&E) staining 
After MALDI-MSI the matrix was removed by 3 dips in 50% ethanol. Then slides 
were fixated in ice-cold 10% neutral buffer formalin solution for 10 min, stained for 
5 min in Mayer’s hematoxylin, followed by 5 min in running tap water, 1 min in  
0.5% eosin and 10 dips in distilled water. All tissues were covered with a cover glass 
using VectaMount® AQ (Vector Laboratories Inc., Burlingame, USA) as mounting 
medium. 
 
Oil Red O staining 
The tissue sections (10 µm thick) were equilibrated to room temperature for 30 min 
before fixation in ice-cold 10% neutral buffer formalin solution for 10 min. The slides 
were then washed twice in PBS and once in milliQ water before incubation in  
0.3% Oil red O working solution for one hour. The slides were drained and washed 
in 60% isopropanol until no background of Oil Red O was present anymore, followed 
by two washes in milliQ water before counterstaining the nucleus with Mayer’s 
hematoxylin for 1 min. After the final washes in running tap water for 5 min, the 
sections were mounted with a cover glass using VectaMount® AQ. 
 
Immunohistochemistry staining 
Frozen tissue sections (5 µm thick) were equilibrated to room temperature for  
30 min. The slides were then fixed in ice-cold 10% neutral buffer formalin solution 
for 10 min, washed twice in PBS and once in milliQ water before incubation with 
10% normal goat serum (ThermoFisher Scientific) with 0.5% Bovine Serum Albumin 
(BSA, Merck-Sigma) for one hour at room temperature. The sections were blot dry 
and incubated with primary antibodies [Ly6G (BD Pharmingen, Cat#551459),  
CD3 (Abcam, Cat#ab5690), CD68 (Bio-Rad, Cat# MCA1957), αSMA (Abcam, 
Cat#ab124964) or Collagen Type I (Merck Millipore, Cat# AB765P)] overnight at  
+4 °C. Then, the slides were washed twice with TBS-T and incubated with goat anti-
rat or rabbit conjugated to 488 or 594 dye for 1 hour at room temperature. The 
slides were washed twice with TBS-T and twice with TBS before counterstaining 
with DAPI to visualize the nucleus and Wheat Germ Agglutinin (WGA) to visualize 
the cell membrane. 
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Later, images were processed using NIS-Elements AR (4.51.00 edition, Nikon Inc., 
Tokyo, Japan). Infarct and remote regions of interest (ROIs) were annotated based 
on H&E staining and the MALDI-MSI image segmentation results. Cells were 
counted under same binary threshold and restrictions (i.e., diameters and 
circularities). Finally, the number of cells per mm2 or percentage area for the ROIs 
were determined. 
 
Data analysis 
All results are presented as mean ± SEM unless stated otherwise. Kruskal-Wallis test 
with multiple comparisons was performed to test the difference in cardiac  
troponin I concentration at different timepoints. Spearman's rank correlation 
coefficient was calculated to test the correlation between groups.  
A p-value <0.05 was considered statistically significant. 
 
Lipidomics data 
All statistical analyses for LC-MS/MS were performed in R (4.0.2). Pearson’s 
correlation coefficients were calculated between all pairs of lipid species. Statistical 
significance was calculated using ANOVA with Tukey post-hoc. To account for false 
discovery rate, p-values were corrected for multiple comparisons using the 
Benjamini and Hochberg procedure.  
 
MALDI-MSI 
The RapifleX MALDI-MSI data obtained with protocol 1 was imported into SCiLS Lab 
(2016b, Bruker) and analyzed under root mean square (RMS) normalization. 
Baseline correction was done with Top-Hat filtering. Segmentation analysis was 
done with bisecting k-means using correlation distance with weak denoising. 
Regions of interest (ROIs) representing the infarct areas were annotated based on 
segmentation, principal component analysis (PCA) and corresponding H&E staining. 
Linear discrimination analysis (LDA) was then applied to compare infarct and 
remote regions.  
 
Additional RapifleX MALDI-MSI data (protocols 2 and 3) were analyzed using SCiLS 
lab (2020a, Bruker) after total ion count (TIC) normalization. The average spectra 
were extracted and converted to mMass [136]. mMass was then used to generate 
a peak list (15 precision baseline correction with 25 relative offset, Savitzky-Golay 
smoothing with a window size of 0.2 m/z and 2 cycles, lastly peaks were picked with 
a S/N threshold of 3.5, relative intensity threshold of 0.5% and picking height 75). 
The lipid spatial distribution was assessed using probabilistic Latent Semantic 
Analysis (pLSA) for all pixels using five components. And segmentation was 
performed by bisecting k-means clustering with correlation distance using all peaks.  
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High mass resolution 
The Elite DDA data was visualized and analyzed using LipostarMSI 1.1.0b17 
(Molecular Horizon SrL, Bettona, Italy) [202]. Therefore, Thermo Fisher .raw data 
was converted into mzML using msconvert (ProteoWizard) [203]. Then the in-built 
converter of LipostarMSI was used to combine the mzML file with the positioning 
file to generate a profile mode file. The data was imported using the following 
settings: Savitzky-Golay smoothing (window size of 7 points, degree is 2 and  
1 iteration), m/z tolerance 0.005 amu + 2 ppm, minimal peak frequency 1% and 
isotopic clustering (pattern abundance deviation 30%, m/z correlation threshold of 
0.5). MSI data was visualized using TIC normalization and applying hotspot removal 
(high quantile 99%). 
 
The MS/MS data was imported with a m/z tolerance of 0.25 amu + 0 ppm for the 
precursor and the MS/MS, and corrected by addition 0.150 amu + 0 ppm,  
MS/MS scans were discarded if present in less than 10 scans, and peaks were 
removed if lower than 0.02 and 2% of the base peak. Then, lipid identification was 
performed with reference to the LIPIDMAPS database including all lipid classes and 
+H, +Na, +K or -H adducts, depending on the polarity, were used. For identification 
in the DHA positive and norharmane negative data set we used a MS tolerance of  
0 amu + 3 ppm (0 amu + 5 ppm for norharmane positive), MS/MS tolerance of  
0.25 amu + 0 ppm, MS/MS identification with a minimum chain length of 12 and 
the sum-composition was retained with 50 matches, and peaks lower than 10% of 
the base peak were excluded. High confidence identifications were approved and 
considered for further interpretation. Lipid identifications with a low(er) confidence 
were only used to verify the TOF-TOF data. All lipid identifications were reported to 
the sum-composition level. 
 
The spatial distribution of the identified m/z values was analyzed by calculating the 
colocalization and correlation of the m/z with the infarct or non-infarct regions. 
These regions were separated by bisecting k-means clustering. Visual inspection 
was used to verify the spatial distribution as given by the software. 
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RESULTS 
Changes of cardiac troponin I concentration in the circulation and cardiac 
pathology over time after I/R injury 
The I/R mouse model is a well-developed animal model which mimics the 
pathological progress in MI patients (Figure 5.1A). In this chapter, we investigated 
four timepoints after I/R surgery (i.e., 3 hours, 24 hours, 3 days and 7 days) covering 
the whole pathological progress in mice. Firstly, cardiac injury was confirmed by the 
cardiac troponin I (cTnI) concentrations, which were significantly higher in I/R mice 
compared to control in the first 24 hours after I/R injury, with a peak at 3 hours 
indicating the acute phase of I/R injury (Figure 5.1B). 
 
The infarct areas were determined using H&E staining and the annotations were 
used to confirm the areas found with MALDI-MSI. Although it was difficult to 
distinguish the injured areas by H&E staining at 3 hours, the infarct region could be 
distinguished with the MALDI data (Figure 5.1C, protocol 1). In the later timepoints 
(24 hours, 3 days and 7 days), the ischemic area (Figures 5.1D to 5.1F) and the 
formation of scar tissue were clearly observed in the infarct area of a H&E-stained 
section (Figures 5.1E and 5.1F). 
 

 
Figure 5.1. Comparison of heart tissue histology and circulating cardiac troponin I 
concentration at different timepoints after ischemic/reperfusion (I/R) surgery. A) 
Schematic representation of I/R surgery, B) Cardiac troponin I concentrations in plasma 
measured by ELISA (n=4-6), C-F) MALDI-MSI ion image (root mean square normalized) of 
m/z 518.3 ± 0.1 Da at 3 hours, 24 hours, 3 days and 7 days after I/R injury (scale bar 500 
μm). The X2 and X3 squares indicate infarct and remote tissue, respectively.  
C1-F1) H&E staining of the consecutive sections (scale bar 500 μm). C2-F2) 10x enlarged image 
of infarct areas from C1-F1 (scale bar 100 μm). C3-F3) 10x enlarged image of remote areas 
from C1-F1 (scale bar 100 μm). * indicates p <0.05 and *** indicates p <0.001 when comparing 24h 

or 3h with control, respectively.  
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MALDI-MSI identified lipid uneven distributions at different reperfusion 
timepoints 
Lipids play a vital role in cardiac I/R injury. For the visualization of temporal changes 
of lipid spatial distribution, cardiac tissue sections at different timepoints after I/R 
surgery were analyzed using MALDI-MSI. Linear Discriminant Analysis (LDA) models 
were generated for the individual hearts (workflow shown in Figure 5.2A), for which 
the infarct and remote areas were annotated based on histology data (Figure 5.2B). 
Later, the LDA models were validated on the two other hearts from the same 
timepoint, a mean validation accuracy of 92% (Table 5.1) indicates a strong 
consistency among the samples regardless of the biological variance and batch 
effects. Then, from all individual models the peaks with significant difference were 
picked and peaks found in at least two models were shortlisted (Supplementary 
Table 5.1, page 192). Finally, the peaks were annotated based on MALDI TOF-TOF 
analysis (Supplementary Table 5.2, page 193) and/or high mass resolution DDA 
analysis, which was also used to validate the TOF-TOF assignments. 
 
Distinctive tempo-spatial distribution patterns were observed for LPC and PC 
species. LPCs were significantly higher in the infarct area and peaked at 24 hours 
(for example LPC 16:0, m/z 518.3 ± 0.1 in Figure 5.2C), while more diverse trends 
were seen for PCs. The following three trends could be described: the first group of 
PCs decreased in the infarct area (e.g., PC-O 38:6, m/z 830.5 ± 0.1 in Figure 5.2D). 
A second group of lipids showed continuous upregulation in the infarct area over 
seven days (e.g., PC 32:0), while the last group of lipids was characterized by an 
upregulation only in the area surrounding the infarct (peri-infarct area, e.g. PC 40:6, 
m/z 856.6 ± 0.1 in Figure 5.2E). This complexity of the changes in the levels of the 
PCs was also seen in the LC-MS/MS data, where great variances were observed in 
the trends of individual PCs, especially in the infarct area (Figure 5.4). This might 
indicate that PCs with different chain lengths do not react uniformly after I/R injury 
and may be responsible for different biological responses, this requires further 
investigation. 
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Figure 5.2. Tempo-spatial evolution of the lipid distribution after I/R injury observed with 
MALDI-MSI. A) Schematic representation of the strategy used to find lipids with significant 
different distributions between infarct and remote regions from each timepoint. B) The 
infarct (red) and remote (blue) regions annotated based on H&E staining, shown in Figure 
5.1C1-F1. Tempo-spatial profile of (C) m/z 518.3 ± 0.1 Da assigned to LPC 16:0 +Na+,  
(D) m/z 830.5 ± 0.1 Da assigned to PC-O 38:6 +K+, and (E) m/z 856.6 ± 0.1 Da assigned to  
PC 40:6 +Na+. 
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Table 5.1. Accuracy of the Linear Discriminant Analysis models. The models were trained 
on a section from one animal and validated using the two other animals from the same 
timepoint. 

TIMEPOINT AFTER I/R MODEL TRAINED ON MODEL VALIDATED ON ACCURACY 

3 HOURS 

M1 
M2 100.00% 
M3 93.25% 

M2 
M1 87.78% 
M3 84.63% 

M3 
M1 99.03% 
M2 100.00% 

24 HOURS 

M1 
M2 98.62% 
M3 99.31% 

M2 
M1 72.71% 
M3 78.18% 

M3 
M1 96.37% 
M2 42.98% 

3 DAYS 

M1 
M2 99.92% 
M3 99.83% 

M2 
M1 96.84% 
M3 63.34% 

M3 
M1 94.53% 
M2 95.92% 

7 DAYS 

M1 
M2 99.29% 
M3 98.56% 

M2 
M1 99.51% 
M3 99.21% 

M3 
M1 97.28% 
M2 99.61% 

 
 

 
Figure 5.3. Venn diagrams representing the significantly changed lipids (n=239 in total) at 
different timepoints after I/R injury in the infarct area (A) and remote area (B). The 
numbers indicate the quantity of individual lipid with significant changes; the class of these 
lipids were described with the color illustrating the trends (red represents increase, blue 
represents decrease).  
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LC-MS/MS identified multiple altered lipid species at different timepoints after 
I/R injury 
The quantification of the altered lipids was done by region-specific LC-MS/MS 
analyses (i.e., infarct and remote areas were separated prior to LC-MS/MS analysis). 
In total, the tempo-spatial changes of 239 lipids were investigated, showing a 
significant alteration of 134 species in the infarct region and 40 species in the 
remote region when comparing to control. Venn diagrams in Figure 5.3 illustrate 
the significantly changed lipids and their classes in infarct or remote tissue when 
compared to control heart tissue. As shown in the diagram, there are lipids that 
consistently changed over time and other species with unique time distributions. 
For example, in the infarct area, two lipids (HexCer d18:1/24:1 and LPC-O 18:1) 
increased significantly at all timepoints, while others were only altered during a 
specific time period after I/R (e.g., most LPCs increased significantly only from 3 
hours to 24 hours). In general, around 48% of the identified lipids (114 out of 239) 
showed a significant increase in the infarct area while a decrease was seen for only 
8.3% of the lipids when compared to the control. Furthermore, in the remote area 
we observed a significant increase for 12.1% of the lipids while 4.6% significantly 
decreased, even though the remote area seems to be less affected by the ischemic 
injury. All these data indicate a disruption of lipid metabolism in the I/R heart, even 
in the remote area. 
 
Triacylglycerols (TAGs) are an important fuel source and major precursors for the 
downstream lipids. In the region-based LC-MS/MS analysis, we found a systemic 
increase in TAGs in both infarct and remote regions for the first 3 hours (Figure 5.4). 
ORO staining was performed to validate the distribution of TAGs and an uneven 
distribution across the heart was observed, especially at 3 hours timepoint when 
the lipid droplets were mainly distributed among the peri-infarct area (Figure 5.5). 
This suggests that increased TAGs are not necessarily limited to the lipid droplets 
but may exist in other forms and accumulate in the whole heart upon I/R injury. 
 
On the other hand, membrane lipids including phosphatidylcholine (PC) and 
sphingomyelin (SM) show unique temporal distribution patterns in the infarct area. 
As most of the detected PC (78.9%, 15 out of 19) and SM (85.7%, 6 out of 7) species 
increased from 3 hours to 3 days after I/R surgery (Figure 5.4), PC species return to 
baseline at 3 days while SM species remain elevated. In the remote region both PC 
and SM species showed a decrease for these timepoints and a return to baseline 
levels around 3 days after I/R injury. Interestingly, more variation in the trends of 
PC, LPC, SM and Cer is observed in the infarct region compared to remote. 
Compared to TAGs, the recovery of PC and SM happened at a later timepoint, 
indicating that the I/R injury causes a ‘delayed’ effect on those lipids. 
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Figure 5.4. Tempo-spatial distribution of lipid classes in the infarct and remote area of the 
I/R injured mouse heart measured by LC-MS/MS. Grey lines represent the average time-
course change (n=6) of every individual lipid in the correspondence class. Colored lines 
represent the mean change of the class. All values on the graphs were compared with 
control and presented as log2 fold-change. 

 
 

 
Figure 5.5. ORO staining of the hearts after I/R injury at different timepoints. Scale bars in 
the whole sections and enlarged views (from red square in the whole section) are 500 μm 
and 100 μm, respectively.  
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Furthermore, the hydrolysis products - diacylglycerol (DAG), ceramide (Cer) and 
lysophosphatidylcholine (LPC) - are highly bioactive in modulating multiple 
pathways and resemble the same dynamics as their precursors (Figure 5.4). In the 
infarct region, we observed 60% (9 out of 15) of the detected DAGs significantly 
elevated almost concurrently with TAG. In comparison, we found that 5 out of 7 
detected Cers also increased, but at a later timepoint and the elevation lasted 
longer (24 hours to 3 days after I/R). LPC is another family of lipids that increased 
drastically in the infarct after I/R. We observed that all detected LPC species, except 
LPC 22:5 and LPC 22:6, were significantly increased 3 hours after ischemic injury in 
the infarct area, which confirmed the previous MALDI-MSI data. This showed the 
temporal trend of the lipid changes after I/R and provided hints of how and when 
to intervene as therapy approaches for ischemic injury. 
 
In addition, we validated the MALDI-MSI using LC-MS/MS by comparing two 
datasets in the following way. The mean peak intensities were extracted for the 
annotated infarct and remote regions, and the fold-change was calculated with 
respect to control. The log2 fold-changes were plotted in the heatmap together with 
the LC-MS/MS dataset which was processed the same way (Figure 5.6). We 
observed a good correlation between the MALDI-MSI datasets and LC-MS/MS 
datasets (except for the remote region at 7 days), and confirmed MALDI-MSI as a 
valid technique for in situ, high sensitivity lipidomics on cardiac tissues. 
 

 
Figure 5.6. Correlation between MALDI-MSI datasets and LC-(ESI)-MS/MS datasets.  
Log2 fold-changes were calculated for the infarct and remote regions compared with 
control. Each pair of datasets from the same timepoint and region were tested by spearman 
correlation test. Significance of the correlation is represented by * p <0.05, ** p <0.01,  

*** p <0.001, **** p <0.0001 and ns for non-significant.  
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In-depth spatial profiling of lipids in the 24h I/R heart section 
The number of different lipid species obtained in the MSI data was broadened by 
using two different matrices and ionization modes. By doing so, a more in-depth 
analysis of the spatial lipid distribution in the 24 hour I/R heart section (a critical 
timepoint in the murine I/R progression) was performed. Therefore, MALDI-MSI 
was performed in positive ion mode using DHB (protocol 2) and norharmane 
(protocol 3) as a matrix, the latter better extracts other PL species, such as PEs and 
PIs in negative ion mode [204]. Finally, high mass resolution DDA measurements 
were used for on-tissue lipid identification and for the validation of the TOF-TOF 
assignments, as mentioned before. 
 
pLSA of the MALDI-MSI data revealed two distinct areas within the I/R heart, 
representing the infarct and remote regions, both in positive and negative ion mode 
data (Figures 5.7 and 5.8, respectively). Interestingly, the segmentation of the 
norharmane data, especially in negative ion mode, showed another region 
surrounding the infarct tissue (Figure 5.9C). 
 
Using this information, the m/z values associated with these regions (as obtained 
with protocol 1) were validated. In positive ion mode, peaks around m/z 500 
(lysolipids) and m/z 700-800 (PCs and SMs) showed a higher intensity in the infarct 
region, while peaks above m/z 800 (also PCs and SMs) were associated with the 
non-infarct area. In negative ion mode, this was only clearly seen for the cardiolipins 
(CLs, peaks around m/z 1400), which showed a higher abundance in the non-infarct 
area. 
 
For the identification and validation of the peaks that correlated to each of these 
regions, high mass resolution DDA measurements were performed (overview of the 
identified lipids can be found in Supplementary Tables 5.3 and 5.4, pages 198 and 
201, respectively). In correspondence with the MALDI-MSI data, the positive-ion 
mode DDA data mostly detected PC and SM species. Additionally, PAs, PEs, PGs, PIs, 
PSs, and some CLs were observed in negative ion mode (Figure 5.10). 
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Figure 5.7. pLSA results from positive ion mode MALDI-MSI using DHB (A-B) and 
norharmane (C-D) as matrix. The components within the white square show a separation 
of the infarct (A1, C2) and non-infarct tissue (A2, C1). Spectra representing the lipid content 
of these regions are shown for infarct (B1, D1) and non-infarct (B2, D2). 

 
 

 
Figure 5.8. pLSA results from negative ion mode MALDI-MSI (norharmane). Components 
3 to 5 represent the separation of the infarct and non-infarct tissue (panel A1 to A3, 
respectively). The spectra show the distribution of lipids in infarct (B1) and non-infarct (B2) 
tissue.  
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Figure 5.9. MALDI-MSI segmentation data discriminate between different regions within 
the heart. The infarct region is represented by A) green in the DHB positive ion mode data, 
B) purple in the norharmane positive ion mode data and C) orange in the norharmane 
negative ion mode data. 

 

 
Figure 5.10. Number of identified lipid species, by sum-composition, from control and I/R 
sections. Identifications from positive (blue) and negative ion mode (orange) DDA data, 
respectively. 

 
The high mass resolution imaging data showed again a homogeneous distribution 
in the control heart, while a heterogeneous lipid distribution was found in the I/R 
heart. The distribution of most lysolipids showed a high accumulation in the infarct 
area, for example LPE 18:0 (Figure 5.11A), while an inverse distribution was seen 
for LPE 22:6 (Figure 5.11B) and LPC 22:6 (Supplementary Table 5.3, page 198), this 
latter was also observed in the LC-MS/MS data. As described before, the spatial 
distribution of most other lipid species is diverse, while an ischemia-related 
elevation or decrease was seen for most lipids, a homogeneous distribution was 
seen for PI 36:4 (Figure 5.11C). 
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In agreement with the MALDI-MSI positive ion mode data an alteration in the 
ischemic region was mainly seen for PCs between m/z 700-800 as observed for  
PC 32:0 (Figure 5.11D). On the other hand, the PCs above m/z 800 mostly showed 
a decrease in the ischemic region, like PC 38:6 and PC 40:8 (Figures 5.11E and 5.11F, 
respectively). Interestingly, PC 38:6 seemed to be accumulated in the region 
surrounding the infarct area and PC 40:8 showed a decreased intensity in that area, 
while the distribution in the remote area is comparable. An overlay image of  
LPC 16:0, PC 38:6 and PC 40:8 (Figure 5.11L) visualized the different areas observed 
in the I/R heart and showed a ‘gradient distribution pattern’ of lipids from the infarct 
to the remote area. 
 

 
Figure 5.11. DDA data revealed ischemia-related changes in the tissue sections of mice 
after sham and 24 h I/R injury. The individual ion images from both positive and negative 
ion mode showed the accumulation of LPE 18:0 (A), PC 32:0 (D), PA 36:2 (H) and MLCL 54:6 
(J) in the infarct area, a homogeneous distribution of PI 36:4 (C) in both sham and I/R heart 
and a decrease for LPE 22:6 (B), PC 38:6 (E), PC 40:8 (F), PI 36:1 (G), PS 40:6 (I) and CL 72:8 
(K). Overlay image (L) of LPC 16:0 (red), PC 38:6 (blue) and PC 40:8 (yellow). 

 
The peri-infarct area also showed an accumulation of PI 36:1 (Figures 5.11G). 
Moreover, in comparison with the negative ion mode MALDI-MSI data, some 
phospholipids showed similar ischemia-related patterns. For example, PA 36:2 and 
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PS 40:6 showed an increase and decrease in the ischemic area, respectively (Figures 
5.11H and 5.11I). Finally, the ion signal of monolysocardiolipin (MLCL) 54:6 (Figure 
5.11J) was found increased in the infarct, while its surrounding area showed a 
decrease compared to the rest of the tissue. The other identified CL species showed 
a decreased intensity in the infarct area, like CL 72:8 (Figure 5.11K). 
 
Strong correlation between immune cell infiltration, scar formation and identified 
lipids 
To explore the possible underlying biological meaning of the changing lipid levels, 
immunohistochemistry stainings of consecutive sections (Figure 5.12) were used to 
evaluate the distribution of different cell types (neutrophils, macrophages, T cells 
and myofibroblast) and scar formation (collagen type I). The immune cell counts are 
presented in Figure 5.13A and Table 5.2, showing a major infiltration of neutrophils 
after 24 hours and macrophages and T cells at 3 days. In addition, an increasing 
trend was observed in fibroblast activation and scar formation from 3 hours to 7 
days after I/R injury (Figure 5.13B). 
 
 

 
Figure 5.12. Immunohistochemistry staining of heart section at different timepoints after 
I/R injury. In the overall scan of the sections (left column), WGA-stained cell membranes 
show the structure of the cells (scale bar 500 μm). For all scans DAPI was used to indicate 
the nucleus. Infarct areas (red squares) were enlarged to view different cell types (Ly6G for 
neutrophils, CD68 for macrophages, CD3 for T cells and αSMA for myofibroblasts) and 
collagen deposition (collagen type I, col1) (scale bar 100 μm).  
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Figure 5.13. Immune cell infiltration and scar formation analyzed in the infarct region.  
A) Immune cells counted per mm2 tissue in the infarct area over time after I/R and B) 
Activated myofibroblast count per mm2 tissue and scar tissue density in the infarct area 
over time after I/R. Data presented as mean ± SEM, n=1-3. 
 

 
For the selected lipids from MALDI-MSI (listed in Figure 5.6) the correlation with the 
quantified cell counts or scar tissue area per infarct/remote area was determined 
using the spearman test (Table 5.3). For example, several LPCs (LPC 16:0, LPC 18:0 
and LPC 18:2) showed significant correlations with T cells. On the contrary, some 
PCs (PC 36:3/PC 38:6 and PC 38:3/PC 40:6) presented significant inverse 
correlations with fibroblast activation. Interestingly, the highest significant 
correlation (r = 0.9636 and p-value <0.0001) was seen for macrophage infiltration 
and PC 32:0, which showed an upregulation in the infarct area in the MALDI-MSI 
data. It was hypothesized that the infiltrating macrophages may be the source of 
the increased PC 32:0. 
 

 
Figure 5.14. Correlation between macrophage infiltration and PC 32:0+Na+.  
A) Overlap image of immunostaining of macrophages and 20x20 µm MALDI-MSI ion image 
of PC 32:0+Na+ on a 3 days I/R section. B) Enlarged view of the scanned infarct region from 
panel A (scale bar 200 μm, arrows point to clusters of macrophage infiltration). C) The 
annotation of MF rich area (red) and MF poor area (white) in the infarct region based on 
the MALDI-MSI image (scale bar 200 μm). D) Intensity of PC 32:0 from different regions 
compared to control. * indicates p <0.05 and ** p <0.001, respectively. 
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Table 5.2. Average of immune cell infiltration, myofibroblast density and collagen 
deposition in the different regions of I/R hearts based on immunostaining (n=2-3). 

TIMEPOINT 3 HOURS 24 HOURS 3 DAYS 7 DAYS 
Region Infarct Remote Infarct Remote Infarct Remote Infarct Remote 

Neutrophils 
(cell/mm2) 

57.65 3.68 199.43 2.24 77.37 1.86 7.62 0.73 

Macrophages 
(cell/mm2) 

20.32 15.72 247.94 80.80 637.31 6.12 212.53 2.33 

T cells 
(cell/mm2) 

7.53 3.78 24.43 0.40 114.87 0.96 12.92 0.78 

Myofibroblasts 
(cell/mm2) 

55.15 39.19 54.42 40.33 72.20 29.54 97.69 30.77 

Collagen 
(area %) 

0.01 0.04 0.04 0.05 20.90 0.03 26.93 0.02 

 
Further verification of the source of the elevated PC 32:0 was done using higher 
spatial resolution MALDI-MSI (20x20 µm) on 3 days I/R heart sections. A distinct 
overlap between the macrophage immunostaining and MSI image (Figures 5.14A 
and 5.14B) was observed. In addition, tissues were annotated into the following 
ROIs: macrophage (MF) rich infarct area, MF poor infarct area and remote area 
(respectively the red and white areas in Figure 5.14C). Mean intensities of these 
areas were used to calculate the fold-change compared to the control tissue. A 
significantly higher intensity of PC 32:0 was observed in the MF rich infarct area 
compared to MF poor infarct area (Figure 5.14D), which verified our findings. 
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Translation to the clinic 
The aforementioned findings were verified in a I/R pig model. Unlike the I/R mouse 
model, the infarct regions in the pig locate differently (mostly the lateral wall of the 
LV) and infarct areas are more scattered (Figure 5.15A) and smaller in percentage 
since the LCX rather than LAD is ligated. However, we observed a similar 
accumulation of PC 32:0 in the infarct area from MALDI-MSI (Figure 5.15B), showing 
a distinctive difference between the infarct and the unaffected areas. This suggests 
that the increase of PC 32:0 may be conserved across species, which could possibly 
apply to human as well. 
 

 
Figure 5.15. PC 32:0 accumulated in the infarct area in the porcine I/R model. 
A) H&E staining of I/R pig heart sections. B) Spatial profile of PC 32:0+Na+ on the consecutive 
sections. Scale bar 500 μm, black arrows point to the infarct area with high PC 32:0. 



 

Table 5.3. Spearman correlation between annotated lipid peaks and immune cell infiltration/myofibroblast density/collagen deposition 
in the infarct I/R heart. Statistical significance is indicated as * p <0.05, ** p <0.01, **** p <0.0001. 
 

LIPID 

NEUTROPHIL MACROPHAGE T CELL MYOFIBROBLAST COLLAGEN TYPE 1 

r p-value r p-value r p-value r p-value r p-value 

LPC 16:0 -0.2848 0.4271 0.6121 0.0667 0.7939 0.0088(**) 0.5667 0.1206 0.3667 0.3363 
LPC 18:0 0.0424 0.9184 0.3333 0.3487 0.8061 0.0072(**) -0.0333 0.9484 -0.1833 0.6436 
LPC 18:2 -0.0667 0.8651 0.3818 0.2788 0.8424 0.0037(**) 0.3667 0.3363 -0.1167 0.7756 
PC 32:0 0.1879 0.6073 0.9636 <0.0001(****) 0.7091 0.0268(*) 0.5167 0.1618 0.8333 0.0083(**) 
PC 34:0 0.2364 0.5135 0.5879 0.0806 0.1273 0.7330 -0.3833 0.3125 0.2167 0.5809 
PC 34:2 0.6606 0.0438(*) 0.4424 0.2044 0.2606 0.4697 -0.4333 0.2499 -0.0500 0.9116 
PC 36:2 0.3697 0.2957 0.0546 0.8916 -0.1879 0.6073 -0.2167 0.5809 -0.3667 0.3363 
PC 36:3 or PC 38:6 0.0303 0.9460 -0.7697 0.0126(*) -0.5152 0.1334 -0.7333 0.0311(*) -0.8500 0.0061(**) 
PC 38:3 or PC 40:6 -0.0546 0.8916 -0.7455 0.0174(*) -0.4909 0.1548 -0.7000 0.0433(*) -0.9000 0.002(**) 
PC 38:4 or PC 36:1 0.1394 0.7072 -0.3576 0.3129 -0.5515 0.1049 0.0833 0.8432 -0.4000 0.2912 
PC 40:6 -0.0182 0.9730 -0.8788 0.0016(**) -0.4424 0.2044 -0.4167 0.2696 -0.8000 0.0138(*) 
PC 40:8 0.0909 0.8113 -0.7333 0.0202(*) -0.2848 0.4271 -0.6333 0.0760 -0.8667 0.0045(**) 
PE-O 40:7 0.3091 0.3869 -0.6727 0.039(*) -0.2364 0.5135 -0.5333 0.1475 -0.7333 0.0311(*) 
PC-O 38:6 -0.0667 0.8651 -0.6727 0.039(*) -0.4182 0.2325 -0.5667 0.1206 -0.9000 0.002(**) 
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DISCUSSION 
Here we showed, for the first time, the spatial and temporal distribution of lipids in 
the murine heart after I/R, using a combination of LC-MS/MS and MALDI-MSI 
techniques. The timepoints represent the (acute) inflammatory phase (3 hours to 3 
days after I/R injury), reparative phase (24 hours to 3 days) and maturation phase 
(3 days onwards) which covers the whole pathological progress after MI. Further 
investigation combining immunohistochemistry revealed the possible biological 
significance underlying some of the lipid changes. A first step in the translation to 
human was done by verification in a larger porcine I/R model (data not shown), 
which showed similar trends for some lipids, indicating the conservation across 
species. 
 
DAGs, ceramides and LPCs were already known for their cardiac lipotoxicity [205]. 
DAG and ceramide signaling is intertwined and both have strong activity in inducing 
inflammation and apoptosis in cardiac cells [206]. DAGs in the infarct area were 
seen upregulated only in the early timepoints, reflecting the initial stage of the 
injury where the neutral lipid reservoir, TAGs, is also accumulating. Interestingly 
however, unlike TAGs, the DAGs were significantly decreased at 3 days. A possible 
explanation might be the conversion of DAGs into phosphatidic acid (PA) since 
diacylglycerol kinase (DGKα) is reported to be activated in a rodent I/R model when 
binding with the Ca2+ inflow [207]. The activation of DGKα was also found to be pro-
fibrotic in primary human dermal fibroblast via the final product lysophosphatidic 
acid (LPA) [208]. This is in line with our findings from the immunohistochemistry 
staining, which showed that excessive fibrosis/collagen deposition happens around 
the same time that the DAGs decrease at 3 days (Figures 5.4 and 5.13B). 
 
Next, the increase of ceramide under ischemic injury was reported in multiple 
studies [188, 206, 209], likely caused by the activation of sphingolipid de novo 
synthesis pathway via NF-kB pathway [206]. Here, we observed a more constant 
elevation of the ceramides compared to DAGs suggesting that ceramides may also 
play a role in the chronic phase after ischemic injury. This is supported by previous 
findings where heart failure patients’ plasma showed increased ceramide 
concentrations [188]. Furthermore, the derivatives of ceramide, hexosylceramides 
(HexCer) in the circulation were previously found to be closely correlated with major 
CVDs in emerging studies [210, 211]. This coincides with our findings that both the 
monohexosylceramide (Hex1Cer) and dihexosylceramide (Hex2Cer) were 
upregulated for a relatively long period after I/R injury. 
 
The excessive lipid degradation or synthesis of LPCs induces inflammation and 
disrupts mitochondria respiration function, which could also lead to apoptosis and 
cardiac hypertrophy [206, 212]. It is therefore not surprising to see an elevation of 
these lipids in our data of the early timepoints after cardiac injury since the overall 
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lipid reservoir, the lipid droplets and TAGs, is accumulating (Figures 5.4 and 5.5), 
possibly explained by the impaired lipid consumption due to ischemia. The increase 
of LPC in the infarct region is in line with previous reports that calcium-independent 
phospholipases (iPLA2) are activated after cardiac injury and lead to excessive 
hydrolysis of PC on membranes [212]. It is worth noting that alkyl ether-substituted 
LPCs (namely lysoalkylphosphatidylcholine, LPC-O) generally had a delayed 
upregulation in the infarct area (3 days after I/R), the underlying reason is unknown. 
 
For LC-MS/MS analysis the hearts were manually dissected into two parts (infarct 
and remote areas) based on morphology. The peri-infarct was not considered for 
dissection as this region is not (yet) finely defined in current literature and is difficult 
to distinguish based on morphology. This region is described as the tissue 
surrounding the infarct, where cells are considered to be still salvageable after 
injury [213, 214]. Taking this and the geometrical complexity of the heart in 
consideration it is possible that the harvested samples contain a mixture of these 
areas. Therefore, it is not ideal to observe the lipid distribution based on the  
LC-MS/MS alone. MALDI-MSI is a strong tool for molecular-level pathology, it has 
been applied lipid detection across ischemic tissue in several studies [157, 197, 
215]. The MALDI-MSI data provided the opportunity to annotate the infarct region 
for all timepoints based on the lipid profile. The H&E staining of the 3h timepoint 
did not clearly show histological differences, however the lipid profile showed 
different patterns indicating that the remodeling had already started. Furthermore, 
the data indicated a heterogeneous distribution of phospholipids in the I/R hearts, 
meaning a specific distribution of lipids in the infarct area (e.g. LPC), while others 
accumulated in the remote region (e.g. PC 40:8) or peri-infarct tissue (e.g. PC 38:6). 
Future investigation into the lipids accumulating in the peri-infarct area could 
provide insight in potential molecular markers for the peri-infarct tissue. 
 
The heterogeneous distribution of the lipid species could be explained by the 
activation of certain enzymes during I/R injury. For example, the elevation of LPCs 
may be caused by the iPLA2 activation as discussed above. In addition, mRNA levels 
of the rate limiting enzyme serine-palmitoyl transferase (SPT), an emerging target 
for lowering ceramides after I/R injury [188, 216], might be responsible for the 
increase of ceramides after I/R injury. However, this does not explain the uneven 
distributions within the same lipid class. A possible explanation could be that cell 
infiltration/cell remodeling introduces exogenous lipids. 
 
Among the described lipids, LPC and PC were the two classes mostly observed in 
the MALDI-MSI data. The significant alterations found are in line with previous 
reports of various ischemia animal models [93, 157]. From what we observed in 
Figure 5.14, the abundance of PC 32:0 was strongly associated with the presence of 
immune cells in the infarct area, however the strongest correlation was found for 
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macrophage infiltration. Macrophages are the major cell type causing acute 
inflammation and further promotes the ischemic damage after I/R injury in the 
early stage [217, 218]. This suggests that PC 32:0 could serve as a marker indicating 
the inflammation status, with the potential of predicting the cardiac repair 
afterwards. Similar findings were also observed for other cell types, like the 
correlation of PC 36:3/PC 38:6 with myofibroblasts which are crucial in tissue repair 
and cardiac remodeling. The underlying biological mechanism between certain cell 
types and lipid species still needs further investigation. To sum up, mapping the lipid 
distribution not only provided evidence of different pathological regions which are 
not easily distinguished using H&E or immunohistochemistry staining, it also shows 
the potential in utilizing MALDI-MSI in subtyping cells on tissue sections in situ 
based on their molecular profiles and discover molecules for 
prognosis/therapeutics. 
 
Despite the powerful potential of revealing the spatial profile of lipids, the current 
MALDI-MSI protocols require the use of internal standards for different lipids in 
order to be a quantitative lipid approach, which is otherwise hindered by technical 
limitations such as ionization efficiency and ununiformed lipid extraction [219]. 
Here, a significant correlation between the MALDI-MSI and LC-MS/MS data was 
found, except for the data from remote region at 7 days. It is speculated that this is 
because the lipid levels returned to baseline at the 7 days timepoint for most lipid 
species, as can be seen in Figure 5.4, and therefore no significant correlations 
between the two datasets were seen, or the manually dissected tissue for  
LC-MS/MS, contained a mixture of infarct and non-infarcted area. Furthermore, a 
direct comparison of LC-MS/MS and MALDI-MSI data is challenging due to the 
different ionization methods and the additional dimension of separation with LC. 
However, we did see an even more sensitive measurement from MALDI-MSI for 
certain lipids in the infarct area (Figure 5.6) such as all detected LPCs, which 
remained upregulated in the infarct area while LC-MS/MS already showed a 
decreasing trend. In addition, MALDI-MSI provided a better spatial resolution of the 
lipid distribution at the later timepoints after cardiac I/R injury when compared to 
LC-MS/MS, as the peri-infarct region could be distinguished. 
 
For this chapter the results were obtained in different laboratories, both working 
with the protocols optimized for their specific instruments, hence the differences 
between spraying methods, mass ranges and data analysis. After validation of the 
results obtained with protocol 1 (with protocol 2, data not shown) an extra matrix 
and ionization polarity (protocol 3) were used. Although DHB is a commonly used 
matrix for lipid analysis, there are some limitations related to this matrix used for 
MALDI-MSI. DHB was the matrix of choice as it has the ability to ionize a wide variety 
of lipids, especially polar compounds like phospholipids [204, 220, 221]. PCs with 
its polar positive quaternary ammonium group are the easiest to ionize and are 
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most sensitively detected with DHB in positive ion mode, followed by PEs [204]. 
Other phospholipids such as PA, PS and PI are typically detected at lower sensitivity 
due to the more electro-negative nature of their headgroups and are better 
detectable in negative ion mode [204]. Larger lipids such as cardiolipins often show 
poorer ionization efficiency due to their sizes and are more detectable with other 
matrices, with alkali metal ions Cs+ as adducts and in negative ionization mode [204, 
222, 223]. To gain a more complete lipid profile from tissue, additional 
measurements were performed using norharmane as a matrix, in both positive and 
negative ion mode on a 24h I/R sample. The spatially conserved data uncovered 
distinct lipid profiles of a region on the border of the infarct and remote regions. 
For future experiments, MSI can guide a targeted lipidomics analysis of this region 
as it could be biologically significant. 
 
The study described in this chapter was primarily performed in I/R mice, which is a 
frequently used MI model due to the convenience of handling small animals and 
the relatively large infarct size after injury [224]. However, the use of a mouse model 
has some limitations as it is known that the murine response to cardiac I/R is 
different compared to humans. For example, the recovery rate is faster compared 
to human [225]. Furthermore, the murine lipid profile is different compared to the 
human lipidome [226]. Most importantly, the mouse I/R injury model is simpler 
compared to the clinical scenario, where several comorbidities usually exist among 
MI patients (e.g. diabetes, hypertension etc.) causing additional changes in the lipid 
profile. To provide easier translation to human further investigation is needed and 
should include (several) comorbidities. Here a first step was taken by using of a 
bigger animal model, which provided a more representative response to I/R injury 
compared to human. The preliminary data from the pig I/R model showed a higher 
abundance of PC 32:0 in the infarct region (Figure 5.15). This is in line with the 
results obtained in mice and could be an indication that this is conserved across 
species. Nevertheless, the distribution of other lipids is yet to be investigated. 
 
Moreover, for translational/clinical research the tissue-based lipid profile should be 
validated in easily accessible samples like blood. Nowadays, the plasma or serum 
levels of low- and high- density lipoproteins and triglycerides are already monitored 
after MI for risk assessment, and lipid lowering therapy is recommended [4]. The 
mouse plasma lipid data (not shown) obtained in this study were inconclusive and 
warrant further investigation. 
 
Disrupted lipid metabolism plays a vital role in the cause and mediation of MI injury. 
Currently, TAGs are the most studied lipids which could serve as a prognosis marker 
or therapeutic target in MI. However, the relevance between other lipid species 
and MI is still not fully understood. Here, by profiling the tempo-spatial distribution 
of lipids after I/R injury, we discovered several significantly altered lipids. 
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Furthermore, these lipids were found to be correlated with several cell type that 
mediate inflammation (e.g., macrophages) and repair (e.g., myofibroblast) based 
on immunohistochemistry staining. The data presented in this chapter not only 
showed that some lipids could serve as a prognostic/therapeutic marker in cardiac 
I/R injury, but also provided a paradigm of discovering lipids with an important 
pathological meaning in diseases. 
 

FUTURE PERSPECTIVES 
This chapter is a good example of collaboration and a multidisciplinary approach 
with the aim to unravel the lipid signature of cardiac I/R injury. While the use of 
multiple protocols had the advantage of broadening the range of detected lipids, it 
also posed some challenges regarding lipid identification. Mainly because the use 
of ‘laboratory specific optimized protocols’ inevitably led to differences between 
the MALDI-MSI protocols. Therefore, additional experiments are needed to 
strengthen and validate these lipid identifications. There is a wide variety of 
potential additional experiments to improve different aspects of lipid identification, 
ranging from improving mass and/or spatial resolution to additional measurements 
with cultured cells. 
 
First of all, a rapifleX tissueTyper was chosen for screening purposes due to its 
measurement speed, followed by MS/MS of the m/z peaks of interest for lipid 
identification. It can be debated whether these results can be verified using the 
DDA measurements from the Orbitrap Elite, as the differences in resolving power 
introduce some challenges. As can be seen in Supplementary Table 5.2 (page 193) 
the use of MALDI-TOF peaks resulted in less accurate identifications for some m/z 
as there are still multiple options. Although the DDA measurements were able to 
better separate m/z peaks and aid in the identification of some of those lipids, not 
all could be uniquely identified. One way to overcome this would be to run all 
samples on the Orbitrap Elite as DDA measurements, however this would 
drastically increase the total measurement time. Another way would be to use a 
targeted MS/MS approach on an Orbitrap system, for those m/z values for which 
the lipid identifications were inconclusive. The benefit would be that a specific area 
in the tissue could be targeted to manually adjust the ablated surface area needed 
to generate enough ions for identification. 
 
As a result of the used protocols in this chapter, the MALDI-MSI analysis focused on 
glycerolipids, for which the identifications were presented as the sum composition 
and were sometimes ambiguous. Despite the relative high mass resolution of the 
Orbitrap measurements, exact mass measurements are required for the separation 
of isobaric and isomeric lipids. This could be achieved using a Fourier-transform ion 
cyclotron resonance (FT-ICR) MS system as these systems have the highest mass 
resolution and mass accuracy compared to other systems [227]. As the 
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measurement time would be significantly longer compared to TOF measurements, 
it is not recommended to run all experiments with this system, but rather use it 
when results are inconclusive. Next, the lipid identification could be improved by 
identification of the individual fatty acid chains, the sn-position and double bond 
positions, which all together provide a lipids full structural identification. For the 
lather, techniques like ozone-induced dissociation (OzID) could be used in some 
cases [228, 229]. 
 
Experiments to further improve the range of lipid species detected by MALDI-MSI 
should include different matrices and solvents. Although in this chapter two 
different matrices were already used, still mainly glycerophospholipids and some 
cardiolipins were identified. By using a different (combination of) matrix and 
solvent the lipid extraction and ionization efficiency could be improved and lead to 
the detection of other lipid classes like TAGs and cholesterol. The detection of the 
spatial distribution of such lipids could validate the results obtained by the 
lipidomics LC-MS/MS analysis as described. Another interesting method is laser-
induced post-ionization (MALDI-2), where a second laser is used to improve the 
ionization of molecules with low ionization efficiency [230, 231], for example 
sterols. 
 
In this chapter, region-based LC-MS/MS was used to obtain an in-depth overview 
of the lipids present in the heart, by lipid identification and quantification. To avoid 
manual tissue dissection, a spatial-omics workflow as described in chapter 3 should 
be considered. Here, the spatial lipid profile as obtained by MALDI-MSI is used to 
determine regions of interest. Ablating only specific regions for further lipidomics 
analysis will result in more detailed and in-depth lipid identification. Besides that, 
as the lipidomics part is an LC-MS/MS method, it is possible to include standards 
and perform quantitative analysis on lipid content for specific tissue regions. 
 
To explore the correlation between lipids and specific cell types, the MALDI-MSI 
results were co-registered with immunohistochemistry staining. While in this 
chapter we focused on the strong correlation between PC 32:0 and macrophages, 
further validation is required to assign a lipid signal to be cell type specific. 
Furthermore, experiments should be performed to investigate other correlations 
found (Table 5.3). To allocate a lipid signal to a specific cell type it is suggested to 
further increase the spatial resolution. Although the spatial resolution for the final 
experiments (Figure 5.14) was increased from 50 µm to 20 µm, it is still most likely 
that the signal originates from multiple adjacent cells. Experiments at the single cell 
level, for instance at 5 µm, will provide more detailed spatial lipid information. 
These high spatial resolution experiments require the reduction of the size of the 
matrix crystals, which can be achieved by using sublimation for matrix application 
[87]. Moreover, for the best possible co-registration, immunohistochemistry 
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staining should be performed on the sections after a MALDI-MSI run. A final step to 
verify if a lipid signal is specific for a certain cell type could be using isolated cultured 
cells for imaging experiments. 
 
Lastly, to validate if certain lipid signatures are indeed conserved across species a 
combination of these experiments is needed on bigger animal models or human 
samples. 

 
CONCLUSION 
The multidisciplinary approach described in this chapter, including LC-MS/MS and 
MALDI-MSI, provided an overview of the heterogenous lipid distributions with clear 
spatial and temporal profiles in the mouse heart after I/R injury. With a rapid 
response in the infarct area of glycerolipids and a slower response of phospholipids 
and sphingolipids. In addition, the MALDI-MSI data indicated the presence of a peri-
infarct region, which was not distinguished based on H&E staining, by targeting this 
region in future studies more insight is obtained on the pathological processes.  
 
The correlation between immune cells and different lipids was investigated to 
unravel the biological meaning of the lipid alterations. The results suggest that 
certain lipids, for example PC 32:0 which had the strongest correlation with 
macrophage infiltration, might serve as markers indicating disease state and might 
be a therapeutic target, but further investigation is required. 
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INTRODUCTION 
Vigorous endurance-type exercise causes high-sensitivity cardiac troponin T (cTnT) 
elevations that often exceed the diagnostic cut-off value for acute myocardial 
infarction (MI) [13]. It still remains to be investigated whether exercise-induced 
cTnT release reflects a physiological or pathological process. Our recent studies 
utilizing multiple protein analysis techniques allowed determination of circulating 
cTnT forms, and it appeared that these are different in acute versus chronic 
pathologies [20, 25]. In sera of AMI patients, cTnT is degraded from its intact form 
(estimated molecular weight by SDS-PAGE; MWest 40 kDa) to primary (MWest 29 
kDa) and subsequent secondary (MWest 14 –18 kDa) fragments in a time- 
dependent manner [20]. Only secondary fragments were detected in sera of 
patients with end-stage renal disease (ESRD) [25]. The objective of the current 
chapter was to determine the circulating cTnT form(s) in recreational runners after 
marathon completion, which might provide additional insight into the mechanism 
of cTnT release. 
 

METHODS 
The study population was a subgroup of recreational marathon runners (n=10) of 
the 2007 Maas marathon (42.2 km) study population (n=85) [232]. Prerace and 
postrace serum samples were collected, aliquoted, and stored at −80 °C until 
analysis. Only participants with a postrace high-sensitivity (hs)-cTnT concentration 
of ≥70 ng/L were eligible because of technical detection limitations of the gel 
filtration chromatography (GFC) setup. The study complied with the Declaration of 
Helsinki, was approved by the Ethical Committee (METC 06-4-042) of the 
Maastricht University Medical Center (Maastricht, the Netherlands), and all 
marathon runners provided consent before participation. 
 
Molecular cTnT forms in serum samples were separated in 2015 by GFC on a 
HiPrep™ 16/60 Sephacryl™ S-300 HR column (GE Healthcare) as previously 
described [25]. Per sample loaded, fractions of 1.25 mL were kept on ice until  
hs-cTnT, albumin, and myoglobin concentration analysis (<1 h), which was 
performed in every other sample. Albumin and myoglobin served as internal 
retention markers with retention volumes (VR, corrected for void volume) at  
42.5 and 55 mL, respectively. Paired non-Gaussian distributed results were 
presented as median (interquartile range) and analyzed with the Wilcoxon 
matched-pairs test. A p-value <0.05 was considered statistically significant. 
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RESULTS 
Endurance-type exercise caused significant hs-cTnT concentration increases in 
marathon runners from prerace to postrace concentrations of 4.1 (2.4–5.6) ng/L 
and 32.6 (21.5–51.8) ng/L (p <0.001), respectively. The hs-cTnT concentration in the 
GFC subpopulation increased from 3.9 (2.7–6.6) ng/L to 103.5 (86.1–132.1) ng/L  
(p = 0.0059), respectively. Postrace hs-cTnT elution profiles of the GFC 
subpopulation revealed exclusive presence of 1 peak at VR 50 mL (Figure 6.1). There 
was no indication that long-term sample storage affected the molecular cTnT 
composition (data not shown). 

 
Figure 6.1. GFC elution profiles of postrace serum samples from our marathon runner 
subpopulation (n=10). Data of hs-cTnT concentrations are presented as median (black) and 
interquartile range (IQR; gray). Albumin and myoglobin served as internal retention 
markers. 

 

DISCUSSION 
The current study demonstrated significant hs-cTnT elevations in marathon runners 
after vigorous exercise, and GFC analysis, which is at the moment the most sensitive 
technology to study cTnT forms, revealed that this concerned only secondary cTnT 
fragments of which the N-terminal and C-terminal ends of the protein were cleaved 
off. Thus, the circulating molecular cTnT form in marathon runners postrace is 
identical to the form seen in patients with ESRD and different than observed in 
patients with AMI. 
 
It is most likely that postrace hs-cTnT elevations reflect a physiological mechanism: 
first, as exercise leads to decreased cardiovascular mortality [13] and second, as we 
found cardiac troponin elevations in the majority (hs-cTnT, 86%; cTnI, 74%; data 
not shown) of marathon runners [232]. There are multiple physiological 
explanations for exercise-induced cTnT release, such as increased membrane 
permeability because of reactive oxygen species production, physiologic 
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remodeling of the myocardium, increased cardiac workload, or a relatively new 
theory called “bleb” formations, which are cell membrane buds caused by transient 
ischemia [13]. Cardiovascular stress in patients with ESRD is of chronic origin and 
associated with abnormal left ventricular morphologies and overall higher 
cardiovascular risk [25]. Additionally, recent work from our group indicated that it 
is unlikely that impaired renal elimination is the main cause of chronic cTnT 
elevations [233]. Other factors, such as (subclinical) myocardial injury, might 
explain the persistently increased cTnT levels in patients with ESRD [233]. So, as in 
patients with AMI, cardiac stress is a common characteristic in marathon runners 
and patients with ESRD. According to the present data, both populations are seen 
to have small circulating cTnT molecules, in contrast with patients with AMI, in 
whom predominantly bigger cTnT molecules are observed in the acute phase. 
Whether differences in treatment and/or (patho)physiology are of any influence 
remains to be elucidated. 
 

Conclusion 
Postrace hs-cTnT serum concentrations in recreational marathon runners exceeded 
the diagnostic threshold for AMI and solely existed of secondary cTnT fragments 
(MWest 15-18 kDa). This molecular cTnT form seems identical to its shape in ESRD 
patients and differs from patients with AMI. 
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The diagnosis of myocardial infarctions (MI) has improved with the introduction of 
high-sensitivity (hs-) cardiac troponin (cTnT or cTnI) immunoassays. However, 
elevated concentrations are now frequently observed in non-MI patients. It has 
been suggested that cTnT compositions in blood might discriminate between 
conditions, but for cTnI this is less well described. In this chapter we investigated 
the composition of cTnI in non-ST-elevation MI patients (NSTEMI) via gel filtration 
chromatography (GFC), which is currently the most sensitive setup to study 
circulating troponin forms in blood. Additionally, the composition was compared 
with non-MI populations, e.g. patients with end-stage renal disease (ESRD) and 
marathon runners. 
 
For NSTEMI patients, hs-cTnI concentrations in coronary venous system (CVS) 
samples were significantly higher compared to hs-cTnT and when compared to 
peripheral samples (p <0.001). GFC profiles revealed that cTnI elutes mainly in one 
major peak (retention volume (VR) 37-39 mL, approximately 90% of total cTnI) that 
seems to belong to the binary cTn I-C complex. For the early presenting patient, 
lithium-heparin (LH) plasma samples showed the presence of the ternary cTn T-I-C 
complex (VR 22 mL, approximately 5% of total cTnI) in CVS samples which 
disappeared over time. The ratio of ternary:binary cTn complexes for the early 
patient changed from 1:31 at V-T0 to 0:7 at V-T12 and for the late patient from 0:16 
to 0:7, respectively. Furthermore, for both patients a shoulder on the left slope of 
the cTn I-C peak was observed (10% in the late presenting patient vs. 4% in the early 
presenting patient) and increased up to 18% and 10%, respectively, in the follow-
up samples. The GFC elution profiles of both ESRD patients and the marathon 
population showed one peak corresponding to the cTn I-C complex. 
 
This explorative study showed that circulating cTnI is mainly present as a binary  
cTn I-C complex and to a lesser extent as ternary cTn T-I-C complexes, which 
supports data from previous studies. Interestingly, an additional shoulder has been 
observed which we hypothesize to be allocated to partially truncated ternary cTn 
T-I-C complex. Future research is needed to evaluate whether ratios of distinct 
molecular cTnI forms in the patient’s circulation can be used to distinguish earlier 
or later MI. Therefore, more research is required for in-depth molecular 
characterization of cTnI forms to evaluate possible clinical impact. 
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INTRODUCTION 
The introduction of high-sensitivity cardiac troponin (hs-cTn) immunoassays (either 
for cTnT and cTnI) led to the diagnosis of smaller and earlier myocardial infarctions 
(MI) due to their enhanced accuracy in the low analytical range [3, 4]. 
Consequently, these days, elevated hs-cTn concentrations are frequently 
encountered in non-MI patients, like end-stage renal disease (ESRD) or after 
vigorous exercise [10, 11, 232, 234, 235]. This hampers clinical decision making in 
patients presenting at the emergency department with acute chest-pain, even with 
0h/1h or 0h/3h hs-cTn algorithms, and approaches to overcome this issue are 
awaited. 
 
Interestingly, previous research has shown varying cTnT compositions in the 
abovementioned etiologies [20, 25, 236, 237]. More specifically, in MI patients it 
has been observed that cTnT circulates as cTn T-I-C complex and cTnT fragments, 
whereas in non-MI patients only smaller cTnT fragments were present. Therefore, 
it has been suggested that targeting these cTnT (complex) forms could discriminate 
between MI and non-MI etiologies associated with elevated  
cTn concentrations [24, 238]. Whether an MI specific cTnI pattern exists needs to 
be answered. 
 
There is less consensus on the composition of cTnI in MI patients [7, 22, 24, 26-30, 
237, 239-241]. In MI patients cTnI predominantly circulates as the binary cTn I-C 
complex, next to a small proportion of ternary cTn T-I-C complex and low-molecular 
weight forms of the cTn T-I-C complex [22, 237, 241]. Additionally, multiple 
degradation forms of cTnI have been observed, but it is unknown whether these 
circulate in a free form or as part of a complex [239-242]. Moreover, it remains to 
be answered whether different cTnI forms originate from the cardiomyocyte, or if 
they are formed within the blood circulation, and/or whether they are the result of 
pre-analytic effects. Importantly, to the best of our knowledge only Van Wijk and 
colleagues [241] have studied the cTnI composition in non-cardiac patients. 
 
To answer whether MI specific cTnI patterns exist, in the present chapter the 
following issues are addressed. First, we investigated the cTnI composition of  
non-ST-segment elevation MI (NSTEMI) patients through gel filtration 
chromatography (GFC) analysis, which is currently the most sensitive setup to study 
the in vivo cTnI forms in blood. Using samples from the coronary venous system 
(CVS) and peripheral circulation, we were able to explore the site of formation of 
the circulating cTnI forms. To account for pre-analytic effects, the analysis was 
performed in both lithium heparin plasma and serum. Finally, we describe the cTnI 
composition of ESRD patients and recreational marathon runners. 
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METHODS 
Study populations 
NSTEMI patients as part of the TRAMICI study (n=71, Transcardiac Assessment of 
Myocardial Injury and Coronary Inflammation) were selected for the present study 
based on previously described criteria [23, 243]. For an in-depth analysis, two 
patients with a culprit lesion in the left anterior descending coronary artery were 
selected: one with the shortest time interval between symptom onset and study 
procedure (patient 1); and another with the longest time interval (patients 2). 
Serum and LH-plasma samples were obtained during cardiac catheterization from 
three CVS locations: the great cardiac vein (GCV), the coronary sinus at the site of 
the most proximal posterolateral vein (PLV), and at the ostium of the middle cardiac 
vein (MCV). Also, samples were obtained from the peripheral vein (V-T0) and artery 
(A-T0), additional peripheral venous samples were obtained at 6 and 12 hours after 
cardiac catheterization (V-T6 and V-T12, respectively). 
 
Second, ESRD patients were selected who were on conventional haemodialysis 
therapy (HD) with the availability of serum samples of approximately 2 mL as 
described previously [25]. Samples were taken immediately before and after the 
HD session (pre- and post-HD, respectively) for subpopulation 1 (group1, n=10) 
[244] and for subpopulation 2 both samples were taken immediately before the 
onset of HD with an interval of 2 months (group 2, n=6, baseline pre-HD and 2m 
pre-HD, respectively) [234]. 
 
Lastly, a subgroup of recreational marathon runners (n=10) was selected from the 
Maas Marathon (42.2 km) study population (n=85) [232]. As described in  
chapter 6, only serum samples of participants with a postrace hs-cTnT 
concentration above 70 ng/L were eligible, due to sensitivity threshold of the GFC 
setup [236]. 
 
All studies were performed according to the principles of the Declaration of 

Helsinki, and written consent was obtained from all participants. Local ethical 

committees approved the studies, i.e. the TRAMICI study was approved at Radboud 

University Medical Center (2004-186; Nijmegen, The Netherlands) and the other 

studies were approved at the Maastricht University Medical Center (METC 06-2-

035, METC 12-4-062 and METC 06-4-042, respectively; Maastricht, The 

Netherlands).  
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Laboratory techniques 
Biochemical testing 
hs-cTnI concentrations were measured on Architect i2000sr or Alinity i analyzer 
(Abbott Diagnostics, Wiesbaden, Germany) with a limit of detection at  
1.1–1.9 ng/L and 10% CV cutoff at 4.7 ng/L. Limit of blank (LoB) in GFC running 
buffer was determined by measuring hs-cTnI concentrations in GFC fractions  
>60 mL and calculated by meanblank+1.645*SDblank (SD; standard deviation), 
resulting in a value of 0.6 ng/L. N-terminal fragment of the prohormone B-type 
natriuretic peptide (NT-proBNP) and albumin were measured using the proBNP II 
STAT and microalbumin assay on the COBAS 6000 and 8000 analyzer, respectively 
(Roche Diagnostics, Basel, Switzerland). All assay characteristics were as given by 
the manufacturer.  
 
Gel filtration chromatography (GFC) 
The molecular cTnI forms were separated using GFC, as was previously described 
for cTnT [23]. In short, GFC was performed on the AKTA Prime Plus (GE Healthcare, 
Chicago, Illinois, USA), equipped with a HiPrepTM 16/60 SephacrylTM S-300 HR 
column (#17-1167-01, GE Healthcare). The column was equilibrated with running 
buffer [29] of 0.26 mol/L NaCl, 2.5 mmol/L CaCl2 2H2O, 0.02 mol/L Tris,  
6 mmol/L NaN3, and 1 g/L BSA buffer, pH 7.4 and operated at 0.5 mL/min. The void 
volume (V0) was determined using blue dextran and set to be 42 mL. 
 
To validate the separation of cTnI forms, purified human ternary cTn T-I-C complex 
(#8T62; Hytest, Turku, Finland), binary cTn I-C complex (#8IC63; HyTest) and free 
intact cTnI standards (#8T53; HyTest) were added to GFC running buffer. For each 
purified standard, 0.25 mL was loaded on the GFC column, 83 fractions of 1 mL 
were collected and kept on ice until hs-cTnI measurement. This was similar for 
NSTEMI patients, though fractions were stored at -80 °C for further analysis with 
one freeze-thaw cycle [23]. For ESRD patients and marathon runners 1.0-2.0 mL 
serum was loaded on the GFC column, 70 fractions of 1.25 mL were collected and 
stored at -80 °C [25, 236]. Here hs-cTnI concentrations were measured in the odd 
fractions after one freeze-thaw cycle. 
 
Internal retention markers albumin (68 kDa, VR 36 mL) and, if detectable,  
NT-proBNP (8.5 kDa, VR 47 mL) were used for validation of the GFC performance 
and alignment of GFC runs from different study populations. 
 
Western blot (WB) analysis 
To further validate the cTnI composition, Western blotting (WB) was performed as 
described before [23]. In short, samples and Precision Plus Protein molecular 
weight marker were loaded on 12% criterion XT precast gel and run for 60 min. 
Afterwards, gels were blotted on nitrocellulose membrane. Detection of the 
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different subunits was done using different primary monoclonal antibodies, namely 
anti-cTnT M7 (kindly provided by Roche Diagnostics), anti-cTnI 19C7 (Cat#4T21, 
HyTest) and anti-TnC 7B9 (Cat#4T27, HyTest). Followed by the secondary antibody 
horseradish peroxidase-labeled goat anti-mouse polyclonal antibody (P0447, 
Dako). Finally, blots were incubated with SuperSignal West Femto Maximum 
Sensitivity Substrate (#34096, Thermo Scientific) and bands were detected using 
the ChemiDoc XRS system (Bio-Rad). 
 
Statistical analysis 
Statistical analyses were performed using GraphPad Prism (version 5.03; GraphPad 
Software, Inc., San Diego, California, USA). Results are presented as median 
(interquartile range; IQR) unless stated otherwise. For the NSTEMI population, the 
three CVS samples were compared with the baseline peripheral arterial (A-T0) 
sample using the Wilcoxon signed-rank test (paired non-gaussian distributed 
samples). To correct for multiple testing, the comparison of A-T0 with the three CVS 
samples, the Bonferroni correction was applied, hence a p-value <0.017 was 
considered statistically significant. The peripheral arterial and venous sample (A-T0 
vs. V-T0) were compared using the Wilcoxon signed-rank test. The differences over 
time (peripheral vein sample; T0 – T6 – T12) were evaluated with the Friedman test 
followed by post hoc Wilcoxon signed-rank test for pairwise comparison. Here a  
p-value <0.05 was considered statistically significant. For the ESRD and marathon 
populations, the two samples were compared using the Wilcoxon signed-rank test, 
a p-value <0.05 was considered statistically significant. 

  



 

Chapter 7 | 137 

RESULTS 
Characteristics NSTEMI population 
The baseline characteristics of the NSTEMI study populations are depicted in Table 
7.1. In the total population, 68% were male and mean age was 65 ± 12 years. 
Baseline hs-cTnI concentrations were found to be higher than the hs-cTnT 
concentrations. 
 
Table 7.1. Baseline characteristics of the NSTEMI study population (n=71) and the 
patients selected for cTn composition analysis. 

 TRAMICI 

Total population 
(n=71) 

Patient 1 Patient 2 

Sex, male 68% Male Male 
Age, years* 65 ± 12 61 53 
BMI, kg/m2 26.1 (24.2 – 29.4) 30.8 30.7 
Medical history 

History of MI 
History of PCI/CABG 

History of stroke 
History of DM 

 
23% 
8% 
6% 

11% 

 
No 
No 
No 
No 

 
No 
No 
No 
No 

eGFR per CKD-EPIcreat, mL/min 
per 1.73m2 

82 (63-94) 98 87 

Time from system onset to 
cardiac catheterization, min 

1559 (1183 – 2167) 461 1354 

Baseline hs-cTn concentration in peripheral vein sample 
hs-cTnT, ng/L 176 (93-364) 474 1498 
hs-cTnI, ng/L 1177 (349-3005) 4296 15559 

BMI indicates body mass index; CABG coronary artery bypass graft; CKD-EPIcreat, chronic kidney 
disease-epidemiology collaboration equation, using creatinine; DM, diabetes mellitus;  
eGFR, estimated glomerular filtration rate; hc-cTn high-sensitivity troponin; MI myocardial infarction; 
PCI percutaneous coronary intervention. * Data reported as median (IQR) except for age which is 
reported as mean ± SD 

 
hs-cTnI concentrations in the NSTEMI population 
Median hs-cTnI concentration in CVS samples was 1404 (313-3739) ng/L which was 
slightly, but significantly, higher compared to peripheral samples with  
1221 (372-3021) ng/L (p <0.001) in the entire cohort (n=71), Figure 7.1A. Also, the 
median peripheral venous hs-cTnI concentrations changed over time (Friedman 
p = 0.0515). 
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For the 2 selected patients, the GCV sample had the highest hs-cTnI concentration. 
The early presenter (patient 1, Figure 7.1B) had higher hs-cTnI concentrations in 
the CVS samples compared to the peripheral samples, and concentrations in the 
peripheral samples increased over time. The late presenter (patient 2, Figure 7.1C) 
had higher hs-cTnI concentrations in the GCV but not in the PLV and MCV samples 
compared to the peripheral samples, while showing a decrease in the 
concentration over time. 
 

 
Figure 7.1. High-sensitivity cardiac troponin I (hs-cTnI) concentrations of the entire 
NSTEMI cohort (n=71, A), early presenting patient (B) and late presenting patient (C) at 
the different coronary venous system (CVS) and peripheral sampling sites. Presented as 
median (box) and interquartile range (IQR). * p <0.05; ** p <0.001; NS = not significant;  

GCV = great cardiac vein sample; PLV = coronary sinus sample near the proximal posterolateral vein; 
MCV= coronary sinus sample at the ostium of the middle cardiac vein; A-T0 = peripheral artery sample 
at baseline, V-T0 = peripheral vein sample at baseline; V-T6 = peripheral vein sample 6 h post-
procedure; V-T12 = peripheral vein sample 12 h post-procedure. 
 

Analysis of the composition of the cTnI standards using GFC and WB 
Elution profiles of the cTnI standards (cTn T-I-C complex, cTn I-C complex and free 
cTnI) in GFC buffer are depicted in Figure 7.2A. The cTn T-I-C standard resulted in 
two cTnI elution peaks at approximately VR 21 mL and 36 mL, respectively. In 
accordance with the cTnT measurements, the peak at 21 mL was assigned to the 
cTn T-I-C complex (overlap of hs-cTnI and hs-cTnT). For the cTn I-C standard one 
elution peak was detected at approximately VR 37 mL (Figure 7.2A). The intact free 
cTnI standard showed one elution peak at VR 44 mL (peak 4, Figure 7.2A). 
  



 

Chapter 7 | 139 

To evaluate the purity of the cTnI standards, WB analysis was performed. This 
revealed that the cTn T-I-C complex standard consisted of intact 40 kDa cTnT (80%, 
Figure 7.2B TIC lane), the primary 29 kDa cTnT fragment (17%) and a ~25 kDa cTnT 
fragment (3%). cTnI was present as intact 29 kDa cTnI (85%, Figure 7.2C TIC lane) 
and a ~24 kDa cTnI fragment (15%), and for TnC only one band for intact 18 kDa 
TnC (Figure 7.2D TIC lane) was seen. This indicates that some 
degradation/fragmentation products were already present in the pure cTn T-I-C 
complex standard. The binary cTn I-C complex consisted of intact 29 kDa cTnI and 
intact TnC (IC lane in Figures 7.2C and 7.2D, respectively), and the free cTnI 
standard showed the presence of 29 kDa cTnI (Figure 7.2C cTnI lane). 
 

 
Figure 7.2. GFC elution profiles of the cTn standards diluted in running buffer (A) with  
cTn T-I-C standard (hs-cTnI in black, hs-cTnT in dashed black), cTn I-C standard (dark grey) 
and free cTnI standard (light grey). Next, Western blot analysis of the cTn standards stained 
with mAb anti-cTnT M7 (B), anti-cTnI 19C7 (C) and anti-TnC 7B9 (D). M, Protein marker 
standard; -, negative control (GFC buffer). 
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Analysis of the cTnI composition in NSTEMI patients 
The cTnI composition was evaluated for the early and late presenting NSTEMI 
patients using GFC, in both serum and LH plasma (Figure 7.3). For all sampling sites, 
GFC analyses revealed one major peak (VR 37-39 mL, Figures 7.4 and 7.5) 
corresponding to the elution profile of binary cTn I-C complex standard. The 
presence of the cTn T-I-C complex (elution peak at VR 22 mL) was only seen in the  
LH-plasma samples of patient 1, and it disappeared over time. If the elution peak at 
VR 22mL was observed, the fractions at 17-26 mL were assigned to cTn T-I-C 
complex, fractions 27-30 mL were assigned to the shoulder of cTn I-C and 30-50 mL 
to the cTn I-C complex. However, if no cTn T-I-C peak was present between 17-26 
mL, the shoulder of cTn I-C was determined as the fractions 17-30 mL. 
 

 
Figure 7.3. GFC elution profiles for hs-cTnI in serum and lithium-heparin (LH) plasma of 
patient 1 (early presenter) and patient 2 (late presenter) at the different coronary venous 
system and peripheral sampling sites (n=7). The data is presented as median (black) and 
inter quartile range (IQR; gray). All individual elution profiles can be found in Figures 7.4 and 
7.5. 
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Figure 7.4. GFC elution profiles for hs-cTnI in serum (A-G) and lithium-heparin (LH, H-N) 
plasma of patient 1 at the different coronary venous system and peripheral sampling 
sites. (A, H) great cardiac vein sample; (B, I) coronary sinus sample near the proximal 
posterolateral vein; (C, J) coronary sinus sample at the ostium of the middle cardiac vein; 
(D, K) peripheral artery sample at baseline; (E, L) peripheral vein sample at baseline; (F, M) 
peripheral vein sample 6 hours post-procedure; (G, N) peripheral vein sample 12 hours post-
procedure.
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Figure 7.5. GFC elution profiles for hs-cTnI in serum (A-F) and lithium-heparin (LH, G-M) 
plasma of patient 2 at the different coronary venous system and peripheral sampling 
sites. (A, G) great cardiac vein sample; (H) coronary sinus sample near the proximal 
posterolateral vein; (B, I) coronary sinus sample at the ostium of the middle cardiac vein; 
(C, J) peripheral artery sample at baseline, (D, K) peripheral vein sample at baseline; (E, L) 
peripheral vein sample 6 hours post-procedure; (F, M) peripheral vein sample 12 hours post-
procedure.
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For patient 1, the proportion of cTnI belonging to cTn I-C was 92% for the CVS 
samples (Figure 7.6) and showed a minor decrease from 93% at V-T0 to 87% at  
V-T12. The proportion of the cTn T-I-C peak was 4.2% in the CVS samples and 3.6% 
in the peripheral samples. Similarly, for patient 2, the cTn I-C peak was also 93% for 
the CVS samples and decreased from 93% to 87%, though here no cTn T-I-C peak 
was observed. More specifically, the ratio between ternary and binary cTn 
complexes changed for patient 1 from 1:31 at V-T0 to 0:7 at V-T12 and for  
patient 2 from 0:16 to 0:7, respectively. 
 
Moreover, for both patients a shoulder was observed on the left side of the cTn I-C 
peak (Figure 7.3). In the CVS samples this shoulder was approximately 3% in patient 
1 and more prominent for patient 2 with 9%. The proportion of this shoulder 
increased between V-T0 to V-T12 from 3% to 13% for patient 1 and from 7% to 13% 
for patient 2. At this point, the exact composition of cTnI in this shoulder is still 
unidentified. 
 

 
Figure 7.6. The composition of cTnI assessed using GFC in lithium-heparinized (LH) plasma 
of patient 1 (early presenter) and patient 2 (late presenter) at the different coronary 
venous system and peripheral sampling sites. GCV = great cardiac vein sample; PLV = coronary 

sinus sample near the proximal posterolateral vein; MCV= coronary sinus sample at the ostium of the 
middle cardiac vein; A-T0 = peripheral artery sample at baseline, V-T0 = peripheral vein sample at 
baseline; V-T6 = peripheral vein sample 6 hours post-procedure; V-T12 = peripheral vein sample 12 
hours post-procedure 
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Characteristics of the non-MI populations 
Baseline characteristics of the ESRD patients and recreational marathon runners 
are depicted in Table 7.2. From the selected ESRD patients 70% and 83% were male 
and had a mean age of 75 ± 11 and 68 ± 5 years, group 1 and 2 respectively. All had 
elevated hs-cTnT concentrations exceeding the clinical threshold (≥14 ng/L, Table 
7.2). In contrast, their hs-cTnI concentrations were below the clinical threshold (<26 
ng/L) except for three patients. 
 
For the marathon population 70% were male and the mean age was 45 ± 11 years. 
The prerace hs-cTnT and hs-cTnI concentrations were below the clinical thresholds 
and showed a significant increase postrace (p = 0.002 for hs-cTnT and p = 0.0078 
for hs-cTnI). 
 
Table 7.2. Baseline characteristics of the ESRD populations and recreational marathon 
runners. 

 ESRD MARATHON 

Group 1 Group 2  

Number of subjects, n 10 6 10 
Sex, male 70% 83% 70% 
Age, years* 75 ± 11 68 ± 5 45 ± 11 
History of CVD (y/n) 7/3 3/3 n/a 
eGFR per CKD-EPIcreat, 
mL/min per 1.73m2 

<15 <15 not determined 

hs-cTnT, ng/L 
Sample 1** 63.2 (49.8-90.3) 152 (122-174) 3.9 (2.7 – 6.6) 
Sample 2** 61.5 (38.9-87.4) † 122 (104-194) 104 (86.1-132) † 

hs-cTnI, ng/L 
Sample 1** 9.0 (7.2-18.6) 14.3 (11.0 – 30.0) 1.2 (0.7 – 17.3) 
Sample 2** 7.4 (6.4 -14.4) † 13.2 (11.2 – 28.6) 201 (154-256) † 

CKD-EPIcreat, chronic kidney disease-epidemiology collaboration equation, using creatinine;  
CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal 
disease; hs-cTn, high-sensitivity troponin 
* Data is reported as median (IQR) except for: Age which is reported as mean ± SD. 
** Sample 1 is determined as pre-hemodialysis (HD) for ESRD group 1, pre-HD baseline for ESRD group 
2 and prerace for the marathon runners, respectively. Sample 2 is determined as post-HD for ESRD 
group 1, pre-HD follow-up for ESRD group 2 and postrace for marathon runners, respectively.  
† indicates p <0.05 when comparing sample 2 with sample 1. 

 
cTnI composition in ESRD patients and recreational marathon runners 
Evaluation of the serum samples with GFC resulted in a main peak around 37-40 mL 
(Figures 7.7 through 7.10) which again coincides with the elution profile of the cTn 
I-C standard. For ESRD group 2, the small peak around 10 mL was only seen in the 
elution profiles of one individual patient (Figure 7.9E). Besides that, no differences 
were observed for the elution profiles of the ESRD populations, when comparing 
before and after hemodialysis or the two month follow up samples. 
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Figure 7.7. GFC analysis of patients with end-stage renal disease (ESRD, A-D) and 
recreational marathon runners (E). Hs-cTnI concentrations (ng/L) in the GFC fractions were 
measured for ESRD group 1 (n=10) in (A) pre-hemodialysis (HD) samples, (B) post-HD 
samples, for ESRD group 2 (n=6) in (C) baseline samples, (D) 2-month follow-up samples and 
in the marathon runners (n=10, E) post-marathon. Data is presented as median (black) and 
interquartile range (IQR; gray). All individual elution profiles can be found in Figures 7.8-
7.10.  
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Figure 7.8. GFC elution profiles for hs-cTnI in serum of ESRD patient group 1 (n=10).  
Pre-HD samples are presented in black, post-HD samples in gray. 
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Figure 7.9. GFC elution profiles for hs-cTnI in serum of ESRD patient group 2 (n=6).  
Baseline HD samples are presented in black, 2-month follow up samples in gray. 
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Figure 7.10. GFC elution profiles for hs-cTnI in serum of recreational marathon runners 
(n=10). The samples were taken post-race. 

  



 

Chapter 7 | 149 

DISCUSSION 
In this chapter, we addressed the circulating forms of cTnI using a GFC setup in an 
early and late presenting NSTEMI patient and compared it with non-MI populations, 
i.e. ESRD patients and marathon runners. We demonstrated that cTnI is mainly 
present as the binary cTn I-C complex in all populations and only a small portion of 
ternary cTn T-I-C complex was seen in samples from the early presenting patient. 
 
Our data on cTn composition in MI patients confirms previous reports in several 
ways. Firstly, the majority of cTnI is circulating as the binary cTn I-C complex [22, 
24, 26-30, 239-242] and a minor fraction as ternary cTn T-I-C complex. Secondly, 
the cTn T-I-C complex has only been observed in the LH plasma samples, whereas 
the serum samples did not contain cTn T-I-C complex. This is in accordance with 
previous studies, suggesting more elaborate cTn degradation in serum samples 
through abundant thrombin generation during serum production [17, 18, 23, 245]. 
Thirdly, the ternary cTn T-I-C complex was only observed in the early presenting 
patient and disappeared over time, which is in line with previous studies that 
describe a time dependent composition of cTnT after MI [20, 22, 23, 237, 246]. This 
in vivo process has also been attributed to thrombin [17, 18]. The presence of the  
cTn T-I-C complex and the ratio of ternary:binary cTn complexes in LH-plasma 
samples might therefore be an indication of the elapsed time after infarct onset. 
Fourthly, the multi-site sampling setup of the present study enabled the 
comparison of the cTnI composition throughout the circulation. We found both 
binary cTn I-C and ternary cTn T-I-C complexes within the coronary venous system 
and higher cTn concentrations compared to the peripheral samples, suggesting the 
release of both these forms from the injured myocardium [23, 237, 247]. Notably, 
the presence of mostly cTn I-C complexes within the coronary venous system 
strongly suggest breakdown of cTn T-I-C complexes within the cardiomyocyte. 
 
Our GFC analysis revealed a shoulder on the left slope of the cTn I-C peak, most 
likely corresponding to a larger complex containing cTnI. This observation was more 
pronounced in the late presenting patient compared to the early presenting patient 
(approximately 13% and 6% of total cTnI, respectively). We hypothesize that this 
shoulder contains truncated cTn T-I-C complexes with different degradation forms 
of cTnI and cTnT, this later is based on our previous results describing the presence 
of intact cTnT and cTnT fragments in these GFC fractions [23]. The existence of 
truncated cTn T-I-C complexes has first been described by Vylegzhanina et al. [22], 
who revealed GFC peaks coinciding with the cTn T-I-C complex, cTn I-C complex and 
an additional elution peak just prior to the cTn I-C complex. Using WB they 
identified this additional peak as a low molecular weight cTn T-I-C complex, 
containing truncated forms of cTnT and/or cTnI. More recently, the presence of cTn 
complexes has been studied using three Pylon immunoassay platforms in a larger 
subpopulation of the TRAMICI study [237]. Complex cTnI as proportion of total cTnI 
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was 87% (78-100) in the peripheral baseline sample, whereas large-size cTn T-I-C 
was 9% (6-15). Consequently, 13% was considered to be non-complexed cTnI, 
although no measurements specific for non-complexed cTnI were performed. In 
comparison, our data indicated that all cTnI was part of a complex, with 90% as the 
cTn I-C complex and the remaining 10% as a larger cTnI complex, of which 4% could 
be the cTn T-I-C complex for the early presenting patient. Importantly, it should be 
noted that Damen et al. [237] used other cTnI immunoassays which limits direct 
comparison with our results due to distinct antibody specificity and 
immunoreactivity with the different molecular cTnI forms. 
 
In this chapter, we describe the presence of cTnI mostly in a complex with TnC in 
all populations, but the resolution of the GFC setup was insufficient to determine 
the exact composition of cTnI. More specific, we were not able to fully characterize 
the cTnI composition of the shoulder in the GFC data. Various forms of  
cTn complexes are to be expected as cTnI (and/or cTnT) are prone to degradation 
by intracellular proteases [248], like calpain-1 and -2 [15, 19], cathepsin L [249] and 
matrix metalloproteinase-2 [16]. Future studies including immunoprecipitation and 
WB are needed to further elucidate the composition of cTnI in the ternary  
cTn T-I-C complexes (full-size and truncated) as well as the binary cTn I-C complex. 
Previous studies described the presence of intact cTnI and fragments in MI patients’ 
blood [22, 30, 239, 240, 242, 250]. Morjana et al. [239] found cTnI mainly in complex 
where it was suggested to be present as a truncated form, as their WB showed two 
cTnI degradation fragments. Additional cTnI fragments were observed by Katrukha 
et al. [30], they identified intact cTnI (40% of all cTnI detected) and eleven 
fragments in blood of MI patients, but did not observe any significant change in the 
composition or ratio of the fragments. A time-dependent degradation in MI 
patients was described in the study by Madsen et al. [242], their WB showed up to 
7 degradation products in the 3 hours after initiation of therapy. The low molecular 
weight cTn T-I-C complexes described by Vylegzhanina et al. [22] contained mostly 
intact cTnI or slightly degraded forms, while their analysis revealed truncated cTnI 
in the cTn I-C complex.  
 
To the best of our knowledge, only Van Wijk and colleagues [241] studied the 
composition of cTnI in non-cardiac populations. Interestingly, our GFC evaluation 
of the cTnI forms in ESRD patients and marathon runners showed a similar elution 
profile when compared to our MI patient population, with one peak corresponding 
to the binary cTn I-C complex. No difference in the composition was observed pre-
HD and immediately post-HD (ESRD group 1) or in samples drawn two months apart 
(ESRD group 2). Next, the absence of ternary cTn T-I-C complexes is in line with our 
previous GFC results, where cTnT was only present as free smaller cTnT fragments 
(15-18 kDa) in ESRD patients and marathon runners [25, 236]. In comparison with 
the NSTEMI population, the main difference is the absence of larger cTn T-I-C 
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complexes in the non-MI populations. This supports a previous suggestion that 
certain cTn forms (i.e. cTn T-I-C complexes) might be of interest for the 
differentiation between causes of hs-cTnI elevations [23, 24]. An important caveat 
in this regard is the time dependent pattern as previously described with decreasing 
cTn T-I-C content over time. Consequently, in patients presenting late after 
symptom onset differentiation based on the presence of cTn T-I-C complexes is less 
straight forward. 
 
Nevertheless, one ESRD patient (Figure 7.9E) and two marathon runners (Figures 
7.10I and 7.10J) showed a different elution profile for cTnI, with peaks around 10 
and 20 mL, respectively. In these fractions no cTnT was detected, therefore the 
presence of cTn T-I-C complex is not likely. Due to the low concentration the exact 
content of the peaks remained unidentified. Based on data presented by 
Vylegzhanina et al. it could be speculated that this might be due to autoantibodies 
[251]. 
 
Limitations 
The work presented is subject to several limitations, first only 2 NSTEMI patients 
were included for the elaborate analyses of the cTnI composition. Since our GFC 
setup is labor-intensive and requires many hs-cTnI measurements per run and per 
patient, this work can be used as a proof-of-concept. Also due to technical 
limitations of the GFC setup, for the ESRD and marathon populations only samples 
with high enough hs-cTnT concentrations (> 70 ng/L) were included, to ensure 
proper sensitivity. 
 
Unfortunately, no patients were included in the TRAMICI study who presented very 
early after system onset (<3 hours). Based on our results it is speculated that in such 
patients the composition would be different, with a higher proportion of cTn T-I-C 
complex. 
 
Even though our GFC setup did not detect free cTnI, its presence cannot be 
completely ruled out. As can be seen from the cTn standards (Figure 7.2A) there is 
overlap of the elution profiles of the binary cTn I-C complex and free cTnI. This 
might be resolved in future research by using a different GFC column for better 
separation or immunoprecipitation followed by WB. In this study we chose not to 
change the column for better comparison between the populations. It is also 
possible that free cTnI is present in too low concentrations to be detected by the 
GFC setup or is retained by the column because of its adhesiveness. Another 
suggestion by Wu et al. [26] is that free cTnI forms complexes with skeletal muscle 
troponin C or other proteins present in the circulation. Evaluation by mass-
spectrometry could be considered in the future, however this is also limited to 
samples with sufficient cTn concentrations [252]. 
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Finally, the use of commercial immunoassays forced us to separately measure the 
concentrations of hs-cTnI and hs-cTnT to obtain the GFC profile. Therefore, we 
assumed the presence of a cTn complex when both subunits were detected in one 
peak. The use of mixed sandwich assays, as described by Vylegzhanina et al. would 
allow the detection of cTn complexes [22], possibly in combination with GFC 
analysis. Also, as the hs-cTnI assay uses antibodies specific for the central, most 
stable part of the protein, additional techniques are required to distinguish the 
different proteolytic cTnI forms.  
 

CONCLUSION 
Altogether, we demonstrated that cTnI is predominantly present as the binary  
cTn I-C complex in both MI and non-MI populations. In contrast, ternary cTn T-I-C 
complexes and larger cTnI complexes were only observed in MI patients. The 
presence of these forms varied depending on the time that passed since symptom 
onset. Future research should evaluate if ratios of different cTn forms can be used 
to delineate whether MI is in an earlier or later stage. Additionally, the exact 
composition of the larger cTnI complexes needs to be determined, as the 
differences in cTn T-I-C complex content might also be used to differentiate 
between MI and non-MI etiologies. 
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Chapter 8 
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Cardiovascular diseases, including myocardial infarction (MI), are still one of the 
most prevalent causes of morbidity and mortality worldwide [1]. Different types of 
cardiac research are carried out to advance patient care, attempting to improve 
diagnosis, patient treatment and preferably even aid in the very early prognostic 
phase [4, 253]. This requires a combination of basic, translational, and clinical 
studies. Fundamental research is crucial to improve our understanding of the 
molecular mechanisms in pathological and physiological processes, while 
translational and clinical research is inevitable to validate new methodologies in 
patients. 
 
In this thesis, matrix-assisted laser desorption/ionization (MALDI)-based mass 
spectrometry imaging (MSI) methods were used to study cardiac 
ischemia/reperfusion (I/R) at a molecular level in animal models (Figure 8.1A). Also, 
circulating cardiac troponin (cTn) forms as measured with clinical high-sensitivity 
(hs-) cTn immunoassays were investigated in MI and non-MI conditions using gel 
filtration chromatography (GFC) (Figure 8.1B). 
 
 

 
Figure 8.1. Overview of the multidisciplinary approach, described in this thesis, used to 
obtain the molecular signature of myocardial infarction. A) Spatial profiles of proteins and 
lipids obtained using I/R animal models, B) Molecular composition of cardiac troponins in 
patients' blood. 
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MOLECULAR IDENTIFICATION USING MASS SPECTROMETRY 
IMAGING (MSI) 
In the cardiovascular field, MSI is mainly used as an analytical research tool for the 
discovery and evaluation of signaling pathways. In chapter 2 we described the wide 
variety of MSI protocols for cardiovascular research used nowadays and evaluated 
the different aspects to be considered when setting up an experiment, from sample 
handling to instrumentation. Besides the detection of molecules of interest, an 
increasing amount of effort is put in the development of strategies for identification 
of these molecules. In this thesis, different methods for molecular identification 
were used. First, we employed a spatial-omics approach for the identification of 
proteins via bottom-up proteomics (chapters 3 and 4). Next we used both LC-based 
lipidomics and high mass resolution MALDI-MSI coupled with data-dependent 
acquisition (DDA) of on-tissue tandem MS for lipid identification (chapter 5). 
 
Chapter 3 demonstrated for the first time the compatibility of laser capture 
microdissection (LMD) with conductive ITO slides. This enabled the use of a single 
tissue section for MALDI-MSI and proteomics, which provides a more optimal 
solution for in-depth identification while maintaining spatial information. The 
optimized LMD workflow was implemented in chapter 4, where it showed to be a 
powerful methodology for studying the protein signature of rat hearts after I/R. In 
particular, our MALDI-MSI results at the protein level (used as a screening tool) 
delineated spatial differences and facilitated the selection of distinct regions for  
in-depth protein analysis. This would be complicated to do manually due to the 
complex morphology of the heart. Furthermore, it showed the feasibility of protein 
and pathway analysis even with a relatively small amount of tissue (0.5 mm2). 
MALDI-MSI-based direct protein identification was not possible based on the m/z 
values alone, which highlighted the need for additional techniques that provide the 
identification of the proteins within the regions of interest. This was done using the 
MSI-guided bottom-up approach, as described in more detail below, which 
identified a specific panel of differentially abundant proteins, and the 
corresponding pathways between unaffected tissue, infarct core and infarct border 
regions within the I/R heart, even with a limited sample volume. 
 
While this MSI workflow shows the possibility to use conductive slides for LMD 
(chapter 3), it also paves the way for multi- and spatial-omics approaches. Further 
development and optimization will ensure a broader implementation. For example, 
by evaluating the compatibility with other imaging methods (like secondary ion 
mass spectrometry or desorption electrospray ionization), adjusting the proteomics 
protocol to increase the number of identified proteins, or implementing other 
omics approaches to add another level of data complexity. One important factor in 
the guidance of the LMD using MALDI-MSI, or any other imaging method, is the 
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accuracy of the co-registration between the techniques and the stage accuracy of 
the different techniques. The co-registration steps are predominantly manual tasks 
which, almost inevitably, introduce errors for the precise excision of the tissue. This 
error was estimated to be less than 13 µm in both x- and y-directions [131], which 
becomes problematic when dissecting small areas and for MSI datasets with higher 
spatial resolution, as cells are approximately 10-15 µm. It would be highly beneficial 
if co-registration strategies could be automated and improved, with for example 
machine learning based strategies. 
 
When using bottom-up proteomics one should be aware of the assumptions and 
limitations. Our implemented bottom-up proteomics protocol only used trypsin, 
while other research illustrated that using (a combination of) enzymes can result in 
a higher sequence coverage and further improved protein identification [115, 254]. 
One of the challenges introduced by enzymatic digestion is connecting the 
identified peptides to their proteins of origin [255]. This is mainly because peptide 
sequences may be shared by multiple proteins, unique peptides are not always 
present, and the identified peptides do not always cover the complete protein 
sequence. Identification of post-translational modifications (PTMs), which play an 
important role in protein function, is one of the other challenges in untargeted 
bottom-up proteomics. This can be because the PTMs can be lost during sample 
preparation/analysis or low abundant. This results in mis- or underrepresentation 
of modified proteins or different protein isoforms. Therefore, explorative studies 
on PTMs in proteomics often include biochemical purification steps, to reduce the 
complexity of the sample, as well as enrichment strategies for specific PTMs, like 
phosphoproteomics [256] and glycoproteomics [257]. For studies of different 
protein isoforms, ‘top-down’ proteomics is a valuable tool, where intact proteins 
are analyzed without digestion [126, 258-264]. However, these protocols still face 
challenges on the level of separation strategies, low signal-to-noise ratios and data 
analysis. Due to these challenges, top-down studies are often performed in 
combination with fractionation and separation techniques to obtain a purified 
sample [263, 265, 266]. 
 
Finally, the spatial-omics workflow described in this thesis allowed for the 
identification of approximately 300 proteins per area of 0.5 mm2 from an ITO slide 
(chapter 4). In chapter 3 we demonstrated that the number of proteins identified 
from conductive slides is dependent on the tissue amount, MALDI-MSI protocol and 
LMD-laser settings, and is expected to differ between tissue types. The number of 
proteins identified is lower in comparison with other proteomics approaches [255, 
267], but further improvement is expected by optimization in the proteomics 
pipeline e.g. when using an extra separation modality, like 2D LC-MS/MS [61, 129] 
or ion mobility separation [63]. Including specific protocols for certain cell types 
(like ECM [268]) or enrichment protocols for the identification of PTMS, could also 
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improve the results. The investigation into local PTMs, based on regions defined by 
MALDI-MSI, could provide valuable information on alterations in the cellular states. 
 
Another multimodal approach was described in chapter 5, here we combined 
lipidomics, MALDI-TOF-MSI and DDA-imaging [56] to study the lipid changes in a 
mouse I/R model. The combination of these approaches produced complementary 
information. Here, lipidomics as technique on its own provided a broad 
identification and quantitation of the lipids but required manual selection of infarct 
and remote tissue. On the other hand, when using MALDI-MSI and on-tissue DDA, 
the spatial distribution is maintained, showing distinct profiles for the infarct, the 
infarct border and remote tissue. However, for MALDI-TOF-MSI no direct 
identification based on m/z values was possible. The DDA-imaging approach 
provided the high mass resolution and the MS/MS data required for lipid 
identification, though fewer lipids were identified compared to the LC-based 
lipidomics approach. One of the remaining challenges is the direct comparison of 
m/z values obtained between the methods, i.e. LC-MS/MS, MALDI-TOF-MSI or 
DDA-imaging. This is due to the additional separation with LC, different ionization 
sources, differences in mass resolution and the matrix required for MALDI. There is 
a certain ionization bias towards lipids based on the choice of matrix, solvent and 
ionization polarity [204]. The MALDI-TOF analysis was performed with  
2,5-dihydrioxybenzoic acid (DHB) in positive ion mode, which showed a bias 
towards phospholipids, in particular phosphatidylcholine (PC), and suppressed the 
detection of other phospholipids. To overcome this, additional DDA-imaging used 
norharmane and was performed in both positive- and negative-ion mode, resulting 
in the identification of different phospholipid species and cardiolipins. This points 
to the pivotal role of the matrix, solvents and the importance of choosing the most 
suitable matrix for the lipid class of interest. 
 

TRANSLATION OF MSI TO THE CLINIC 
The main advantage of MSI is the characterization of tissues at different molecular 
levels, from metabolites to proteins, while retaining the spatial information. Indeed 
it has shown great potential in pathology, especially in cancer [269], however, the 
need for a biopsy will prevent its application in the clinical diagnosis of 
cardiovascular diseases. The limited access to human cardiac tissue and the 
interpatient heterogeneity (e.g. comorbidities or disease stage) are the main 
reasons that cardiovascular research is frequently conducted using animal models 
[270-273], mostly small rodents. Of course, this also has benefits as these animals 
are easy to handle and there is the ability to control the severity of the disease. 
These preclinical models are often used as the first steps in biomarker discovery 
and provide information on processes and pathways involved in health and disease.  
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In this thesis, rat and mouse models were used to study the protein and lipid 
changes after I/R (chapters 4 and 5, respectively). The protein study in rats 
confirmed the pathological changes in the early phase after I/R between unaffected 
and infarct tissue as described in other studies. We observed altered immune 
response, coagulation, and energy metabolism in the infarct tissue [178, 274]. 
Moreover, changes in structural proteins and inflammation were seen between the 
core and border region of the infarct. The identified proteins could serve in future 
research as targets for in-depth analysis, both in tissue and blood, to evaluate their 
use as potential therapeutic targets or prognostic markers. In contrast to the rat 
model, the lipid distribution in our mouse model was investigated at different 
timepoints after I/R, revealing significant temporal and spatial differences for 
several lipid species from tissue as well as a correlation with immune cell 
infiltration, e.g. macrophages [147]. The importance of lipids in CVD has been 
described, and lipid levels (like low- and high- density lipoproteins and triglycerides) 
in blood are already used in the clinic for risk assessment [49, 275-278]. An intensive 
lipid lowering therapy after MI is recommended to improve patient outcome [4] 
and it is suggested to enable prediction in cardiovascular outcomes [279]. 
 
Finally, the translation of the obtained results in animal models to humans is not 
straightforward, due to genetic differences, different pathophysiological 
responses, and disease progression. Therefore, validation in larger animal models, 
which better mimic human cardiovascular system, and finally actual human tissue 
is required to verify the translational application [280]. In addition, the various 
cardiovascular risk factors such as diabetes, obesity and smoking are not included 
in the used animal models, this limits the direct translation of the results to the 
clinic as the current patient population often shows several co-morbidities. This 
could be overcome by using multi-disease models. 
 

CIRCULATING CARDIAC TROPONINS IN MI AND NON-MI CONDITIONS 
The elevation of cardiac troponin (cTn) is a sign of myocardial injury and part of the 
MI definition [3]. However, cTn elevations are also seen in other (non-cardiac) 
conditions, like vigorous exercise or end-stage renal disease (ESRD, chapters 6 and 
7, respectively). Despite pathophysiological differences it remains challenging to 
differentiate between these conditions based on hs-cTn concentrations. For ESRD 
these concentrations are increased but seem to be ‘stable’ over time [11, 234], 
while for MI and marathon runners a sudden elevation of the cTn concentration is 
observed. Interestingly, for both the MI and marathon populations (chapter 7) 
higher hs-cTnI concentrations were observed compared to hs-cTnT, while for ESRD 
populations hs-cTnT concentrations were higher [234, 281, 282]. In addition, for 
cTnT the molecular composition in the circulation appeared to be different after 
marathon running than during the course of MI. Namely, only small cTnT fragments 
were observed after marathon running (chapter 6), while previous research 
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illustrated that intact cTnT and even cTnT as part of ternary cTn T-I-C protein 
complexes were present after the acute phase of MI [23]. 
 
Furthermore, in chapter 7 we demonstrated that the circulating forms of cTnI in 
the above-mentioned populations mainly consisted of binary cTn I-C complexes. In 
addition, small amounts of ternary cTn T-I-C complexes were only seen in the early 
MI patient. This is in line with results from previous studies using serum of MI 
patients, where cTnI was mainly found to be present in a complex, mostly as the 
binary cTn I-C complex and to a lesser extent as the ternary cTn T-I-C complex [22, 
26-29, 237, 239, 241], while some studies also detected small amounts of free cTnI 
[27, 28, 241]. Although the elution profile showed one main peak, the exact form 
of cTnI in that elution peak is yet to be elucidated. cTnI is known to be susceptible 
for degradation [30, 239, 240, 242] and some studies demonstrated the presence 
of a degraded form of cTnI as part of a complex, resulting in truncated forms of the 
ternary cTn T-I-C complex in which cTnI and/or cTnT can be present in a degraded 
form [22, 237]. The observation, the presence of different cTn complexes, suggests 
differences in the pathophysiological release of cTns, possibly due to differences in 
the cytosolic fraction, clearance pathways and degradation [283]. However, this 
remains speculation and the molecular mechanism of cTn release from damaged 
cardiomyocytes requires further investigation. 
 
The studies described in chapters 6 and 7 are performed using gel filtration 
chromatography (GFC) and validated with SDS-PAGE and western blotting (WB). 
While this GFC setup is currently the most sensitive setup to investigate the 
composition of cTn in blood, it is limited to higher cTnT concentrations of 
approximately 70 ng/L compared to 10 ng/L for cTnI. Moreover, a limitation of our 
validation setup was the inability to detect protein complexes directly. The strong 
denaturing effect of sodium dodecyl sulfate (SDS) causes disintegration of protein 
complexes, preventing the detection of cTn complexes afterwards with WB. 
Therefore, we assumed the presence of a cTn complex when more than one subunit 
was detected in a GFC fraction, by measuring both hs-cTnT and hs-cTnI 
concentrations, and WB was repeated using antibodies against the individual 
subunits. Here we chose to use antibodies similar to those of the clinical 
immunoassays for better comparability between experiments, while a wider 
variety of antibodies is available. The use of other antibodies could provide 
complementary information, as described by other studies that use non-
commercially available assays for the measurement of cTn concentrations, with the 
ability to specifically detect cTn complexes [22, 28, 237]. In addition, other methods 
such as native mass spectrometry could be used to identify and characterize intact 
protein complexes [284]. 
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IMPLICATIONS FOR THE CLINICAL TROPONIN ASSAYS 
It has been implied that the composition of circulating cTn could be used for 
differentiating between MI and non-MI causes of cTn elevations, by targeting 
specific forms present in certain conditions [24]. The release of cTnT has been 
described in MI patients to follow a time-depending pattern with the presence of a 
ternary cTn T-I-C complex, and intact cTnT in the acute phase of MI, while in time 
only multiple cTnT fragments were observed [20, 23]. In this regard, adjusting the 
hs-cTnT immunoassay by targeting only cTnT forms ≥ 29kDa, which were not found 
in marathon runners and ESRD patients, might increase its specificity for the acute 
diagnostic phase of MI. 
 
For the composition of cTnI, in contrast to cTnT, our GFC analysis (chapter 7) did 
not clearly show different elution profiles between MI and non-MI populations or 
a time-dependence after MI. Nevertheless, considering we only observed the 
ternary cTn T-I-C complex in the early presenting patient, the presence of ternary 
cTn T-I-C might be an indication of time elapsed after symptom onset and should 
be verified in larger MI cohorts. 
 
Finally, the identification of specific circulating cTn forms might also be of help in 
the differentiation of patients with subtypes of MI. Patients suspected of MI 
without persistent ST-segment elevation (NSTEMI) can be classified in different 
types of MI, based on the underlying cause. Type 1 MI is the result of atherosclerotic 
plaque disruption, while for type 2 MI there is a mismatch between oxygen supply 
and demand, and in another group of patients MI occurred with non-obstructive 
coronary arteries (MINOCA) [285, 286]. Nowadays, similar diagnostic criteria are 
applied for NSTEMI type 1 and 2, including judgement of the clinical presentation, 
symptoms of myocardial ischemia and elevated hs-cTn concentrations [3, 4]. 
However, their presentation and treatments differ substantially, therefore earlier 
differentiation in the subtypes of MI by using specific cTn assays could be of great 
clinical importance.  
 

FUTURE PERSPECTIVE IN CARDIOVASCULAR RESEARCH 
As mentioned before, the clinical implementation of MSI for cardiovascular 
diseases will remain limited due to the need for tissue, however experimental 
studies will continue to improve the mechanistic insight and search for novel 
biomarkers [273, 287]. Interestingly, the use of MSI for biomarker discovery no 
longer focuses exclusively on diagnosis but also on monitoring and predicting 
progression of cardiovascular diseases and death [253, 288]. The use of animal 
models remains essential, as type and extent of injury can be closely monitored. 
The obtained spatial information with MSI provides valuable information on both 
spatial and time-dependent changes, which in combination with omics techniques 
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contributes to the knowledge on (patho)physiological mechanisms, and possible 
biomarkers identification. 
 
Consequently, an important step in the translation of cardiac tissue-based 
biomarkers to the clinic is the validation of these biomarkers in ‘easily accessible 
samples’, like blood and urine. Besides the commonly used immunoassays, MS-
based methods are valuable tools and already used in the clinic, for example as a 
direct screening method for the quantification of (therapeutic) drugs [289, 290]. 
However, the use of MS for diagnosis of MI would require a 24/7 availability, which 
is a limiting factor in most routine laboratories, due to the need for trained 
personnel. Also, blood (serum or plasma) MS analysis often requires additional 
separation techniques or an extensive sample preparation to remove highly 
abundant proteins like albumin in order to study lower abundant proteins [291], 
which increases the labor intensity and the turnaround time in comparison to the 
already used immunoassays. 
 
As described above, protein identification can also be done using top-down MS 
[264]. Further technological progress is required to improve protein identification 
in complex samples, though the combination with MSI already showed some 
promising results in the identification of intact proteins containing PTMs in 
different regions of ovarian cancer [261]. For the cTn subunits PTMs play a role in 
the regulation of cardiac contractility [292, 293], and identification of the 
modifications in health and disease provides insight in their role in the underlying 
molecular mechanisms. Top-down methods have already been used to describe the 
phosphorylation sites and isoforms of cTn isolated from cardiac tissue [294-297]. In 
addition, native MS(I) is an emerging field as it provides information on the proteins 
structure and complex formation [298], it has been performed using liquid 
extraction surface analysis and was combined with top-down proteomics for 
protein identification [296, 299, 300]. Most importantly, these methods can be 
utilized for the analysis and identification of PTMs, molecular specific isoforms of 
cTn subunits and cTn complexes which has been shown in chapters 6 and 7 to be 
clinically relevant for differentiating between patient groups. 
 
The application of these top-down and native MS methods to unravel the molecular 
composition of cTn, both in tissue as in blood, would provide a wealth of 
information on the release mechanism of cTn after myocardial injury. A 
combination of different strategies remains necessary and will provide 
complementary information to elucidate the pathophysiological mechanisms in 
cardiac diseases. 
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Cardiovascular diseases, especially myocardial infarction (MI), are still the number 
one cause of death globally, with approximately 18.6 million deaths in 2019 [1]. 
They are also a challenge for the health care system due to their high morbidity 
[301, 302]. To address this problem, research into MI and cardiac 
ischemia/reperfusion (I/R) injury is needed to improve our knowledge on the 
different aspects of the diseases and the molecular pathophysiology in particular 
[303, 304]. 
 
This thesis focuses on the molecular signatures observed after MI, by addressing 
on-tissue spatial distributions using MALDI-MSI, and the composition of cardiac 
troponins (cTn) in MI and non-MI patients’ circulation. The described research is of 
interest to a broader audience, from the MSI community that can benefit from the 
spatial-omics workflow (chapter 3) to healthcare professionals and diagnostic 
companies who will be interested in the molecular composition of cardiac 
troponins (chapters 6 and 7). This is a direct result of the multidisciplinary approach 
chosen to conduct these studies. Additionally, the publication of most of the work 
in open-access scientific journals and the availability of the proteomics data in 
public data repositories enables other researchers to benefit from it and use it to 
enhance their research. 
 
The optimized workflow including MALDI-MSI and laser capture microdissection 
(LMD), as described in chapter 3, enables the use of a single section for a spatially 
resolved proteomics analysis. This innovative method has been used as the basis 
for a patent filed in the course of this research as part of a continuous effort to 
increase the economic impact of academic research. The implementation of this 
workflow, more specifically the use of conductive non-membrane slides for LMD, is 
of great value to the scientific MSI community and its related industries. First of all 
because it reduces the amount of tissue needed, hence multiple datasets (e.g. 
MALDI-MSI and omics) could be generated from a single tissue section. Moreover, 
section-to-section variability is avoided, which improves the co-registration and is 
of great importance now the MSI field is moving towards single cell analysis. Next, 
the entire MSI community can benefit as the workflow is most likely not limited to 
the use of MALDI-MSI and/or proteomics. And undoubtedly the protocol could also 
be considered in other (non)-cardiovascular studies, where distinct molecular 
profiles are targeted to classify tissue and provide complementary information 
used in biomarker discovery. Eventually, future collaborations with industrial 
partners would further optimize the workflow providing a more advanced, and high 
throughput platform, which could result in increased revenues for these partners if 
marketed.  



170 | Impact 

In addition to the optimization of the workflow, our data in chapter 4 demonstrates 
the potential of using MALDI-MSI as a screening technology for LMD tissue 
selection over traditional histology. Here, we used the on-tissue protein signature 
to guide the in-depth proteomics analysis and identified altered proteins and 
corresponding pathways that can be used to guide future research to gain more 
understanding of the processes in cardiac I/R. Also, these proteins could be 
targeted in functional and intervention studies for validation and to study their 
potential role as therapeutics or in decision-making. 
 
The combination of MALDI-MSI, lipidomics and immunohistochemistry, as 
described in chapter 5, enabled us to evaluate the lipid signature of cardiac I/R on 
a spatial and temporal level. This multilevel data provides the cardiovascular 
research field with more insights in the on-tissue lipid alterations and their 
correlations with immune cell infiltration, e.g. macrophages. This could impact the 
establishment of cell specific molecular profiles, which can be deployed in future 
studies to monitor the different processes during the I/R process, leading to a 
better understanding of the inflammatory process. Moreover, further validation of 
these lipid signatures might guide the development of improved diagnostics or 
treatments for patients suffering from MI. 
 
The second part of this thesis focusses on cardiac troponins (cTnT and cTnI), the 
gold standard cardiac biomarkers for the clinical diagnosis of MI and crucial for 
patients without persistent ST-elevation (NSTEMI). The introduction of the high-
sensitivity assays led to improvements in the diagnosis of earlier and smaller 
NSTEMI infarctions, and subsequently to an improved diagnosis in women, who in 
general present with vague symptoms and lower cTn concentrations. 
Unfortunately, this increased sensitivity also led to a decrease in the specificity for 
MI, which complicates clinical decision making. Our research group hypothesized, 
based on previous work, that the molecular composition of cTn in the blood can 
differentiate between MI and non-MI conditions. Therefore, we compared the 
composition in study populations, both MI as non-MI. These samples were available 
due to longstanding collaborations within Maastricht University Medical Center 
and with Radboud University Medical Center. 
 
Altogether, in NSTEMI patients [23] we observed cTnT as part of the ternary  
cTn T-I-C complex, as free cTnT (intact, 40 kDa) and cTnT fragments (29 kDa and  
15-18 kDa), while in patients with end-stage renal disease (ESRD) [25] and in serum 
of marathon runners (chapter 6) we only observed the smaller cTnT fragments. It 
is therefore suggested that a novel cTnT assay should target cTnT forms ≥29 kDa to 
be more specific for the acute phase of MI. Additionally, for cTnI we mainly 
observed the binary cTn I-C complex. No clear differences were found between the 
populations (chapter 7), though the ternary cTn T-I-C complex was only seen for 
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the early NSTEMI patient, suggesting this might be used as an indication of the age 
of the infarct. Although further validation of the molecular cTn compositions is 
needed, it could drive the development of novel diagnostic cTn assays. 
 
While these results are of interest for healthcare professionals, the industrial 
parties that produce the clinical assays will also benefit from it. The collaboration 
with companies like Roche Diagnostics and Abbott Laboratories, provided valuable 
resources that helped us investigate the conformation of cTnT (chapter 6) and cTnI 
(chapter 7). In return, we could provide the knowledge and insights presented in 
the data, which allows them to change, improve and potentially patent a new  
hs-cTn immunoassay. These developments have a positive economic impact on 
these companies if the assays become clinically available. Moreover, the 
implementation of more specific assays could lead to improved clinical guidelines 
for MI diagnosis and treatment. 
 
Ultimately, these new, optimized diagnostic assays should improve clinical decision 
making for patients with suspected MI, by discriminating between MI and non-MI 
causes of cTn elevations. For approximately 90% of the patients with acute chest 
pain presenting at the emergency department cTn measurements are required, and 
for 60% a serial cTn assessment for the 0h/1h- or 0h/3h-algorithm is needed. It is 
speculated that new, more specific cTn assays could reduce the number of patients 
that require additional hs-cTn measurements for diagnosis, as the measurement at 
presentation (0h) would make it possible to rule out patients with non-MI causes 
of cTn elevations. In this case, where serial measurements are not needed, the time 
at the emergency department would be shortened especially in those hospitals 
using the 0h/3h-algorithm. All in all, it would reduce the hospitalization duration 
and improve the quality of patient’s care, as treatment can therefore be started 
earlier, and/or patients could be referred to another department or discharged 
faster, eventually resulting in more cost-effective patient care. 
 
Lastly, this PhD trajectory started within a newly founded collaboration between 
the Maastricht MultiModal Molecular Imaging Institute (M4i) at Maastricht 
University and the Central Diagnostic Laboratory of the Maastricht University 
Medical Center. Also, other strong collaborations were established throughout this 
PhD project, with pathologists, cardiologists, and research groups within and 
outside Maastricht University as well as abroad (France and Singapore). These 
collaborations strongly impact the scientific community at the Brightlands 
Maastricht Health Campus. The interdisciplinary scientific collaborations have 
impacted my personal development as I could benefit from different expertises, 
use the available infrastructures and samples/patient cohorts. Moreover, these 
collaborations are the basis for good translational research, where knowledge is 
transferred, and cross-border ideas are stimulated by the interdisciplinarity. 
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Summary 
Myocardial infarction (MI), also known as a heart attack, is the most common 

cardiovascular disease (CVD) and the leading cause of death worldwide [1, 305]. A 

(partial) obstruction of the coronary artery leads to deprivation of oxygen and 

nutrients to the cardiac tissue and insufficient removal of metabolites, resulting in 

cell dysfunction, cell injury and/or death. To limit the size of the injured 

myocardium, timely and accurate diagnosis and subsequent treatment are 

essential. The diagnosis of MI in acute chest pain patients is based on clinical signs 

and symptoms, their electrocardiogram (ECG) and the detection of cardiac 

biomarkers in the blood circulation, preferably the gold standard cardiac troponins 

(either cTnT or cTnI). Therapies after MI are focused on restoration of the blood 

flow, by intervention and/or thrombolytic treatment. In some cases, this sudden 

reperfusion can have a detrimental effect and worsen injury, the so-called 

ischemia/reperfusion (I/R) injury. 

 
In this thesis, research into MI and cardiac I/R injury was performed to improve our 
knowledge on the molecular signatures of MI, using a multidisciplinary approach. 
One of the techniques used is mass spectrometry imaging (MSI), a powerful tool to 
analyze the molecular content of a tissue while retaining the spatial information. In 
chapter 2, trends and applications of MSI for CVD research are described and an 
overview of the published protocols and their results is provided. Next, we 
presented an optimized spatial-omics protocol in which conductive slides were 
used for matrix-assisted laser desorption/ionization (MALDI)-MSI, followed by laser 
capture microdissection (LMD) and in-depth proteomics (chapter 3). Then, in 
chapter 4 this protocol was applied to investigate protein alterations after cardiac 
I/R in a rat model. Here, on-tissue protein MALDI-MSI was used to guide the 
spatially resolved proteomics analysis. The infarct core showed a downregulation 
of proteins related to energy metabolism, while proteins associated to coagulation 
and immune response were upregulated, compared to unaffected tissue. The 
identified protein signature and pathways can be used to guide future research and 
enhance the knowledge and understanding of the processes in the heart after I/R. 
Furthermore, we described a multimodal approach in chapter 5 to investigate both 
the spatial and temporal lipid signatures of cardiac I/R in a mouse model. The 
combination of LC-MS/MS, MALDI-MSI and high mass resolution MALDI-MSI with 
data-dependent acquisition (DDA) of on-tissue tandem MS, revealed distinct 
profiles of glycerolipids, phospholipids and sphingolipids in the infarct tissue. 
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Additionally, examining the correlation between lipids and immune cell infiltration 
revealed among others a strong correlation of PC 32:0 and macrophage infiltration. 
Further validation is required to determine if these lipids can be used as a marker 
reflecting the disease state. 
 
In the second part of this thesis, the diagnostic cardiac troponins (cTn) are the 
central topic. With the introduction of the high-sensitivity cTn assays a couple of 
years ago, the diagnosis of MI significantly improved, especially for earlier and 
smaller infarctions. However, the specificity for MI decreased as elevated hs-cTn 
concentrations are frequently found in non-MI patients, which complicates clinical 
decision making, even with resampling algorithms. Based on previous work, we 
hypothesized that the molecular composition of cTn in the blood circulation might 
be used to differentiate between MI and non-MI conditions. For cTnT, the 
composition was previously described in patients without persistent ST-elevation 
MI (NSTEMI) [23] and in patients with end-stage renal disease (ESRD) [25]. For 
NSTEMI patients, the presence of the ternary cTn T-I-C complex, full size cTnT (40 
kDa) and cTnT fragments (29 kDa and 15-18 kDa) was shown, while in ESRD patients 
only small cTnT fragments (15-18 kDa) were found. Here, in chapter 6, additional 
experiments in marathon runners reveal that also in this population only the 
smaller cTnT fragments are present. Based on these findings, it is speculated that a 
novel cTnT immunoassay should target cTnT forms ≥29 kDa to be more specific for 
the acute phase of MI. Finally, we addressed the composition of cTnI (chapter 7) 
and compared NSTEMI patients with ESRD patients and marathon runners. In all 
populations we mainly observed cTnI as part of the binary cTn I-C complex. 
Additionally, only the early presenting patient showed a minor presence 
(approximately 4 %) of the ternary cTn T-I-C complex, suggesting this might be used 
as an indication of the time elapsed after MI onset. 
 
Overall, the work presented in this thesis contributes to the detailed knowledge on 
the molecular signatures of MI, from protein and lipid alterations in tissue after I/R 
injury to the cTn composition in blood of MI and non-MI populations. This might be 
of interest to a broad audience: from the scientific community that benefits from 
the spatial-omics workflow and the molecular signatures obtained, to industrial 
partners who can develop improved immunoassays for a better MI diagnosis and 
treatment. Eventually, this facilitates healthcare professionals in more precise 
decision making and may result in better patient care. 
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Samenvatting 
Myocardinfarct (MI), ook wel bekend als een hartinfarct, is de meest voorkomende 
cardiovasculaire ziekte (CVD) en de belangrijkste doodsoorzaak wereldwijd [1, 305]. 
Een (gedeeltelijke) vernauwing van de kransslagader leidt tot een verminderde 
toevoer van zuurstof en voedingsstoffen aan het myocardium (het hartweefsel) en 
een onvoldoende afvoer van metabolieten. Dit heeft cel dysfunctie, cel 
beschadiging en/of celdood tot gevolg. Om de grootte van het beschadigde 
myocardium te beperken, zijn een tijdige en accurate diagnose en behandeling van 
levensbelang. De diagnose van MI bij patiënten met acute pijn op de borst klachten 
wordt gebaseerd op klinische signalen en symptomen, het elektrocardiogram (ECG) 
en de detectie van cardiale biomarkers in de bloedcirculatie, bij voorkeur de 
gouden standaard cardiaal troponine (cTnT of cTnI). Behandelingen van MI zijn 
gericht op het herstellen van de bloedstroom (zogenaamde reperfusie), dit kan 
door een interventie en/of medicijnen zoals een antistollingsmiddel. Helaas heeft 
deze plotselinge reperfusie in sommige gevallen een nadelig effect en verergert het 
de beschadiging aan het myocardium; de zogeheten ischemie/reperfusie (I/R) 
schade. 
 
In dit proefschrift is onderzoek naar MI en cardiale I/R schade uitgevoerd om de 
kennis van de moleculaire profielen van MI te verbeteren, gebruik makend van een 
multidisciplinaire aanpak. Een van de gebruikte technieken is beeldvormende 
massa spectrometrie (MSI), een krachtige techniek voor de moleculaire analyse van 
weefsel waarbij de ruimtelijke informatie behouden blijft. In hoofdstuk 2 werden 
trends en toepassingen van MSI voor CVD beschreven en gaven we een overzicht 
van de gepubliceerde protocollen en hun resultaten. Daarna presenteerden we een 
geoptimaliseerd ‘spatial-omics’ protocol waarbij geleidende microscoopglaasjes 
gebruikt worden voor matrix-assisted laser desorption/ionization (MALDI)-MSI 
gevolgd door weefsel selectie met laser capture microdissection (LMD) en 
proteomics (oftewel eiwit identificatie; hoofdstuk 3). Vervolgens is dit protocol 
toegepast in hoofdstuk 4 om de eiwit veranderingen in een rattenhart na I/R te 
onderzoeken. De ruimtelijke eiwitprofielen, verkregen met MALDI-MSI, zijn hier 
gebruikt om de regio-specifieke proteomics analyse te sturen. In vergelijking met 
niet-aangedaan weefsel liet de kern van het infarct een vermindering van energie 
metabolisme eiwitten en een toename van eiwitten belangrijk voor stolling en 
immuunrespons zien. Het geïdentificeerde eiwitprofiel en de bijbehorende 
biologische signaalwegen kunnen gebruikt worden om toekomstig onderzoek te 
sturen en de kennis en het begrip van de processen in het hart na I/R te verbeteren. 
Daarnaast hebben we een multimodale aanpak beschreven in hoofdstuk 5, 
waarmee we zowel het ruimtelijke lipiden profiel als de lipiden veranderingen in de 
tijd na cardiaal I/R in een muizenmodel onderzocht hebben. De combinatie van  
LC-MS/MS, MALDI-MSI en hoge massa resolutie MALDI-MSI gekoppeld met data 
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afhankelijke acquisitie (DDA) voor lipidenidentificatie direct van het weefsel, liet 
verschillende profielen zien voor glycerolipiden, fosfolipiden en sphingolipiden in 
het infarct weefsel. De aanvullende evaluatie van de correlatie tussen lipiden en 
immuun cel infiltratie liet onder andere een sterke correlatie zien tussen PC 32:0 
en macrofaag infiltratie. Verdere validatie is nodig om te beoordelen of deze lipiden 
gebruikt kunnen worden als een marker die de status van de ziekte weer kan geven. 
 
In het tweede deel van dit proefschrift staan de cardiaal troponines (cTn) centraal. 
De introductie van hoog sensitieve cTn testen een aantal jaren geleden heeft de 
diagnose van MI significant verbeterd, met name voor de vroege en kleinere 
infarcten. Echter is daarmee de specificiteit voor MI afgenomen, nu ook verhoogde 
cTn concentraties gemeten worden in niet-MI patiënten. Hierdoor wordt de 
klinische besluitvorming bemoeilijkt, zelfs bij gebruik van seriële cTn metingen. 
Gebaseerd op voorgaand werk is de hypothese gevormd dat de moleculaire 
compositie van cTn in de bloedcirculatie gebruikt zou kunnen worden voor de 
differentiatie tussen MI en niet-MI condities. Voor cTnT is deze compositie eerder 
beschreven in MI patiënten zonder ST segment-verhoging (NSTEMI) [23] en in 
patiënten met chronisch nierfalen (ESRD) [25]. In NSTEMI-patiënten zijn ternaire 
cTn T-I-C complex, cTnT (40 kDa) en cTnT fragmenten (29 kDa en 15-18 kDa) 
beschreven, terwijl in ESRD-patiënten alleen kleine cTnT fragmenten (15-18 kDa) 
werden gevonden. In hoofdstuk 6 zijn aanvullende experimenten met serum van 
marathonlopers gedaan en hieruit blijkt dat ook in deze populatie alleen kleine cTnT 
fragmenten aanwezig zijn. Gebaseerd op deze bevindingen wordt gespeculeerd dat 
een nieuwe cTnT test gericht op vormen van minimaal 29 kDa specifieker zou zijn 
voor de acute fase van MI. Uiteindelijk bestudeerden we de compositie van cTnI 
(hoofdstuk 7) en vergeleken we deze in NSTEMI-patiënten, ESRD-patiënten en 
marathonlopers. In al deze populaties is gevonden dat cTnI aanwezig is als 
onderdeel van het binaire cTn I-C complex. Daarnaast is een minimale 
aanwezigheid (ongeveer 4%) van het ternaire cTn T-I-C complex gevonden in alleen 
de vroege patiënt, wat suggereert dat deze aanwezigheid een indicatie kan zijn voor 
de verstreken tijd na de start van het infarct. 
 
In zijn geheel draagt het werk gepresenteerd in dit proefschrift bij aan de kennis 
over de moleculaire profielen van MI, van eiwit en lipiden veranderingen in weefsel 
na I/R schade tot de cTn compositie in bloed van MI en niet-MI populaties. Een 
breed publiek kan hierin geïnteresseerd zijn: van de wetenschappelijke 
gemeenschap die voordeel heeft van de ‘spatial-omics’ workflow en de verkregen 
moleculaire profielen tot industriële partners die een verbeterde cTn test kunnen 
ontwikkelen, waardoor de MI diagnose en behandeling verbetert. Uiteindelijk zal 
dit de gezondheidszorg helpen de precisie van klinische besluitvorming te verhogen 
en daarmee de patiëntenzorg te verbeteren. 
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Supplementary data 
CHAPTER 4 
Supplementary Table 4.1. ROC analysis, performed based on the pLSA, revealed 
distinctive m/z values for the different regions within the I/R and sham hearts. A 
comparison is made between the infarct (I/R) region and the unaffected tissue in the I/R 
(remote) and/or sham hearts. The AUC value was determined for the m/z values from the 
peaklist. 

m/z 

I/R vs. 

Remote 

I/R vs. 

Sham 

Remote 

vs. Sham 

 

m/z 

I/R vs. 

Remote 

I/R vs. 

Sham 

Remote 

vs. Sham 

2021.3 0.4096 0.5400 0.6392  4815.0 0.3230 0.4071 0.5624 

2220.8 0.4882 0.6215 0.6402  4831.4 0.3117 0.3959 0.5695 

2360.8 0.3361 0.6100 0.7535  4861.2 0.3715 0.2918 0.3719 

2380.8 0.4406 0.5402 0.5802  4876.5 0.2575 0.2482 0.4530 

2393.5 0.4197 0.5607 0.6324  4964.9 0.4240 0.7098 0.7715 

2419.8 0.1271 0.3553 0.7727  4990.2 0.1558 0.3154 0.5670 

2657.6 0.4138 0.2942 0.3365  5074.5 0.7502 0.7372 0.4564 

2673.5 0.2535 0.3544 0.6459  5487.6 0.3132 0.2447 0.4454 

2741.7 0.2982 0.3105 0.4316  5504.5 0.2857 0.2919 0.4791 

2765.3 0.3097 0.3744 0.5492  5520.0 0.1711 0.2480 0.5447 

2816.9 0.2006 0.2831 0.4266  5535.7 0.1402 0.2766 0.6136 

2833.4 0.3853 0.4152 0.5082  5551.6 0.1805 0.3376 0.6643 

3111.1 0.4332 0.4926 0.5412  5637.7 0.1889 0.1650 0.4423 

3137.8 0.2870 0.3635 0.5508  5655.3 0.6346 0.5214 0.3941 

3162.4 0.4547 0.5765 0.6071  5675.5 0.6872 0.5215 0.3196 

3178.1 0.3806 0.5780 0.7090  5906.1 0.3729 0.4269 0.5718 

3266.9 0.9262 0.9241 0.5336  6068.2 0.1789 0.1369 0.3363 

3332.7 0.8701 0.9390 0.7871  6221.5 0.2754 0.2281 0.4827 

3456.6 0.3119 0.3356 0.4881  6238.9 0.3891 0.4083 0.5295 

3465.9 0.8288 0.8727 0.5644  6278.3 0.2382 0.1672 0.5176 

3479.3 0.3175 0.3996 0.6077  6295.3 0.1913 0.1413 0.4468 

3508.7 0.4460 0.7149 0.7340  6327.9 0.4413 0.5688 0.6452 

3525.3 0.3799 0.5755 0.6788  6541.3 0.3953 0.1576 0.2684 

3665.8 0.4046 0.4448 0.5155  6650.0 0.3881 0.5921 0.6750 

3761.9 0.8981 0.8915 0.4858  6666.2 0.4104 0.7199 0.8543 

3785.3 0.6188 0.4594 0.3562  6683.5 0.3014 0.4128 0.5888 

3832.7 0.6377 0.6431 0.4974  6699.3 0.3686 0.4459 0.5706 

4044.7 0.4484 0.3179 0.3440  6714.2 0.3457 0.4261 0.5797 

4062.4 0.2645 0.2001 0.2989  6894.6 0.7194 0.7196 0.5542 

4120.1 0.6530 0.7720 0.6643  6916.6 0.3150 0.2389 0.3985 

4184.1 0.3587 0.3272 0.4337  6951.0 0.4884 0.6767 0.7227 

4199.3 0.3710 0.3582 0.4942  6964.3 0.3465 0.2947 0.4335 

4227.6 0.5000 0.4685 0.4790  7005.2 0.4640 0.7716 0.8181 

4283.3 0.2801 0.5139 0.7199  7020.3 0.6782 0.8768 0.8262 

4464.7 0.2221 0.4411 0.5851  7082.7 0.6269 0.8174 0.7253 

4472.7 0.1794 0.4574 0.7018  7333.3 0.1925 0.1788 0.4859 

4485.1 0.1699 0.4113 0.7251  7365.1 0.1700 0.1993 0.5166 

4597.0 0.6024 0.6017 0.5027  7514.9 0.4556 0.6622 0.7062 

4669.4 0.3828 0.5248 0.6412  7535.5 0.5443 0.5854 0.5430 

4766.9 0.2674 0.2544 0.5405  7578.9 0.4918 0.4574 0.4597 

4783.1 0.1751 0.2709 0.6088  7601.5 0.4021 0.4058 0.5234 
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Supplementary Table 4.1. continued 

m/z 

I/R vs. 

Remote 

I/R vs. 

Sham 

Remote 

vs. Sham 

 

m/z 

I/R vs. 

Remote 

I/R vs. 

Sham 

Remote 

vs. Sham 

7653.3 0.3495 0.2216 0.4024  11323.7 0.6209 0.7142 0.6269 

7671.9 0.4405 0.3583 0.4243  11349.8 0.6682 0.6077 0.4293 

7929.4 0.3739 0.2687 0.3615  11366.1 0.7392 0.7816 0.5763 

7958.9 0.3988 0.3569 0.4694  11390.2 0.6916 0.6196 0.4204 

8042.3 0.2045 0.2417 0.5746  11406.9 0.6872 0.6794 0.4994 

8058.7 0.1241 0.1718 0.5411  11448.1 0.6145 0.5543 0.4322 

8125.9 0.1636 0.0536 0.2969  11468.1 0.5454 0.5464 0.5051 

8142.5 0.2028 0.1366 0.3889  12133.9 0.1663 0.1017 0.3492 

8240.9 0.1371 0.3210 0.7392  12149.8 0.1293 0.0813 0.3037 

8368.2 0.2943 0.2535 0.4613  12167.5 0.3445 0.2535 0.3424 

8384.4 0.2272 0.2396 0.5088  12182.1 0.1902 0.1461 0.3209 

8400.8 0.2159 0.3060 0.5942  12198.2 0.2491 0.1966 0.3984 

8417.3 0.2438 0.3760 0.6192  12295.0 0.8025 0.7924 0.5046 

8456.9 0.2927 0.1502 0.4113  12438.0 0.1752 0.1068 0.3714 

8515.2 0.2000 0.1044 0.3717  12470.5 0.3475 0.2526 0.3732 

8566.3 0.1555 0.2461 0.6996  12486.5 0.3553 0.2722 0.4122 

8929.4 0.2040 0.3578 0.6469  12565.6 0.3809 0.2575 0.3476 

8945.8 0.0757 0.3278 0.7732  12582.5 0.4022 0.2869 0.3795 

8972.7 0.1332 0.2986 0.7722  12598.8 0.4021 0.3075 0.3984 

9329.7 0.1574 0.0716 0.4061  13422.2 0.5966 0.6525 0.5724 

9346.5 0.2382 0.1863 0.3895  13470.2 0.4098 0.3102 0.3928 

9362.7 0.3258 0.2571 0.3892  13776.2 0.5761 0.5672 0.5014 

9378.8 0.2419 0.2193 0.4393  13791.3 0.7202 0.7559 0.6303 

9401.9 0.3776 0.2291 0.3535  13900.3 0.5587 0.7643 0.7329 

9477.2 0.1945 0.1569 0.5086  14007.1 0.4843 0.7564 0.8106 

9561.0 0.1939 0.1940 0.4756  14030.8 0.6313 0.8640 0.8265 

9722.3 0.1828 0.0958 0.3339  14046.9 0.7409 0.8923 0.8294 

9753.2 0.1262 0.0906 0.3709  14070.8 0.7821 0.8369 0.5913 

9980.6 0.1515 0.2589 0.5998  14087.0 0.6589 0.6899 0.5632 

10013.6 0.1876 0.3108 0.6087  14109.0 0.6333 0.6706 0.5520 

10029.7 0.1944 0.2768 0.5831  14422.4 0.5889 0.4772 0.3733 

10067.2 0.2082 0.1147 0.3423  15027.0 0.4707 0.5872 0.6307 

10094.7 0.1869 0.1591 0.4338  15154.5 0.4704 0.4339 0.4645 

10150.4 0.9347 0.9153 0.4373  15198.8 0.4234 0.4229 0.5254 

10166.9 0.9320 0.9199 0.4625  15245.3 0.3238 0.3906 0.5817 

10262.4 0.3854 0.2945 0.4017  15313.7 0.5969 0.5228 0.4184 

10365.5 0.3169 0.1321 0.2739  15356.9 0.6032 0.5289 0.4076 

10382.1 0.3133 0.2441 0.4142  15821.0 0.4925 0.4087 0.4090 

10623.1 0.3803 0.7508 0.8730  15852.9 0.3295 0.2256 0.3315 

10692.0 0.3037 0.2037 0.3613  15905.5 0.4502 0.3310 0.3851 

10788.4 0.2316 0.2535 0.5264  16155.9 0.5984 0.5959 0.4980 

10951.0 0.4019 0.7086 0.8011  17028.1 0.1443 0.1007 0.3615 

11074.7 0.3685 0.5787 0.7354  17122.4 0.0974 0.0873 0.4327 

11308.1 0.6229 0.5900 0.4582  18805.0 0.3637 0.2230 0.3248 

 



 

 

Supplementary Table 4.2. Significant altered proteins (n=99, figure 6) found in the proteomics data, the abundance ratio (log2) and the 
adjusted p-value are shown. R = Red; Unaffected tissue, Y = Yellow; Unaffected stromal tissue, O = Orange; Infarct border, G = Green; Infarct 
core. Where, for example, Y/R is the ratio of Yellow versus Red. 

PROTEINLIST 
ABUNDANCE RATIO (LOG2) ABUNDANCE RATIO ADJ. P-VALUE 

Y/R G/R G/Y O/R O/Y G/O Y/R G/R G/Y O/R O/Y G/O 
6-PHOSPHOGLUCONATE DEHYDROGENASE, DECARBOXYLATING 0.3 2.06 1.69 1.95 1.7 0.16 0.372 0.030 0.040 0.200 0.212 0.922 
ACYL-COA-BINDING PROTEIN -0.62 -2.87 -2.32 -2.46 -1.82 -0.45 0.046 0.004 0.003 0.162 0.262 0.902 
ALBUMIN 0.26 1.85 1.62 2.12 1.8 -0.08 0.499 0.063 0.052 0.137 0.173 0.994 
ALDO-KETO REDUCTASE FAMILY 1 MEMBER B1 -0.28 -2.85 -2.52 -2.65 -2.39 -0.15 0.822 0.005 0.001 0.104 0.080 0.983 
ALDO-KETO REDUCTASE FAMILY 1 MEMBER C15 -0.28 -2.15 -1.74 -1.7 -1.3 -0.45 0.793 0.063 0.046 0.581 0.594 0.902 
ALPHA-1-ACID GLYCOPROTEIN 0.86 2.25 1.62 2.37 1.92 -0.33 0.000 0.015 0.051 0.074 0.141 0.902 
ALPHA-1-ANTIPROTEINASE 0.42 2.8 2.2 2.87 2.37 -0.04 0.114 0.002 0.004 0.022 0.046 0.994 
ALPHA-1-INHIBITOR 3 0.87 2.57 1.69 2.56 1.75 -0.01 0.000 0.004 0.040 0.042 0.190 0.989 
ALPHA-1-MACROGLOBULIN 0.75 2.59 1.78 2.72 1.7 0.04 0.001 0.004 0.028 0.031 0.212 0.977 
ALPHA-2-HS-GLYCOPROTEIN 0.46 2.87 2.67 2.68 1.95 0.55 0.076 0.001 0.000 0.033 0.141 0.596 
ALPHA-2-MACROGLOBULIN 0.55 2.7 2.37 3.2 2.63 -0.44 0.021 0.002 0.002 0.007 0.020 0.902 
ALPHA-ACTININ-4 -0.74 -0.51 0.23 -6.64 -6.64 6.64 0.008 0.998 0.974 0.000 0.000 0.000 
AMINE OXIDASE [FLAVIN-CONTAINING] A -0.75 -0.42 0 -0.93 -0.61 0.65 0.007 0.998 0.993 0.987 0.988 0.484 
ANGIOTENSINOGEN 0.88 2.34 1.46 2.26 1.61 -0.16 0.000 0.010 0.093 0.096 0.252 0.983 
ANNEXIN A1 -0.2 1.06 1.61 0.99 1.3 0.11 0.935 0.476 0.054 0.680 0.464 0.940 
APOLIPOPROTEIN A-I 0.54 2.44 1.78 2.66 1.99 -0.14 0.026 0.007 0.028 0.034 0.129 0.983 
APOLIPOPROTEIN E 0.55 3.81 3.18 3.66 2.93 0.05 0.022 0.000 0.000 0.001 0.006 0.977 
ATP SYNTHASE MEMBRANE SUBUNIT DAPIT, MITOCHONDRIAL -0.24 -6.64 -6.64 -0.33 -0.1 -6.64 0.907 0.000 0.000 0.999 0.998 0.000 
BAND 3 ANION TRANSPORT PROTEIN 0.94 1.63 0.76 0.85 -0.02 0.71 0.000 0.125 0.635 0.762 0.998 0.375 
BETA-2-GLYCOPROTEIN 1 0.53 4.1 3.05 4.05 3.1 -0.06 0.027 0.000 0.000 0.000 0.003 0.998 
BETA-ENOLASE -0.61 -2.73 -1.99 -2.14 -1.41 -0.37 0.057 0.007 0.015 0.304 0.529 0.902 
C4B-BINDING PROTEIN ALPHA CHAIN 6.64 6.64 2.59 6.64 1.78 0.5 0.000 0.000 0.000 0.000 0.180 0.664 
CARBONIC ANHYDRASE 2 0.63 1.25 0.32 0.51 -0.34 0.75 0.006 0.330 0.960 0.987 0.998 0.307 
CARBONYL REDUCTASE [NADPH] 1 -0.63 -6.64 -6.64 -0.83 -0.38 -6.64 0.041 0.000 0.000 0.999 0.998 0.000 
CARBOXYPEPTIDASE B2 

 
6.64 6.64 6.64 6.64 0.09 

 
0.000 0.000 0.000 0.000 0.954 

CERULOPLASMIN 0.71 2.66 2.1 2.9 2.09 -0.03 0.001 0.003 0.006 0.020 0.100 0.994 
CLUSTERIN 0.2 5.65 5.27 5.33 5.15 0.39 0.659 0.000 0.000 0.000 0.000 0.847 
COACTOSIN-LIKE PROTEIN 0.95 2.52 1.57 2.84 1.89 -0.54 0.000 0.005 0.062 0.023 0.143 0.776 
COMPLEMENT C3 0.63 3.21 2.47 3.15 2.4 0.16 0.006 0.000 0.001 0.009 0.044 0.920 
COMPLEMENT C4 0.19 3.17 2.55 2.77 2.28 0.36 0.695 0.000 0.001 0.027 0.058 0.872 
COMPLEMENT COMPONENT C9 0.29 3.67 3.53 3.51 3.24 0.19 0.422 0.000 0.000 0.002 0.002 0.902 



 

Supplementary Table 4.2. continued 

PROTEINLIST 
ABUNDANCE RATIO (LOG2) ABUNDANCE RATIO ADJ. P-VALUE 

Y/R G/R G/Y O/R O/Y G/O Y/R G/R G/Y O/R O/Y G/O 
CORONIN-1A 1.31 3.23 1.92 3.67 2.36 -0.45 0.000 0.000 0.014 0.001 0.046 0.902 
C-REACTIVE PROTEIN 0.63 3.53 2.64 3.94 3 -0.69 0.006 0.000 0.000 0.000 0.004 0.567 
CREATINE KINASE M-TYPE -0.27 -1.94 -1.74 -2.02 -1.84 0.27 0.827 0.123 0.046 0.371 0.252 0.902 
CYSTEINE AND GLYCINE-RICH PROTEIN 3 -0.1 -1.59 -1.72 -2.07 -2.19 0.14 0.985 0.298 0.050 0.348 0.136 0.922 
CYTOCHROME C OXIDASE SUBUNIT 6A1, MITOCHONDRIAL 1.62 0.25 -1.62 -6.64 -6.64 6.64 0.000 0.998 0.071 0.000 0.000 0.000 
ELASTIN -0.04 1.43 1.17 -0.07 -0.06 1.69 0.989 0.214 0.249 0.999 0.998 0.000 
ELONGATION FACTOR 1-ALPHA 1 0.15 2.16 2.03 2.86 2.6 -0.66 0.807 0.021 0.009 0.022 0.022 0.596 
ERO1-LIKE PROTEIN ALPHA -3.83 -6.64 -6.64 -2.94 0.89 -6.64 0.000 0.000 0.000 0.048 0.632 0.000 
F-ACTIN-CAPPING PROTEIN SUBUNIT BETA -0.25 -0.56 -0.38 0.45 0.7 -1.26 0.872 0.998 0.970 0.987 0.811 0.031 
FATTY ACID-BINDING PROTEIN, HEART -0.11 -2.53 -2.19 -2.77 -2.55 -0.22 0.983 0.016 0.006 0.078 0.050 0.946 
FETUIN-B 0.55 2.9 2.26 2.93 2.39 -0.07 0.021 0.001 0.003 0.019 0.045 0.994 
FIBRINOGEN ALPHA CHAIN 0.79 5.18 4.38 4.8 3.98 0.36 0.000 0.000 0.000 0.000 0.000 0.872 
FIBRINOGEN BETA CHAIN 0.86 5.43 4.82 5.05 4.48 0.42 0.000 0.000 0.000 0.000 0.000 0.782 
FIBRINOGEN GAMMA CHAIN 0.68 5.51 5.01 5.04 4.48 0.44 0.003 0.000 0.000 0.000 0.000 0.776 
FIBRONECTIN 0.52 4.34 3.69 4.13 3.49 0.25 0.035 0.000 0.000 0.000 0.000 0.902 
GALECTIN-3 1.57 3.72 2.14 4.44 2.83 -0.73 0.000 0.000 0.005 0.000 0.009 0.505 
GELSOLIN 0.46 4.24 3.66 4.64 4.2 -0.47 0.072 0.000 0.000 0.000 0.000 0.884 
HAPTOGLOBIN 0.78 2.81 2.3 3.22 2.5 -0.08 0.000 0.001 0.002 0.007 0.031 0.994 
HEMOPEXIN 0.75 2.81 2.2 2.96 2.25 -0.08 0.001 0.001 0.004 0.018 0.062 0.994 
HISTIDINE-RICH GLYCOPROTEIN 0.84 2.53 1.7 2.31 1.76 0.09 0.000 0.005 0.039 0.086 0.190 0.954 
HISTONE H1.0 0.08 -2.33 -1.88 -0.66 -0.76 -1.15 0.928 0.046 0.035 0.999 0.892 0.114 
HISTONE H2A TYPE 2-A -6.64 1.92 6.64 2.83 6.64 -0.9 0.000 0.050 0.000 0.024 0.000 0.267 
HYDROXYMETHYLGLUTARYL-COA LYASE, MITOCHONDRIAL -0.07 -6.64 -6.64 -6.64 -6.64 

 
0.989 0.000 0.000 0.000 0.000 

 

IG KAPPA CHAIN C REGION, A ALLELE 0.62 3.06 2.81 2.71 2.27 -0.21 0.008 0.000 0.000 0.031 0.059 0.954 
INTER-ALPHA-TRYPSIN INHIBITOR HEAVY CHAIN H3 0.92 4.02 3.14 3.78 3.01 0.13 0.000 0.000 0.000 0.001 0.004 0.929 
KERATIN, TYPE I CYTOSKELETAL 13 0.14 -3.09 -3.95 -1.83 -2.61 -1.34 0.827 0.002 0.000 0.508 0.045 0.028 
KERATIN, TYPE I CYTOSKELETAL 17 -0.64 -0.25 0.46 -0.42 0.29 0.23 0.037 0.998 0.894 0.999 0.998 0.902 
KERATIN, TYPE I CYTOSKELETAL 42 -0.77 -0.56 -0.23 -0.38 0.3 -0.31 0.006 0.998 0.985 0.999 0.998 0.902 
KERATIN, TYPE II CYTOSKELETAL 1B 0.28 2.22 2.15 1.46 1.36 0.67 0.454 0.017 0.005 0.468 0.423 0.445 
KERATIN, TYPE II CYTOSKELETAL 73 0.89 -0.2 -1.23 0.5 -0.56 -0.97 0.000 0.998 0.261 0.987 0.998 0.219 
KERATIN, TYPE II CYTOSKELETAL 75 -1 -0.65 -0.26 -1.65 -0.41 0.76 0.000 0.994 0.985 0.617 0.998 0.285 
METHANETHIOL OXIDASE -0.71 -2.31 -1.64 -1.8 -1.14 -0.51 0.015 0.037 0.066 0.525 0.658 0.872 
MITOCHONDRIAL FISSION 1 PROTEIN -0.16 -6.64 -6.64 -1.65 -1.21 -6.64 0.974 0.000 0.000 0.617 0.600 0.000 
MURINOGLOBULIN-1 0.82 2.54 1.92 2.77 2.09 -0.16 0.000 0.005 0.014 0.027 0.100 0.983 



 

 

Supplementary Table 4.2. continued 

PROTEINLIST 
ABUNDANCE RATIO (LOG2) ABUNDANCE RATIO ADJ. P-VALUE 

Y/R G/R G/Y O/R O/Y G/O Y/R G/R G/Y O/R O/Y G/O 
MYOGLOBIN -0.12 -2.39 -2.41 -2.93 -2.82 -0.08 0.981 0.028 0.002 0.048 0.022 0.994 
MYOSIN LIGHT CHAIN KINASE 3 -0.3 -6.64 -6.64 -2.03 -1.83 -6.64 0.741 0.000 0.000 0.367 0.219 0.000 
MYOSIN-11 (FRAGMENTS) -1.27 1.21 2.49 -0.01 -0.34 1.33 0.000 0.416 0.001 0.999 0.998 0.005 
MYOSIN-9 0.07 1.92 1.93 1.87 1.75 0.16 0.955 0.050 0.014 0.222 0.190 0.920 
NUCLEOSIDE DIPHOSPHATE KINASE B -0.22 -2.67 -2.15 -1.59 -1.39 -0.51 0.922 0.009 0.007 0.622 0.549 0.858 
OSTEOPONTIN 

 
6.64 6.64 6.64 6.64 0.26 

 
0.000 0.000 0.000 0.000 0.902 

PHOSPHATIDYLETHANOLAMINE-BINDING PROTEIN 1 -0.22 -2.75 -2.33 -2.69 -2.39 -0.08 0.908 0.007 0.003 0.096 0.080 0.994 
PHOSPHOGLYCERATE MUTASE 2 -0.34 -2.18 -1.85 -2.32 -2.03 0.14 0.641 0.056 0.030 0.210 0.172 0.922 
PLASMINOGEN 0.75 6.11 4.87 6.01 4.88 0.13 0.001 0.000 0.000 0.000 0.000 0.931 
PLASTIN-3 -0.18 3.01 3.13 3.39 3.52 -0.39 0.960 0.001 0.000 0.004 0.000 0.902 
PROSAPOSIN -0.09 2.1 1.93 2.81 2.35 -0.74 0.989 0.027 0.014 0.025 0.047 0.505 
PROTEIN S100-A4 2.3 2.67 0.36 3.91 1.34 -0.99 0.000 0.003 0.950 0.000 0.440 0.200 
PROTEIN S100-A8 3.58 6.64 2.97 6.51 2.89 0.54 0.000 0.000 0.000 0.000 0.007 0.602 
PROTEIN S100-A9 1.52 6.21 4.21 5.46 3.24 0.86 0.000 0.000 0.000 0.000 0.002 0.210 
PROTEIN Z-DEPENDENT PROTEASE INHIBITOR 6.64 6.64 2.02 6.64 2.02 0.02 0.000 0.000 0.009 0.000 0.122 0.983 
PROTEIN-GLUTAMINE GAMMA-GLUTAMYLTRANSFERASE K -0.72 -0.44 0.28 -6.64 -6.64 6.64 0.011 0.998 0.970 0.000 0.000 0.000 
PROTHROMBIN 0.68 4.66 3.92 4.49 3.75 0.32 0.003 0.000 0.000 0.000 0.000 0.902 
SERINE PROTEASE INHIBITOR A3K 0.6 2.07 1.44 2.2 1.36 -0.07 0.011 0.030 0.097 0.113 0.423 0.994 
SERINE PROTEASE INHIBITOR A3L 0.89 2.46 1.67 2.63 1.85 -0.22 0.000 0.006 0.043 0.036 0.151 0.940 
SERINE PROTEASE INHIBITOR A3M (FRAGMENT) 6.64 6.64 1.19 6.64 1.23 -0.04 0.000 0.000 0.234 0.000 0.518 0.994 
SERINE PROTEASE INHIBITOR A3N 0.66 2.66 2.22 2.81 2.17 0.1 0.004 0.003 0.003 0.025 0.080 0.948 
SEROTRANSFERRIN 0.61 2.62 2.02 2.52 1.92 0.15 0.009 0.003 0.009 0.048 0.141 0.922 
SERUM PARAOXONASE/ARYLESTERASE 1 6.64 6.64 1.44 6.64 1.3 0.14 0.000 0.000 0.097 0.000 0.463 0.922 
SMALL MUSCULAR PROTEIN -0.52 -1.99 -1.73 -2.02 -1.95 0.19 0.157 0.106 0.048 0.369 0.204 0.902 
SUPEROXIDE DISMUTASE [CU-ZN] -0.52 -2.34 -1.86 -1.92 -1.28 -0.45 0.161 0.033 0.029 0.432 0.598 0.902 
T-KININOGEN 1 0.54 2.86 2.2 2.93 1.91 0.06 0.027 0.001 0.004 0.019 0.141 0.977 
T-KININOGEN 2 0.41 2.4 1.92 2.59 1.92 -0.09 0.129 0.008 0.014 0.039 0.141 0.994 
TRANSGELIN -2.28 1.03 3.32 -3.02 -1.05 4.36 0.000 0.508 0.000 0.039 0.678 0.000 
TRANSKETOLASE -0.58 2.18 2.36 2.7 2.73 -0.4 0.082 0.020 0.002 0.032 0.013 0.902 
TRIOSEPHOSPHATE ISOMERASE -0.4 -2.13 -1.7 -1.99 -1.56 -0.09 0.456 0.066 0.054 0.388 0.443 0.994 
TRIPARTITE MOTIF-CONTAINING PROTEIN 72 -0.13 -1.92 -1.8 -2.42 -2.29 0.43 0.981 0.127 0.037 0.180 0.107 0.776 
TROPOMYOSIN ALPHA-3 CHAIN 0.1 1.8 1.77 1.97 1.85 -0.3 0.908 0.074 0.029 0.192 0.151 0.907 
TROPOMYOSIN ALPHA-4 CHAIN -0.25 1.45 1.7 1.39 1.57 0.32 0.872 0.207 0.039 0.523 0.281 0.902 
VITAMIN D-BINDING PROTEIN 0.52 1.8 1.39 2.74 1.94 -0.4 0.034 0.075 0.119 0.030 0.141 0.902 



 

Supplementary Table 4.3. Pathways analyses including the significantly up- or downregulated proteins were performed using EnrichR with 
Reactome’s cell signaling database. The pathways were ranked by the combined score. 

 TERM 
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OVERLAP P-VALUE 
ADJUSTED 
P-VALUE 

ODDS RATIO 
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Platelet degranulation  R-HSA-114608 16/105 1.81E-24 3.07E-22 93.94204613 5135.921229 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;CLU;TF;APOH;PSAP;A2M;HR
G 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 16/110 3.99E-24 3.39E-22 88.92273236 4791.000306 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;CLU;TF;APOH;PSAP;A2M;HR
G 

GRB2:SOS provides linkage to MAPK signaling 
for Integrins  

R-HSA-354194 4/15 6.34E-08 1.35E-06 144.9818182 2403.00819 FGB;FGA;FGG;FN1 

p130Cas linkage to MAPK signaling for integrins  R-HSA-372708 4/15 6.34E-08 1.35E-06 144.9818182 2403.00819 FGB;FGA;FGG;FN1 

Platelet activation, signaling and aggregation  R-HSA-76002 17/253 9.83E-20 5.57E-18 38.37265231 1679.421061 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;F2;CLU;TF;APOH;PSAP;A2M;
HRG 

Common Pathway of Fibrin Clot Formation  R-HSA-140875 4/22 3.35E-07 6.32E-06 88.56888889 1320.540854 FGB;FGA;FGG;F2 

Terminal pathway of complement  R-HSA-166665 2/8 1.98E-04 0.0016853 127.8205128 1089.782995 C9;CLU 

Platelet Aggregation (Plug Formation)  R-HSA-76009 5/37 4.84E-08 1.35E-06 63.50127551 1069.54849 FGB;FGA;FGG;FN1;F2 

Formation of Fibrin Clot (Clotting Cascade)  R-HSA-140877 5/39 6.37E-08 1.35E-06 59.75990396 990.1467484 FGB;FGA;FGG;A2M;F2 

Integrin alphaIIb beta3 signaling  R-HSA-354192 4/27 7.95E-07 1.35E-05 69.2973913 973.2558429 FGB;FGA;FGG;FN1 
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Common Pathway of Fibrin Clot Formation  R-HSA-140875 4/22 5.62E-08 1.85E-06 142.9892473 2387.131949 FGB;FGA;FGG;F2 

GRB2:SOS provides linkage to MAPK signaling 
for Integrins  

R-HSA-354194 3/15 2.20E-06 3.23E-05 155.8828125 2030.574419 FGB;FGA;FGG 

p130Cas linkage to MAPK signaling for integrins  R-HSA-372708 3/15 2.20E-06 3.23E-05 155.8828125 2030.574419 FGB;FGA;FGG 

Erythrocytes take up oxygen and release 
carbon dioxide  

R-HSA-1247673 2/8 8.28E-05 9.10E-04 201.6060606 1895.027824 CA2;SLC4A1 

Platelet degranulation  R-HSA-114608 8/105 9.21E-12 8.88E-10 60.68881252 1542.165169 
FGB;FGA;ORM1;ITIH3;TF;FGG;
PLG;HRG 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 8/110 1.34E-11 8.88E-10 57.69934641 1444.339678 
FGB;FGA;ORM1;ITIH3;TF;FGG;
PLG;HRG 

  



 

 

Supplementary Table 4.3. continued 

 TERM 
PATHWAY 
IDENTIFIER 

OVERLAP P-VALUE 
ADJUSTED 
P-VALUE 

ODDS RATIO 
COMBINED 

SCORE 
GENES 
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 Platelet Aggregation (Plug Formation)  R-HSA-76009 4/37 4.98E-07 1.10E-05 77.93548387 1131.050767 FGB;FGA;FGG;F2 
Formation of Fibrin Clot (Clotting Cascade)  R-HSA-140877 4/39 6.19E-07 1.17E-05 73.47465438 1050.371154 FGB;FGA;FGG;F2 
Erythrocytes take up carbon dioxide and 
release oxygen  

R-HSA-1237044 2/12 1.94E-04 0.001831 120.9393939 1033.62052 CA2;SLC4A1 

O2/CO2 exchange in erythrocytes  R-HSA-1480926 2/12 1.94E-04 0.001831 120.9393939 1033.62052 CA2;SLC4A1 
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Platelet degranulation  R-HSA-114608 14/105 1.45E-21 2.28E-19 92.5967366 4442.781254 
FGB;FGA;ITIH3;SERPINA1;AHS
G;FGG;FN1;APOA1;PLG;CLU;T
F;APOH;PSAP;A2M 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 14/110 2.89E-21 2.28E-19 87.75189394 4150.074866 
FGB;FGA;ITIH3;SERPINA1;AHS
G;FGG;FN1;APOA1;PLG;CLU;T
F;APOH;PSAP;A2M 

GRB2:SOS provides linkage to MAPK signaling 
for Integrins  

R-HSA-354194 4/15 3.58E-08 7.08E-07 168.6427061 2891.240452 FGB;FGA;FGG;FN1 

p130Cas linkage to MAPK signaling for integrins  R-HSA-372708 4/15 3.58E-08 7.08E-07 168.6427061 2891.240452 FGB;FGA;FGG;FN1 

Common Pathway of Fibrin Clot Formation  R-HSA-140875 4/22 1.90E-07 3.33E-06 103.0232558 1594.53488 FGB;FGA;FGG;F2 

Platelet activation, signaling and aggregation  R-HSA-76002 15/253 1.17E-17 6.18E-16 38.82943803 1513.724092 
FGB;FGA;ITIH3;SERPINA1;AHS
G;FGG;FN1;APOA1;PLG;F2;CL
U;TF;APOH;PSAP;A2M 

Platelet Aggregation (Plug Formation)  R-HSA-76009 5/37 2.37E-08 7.08E-07 74.1108631 1301.174794 FGB;FGA;FGG;FN1;F2 

Terminal pathway of complement  R-HSA-166665 2/8 1.50E-04 0.001185 147.7555556 1300.983698 C9;CLU 

Formation of Fibrin Clot (Clotting Cascade)  R-HSA-140877 5/39 3.12E-08 7.08E-07 69.74439776 1205.347704 FGB;FGA;FGG;A2M;F2 

Integrin alphaIIb beta3 signaling  R-HSA-354192 4/27 4.51E-07 7.13E-06 80.60667341 1177.735339 FGB;FGA;FGG;FN1 
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GRB2:SOS provides linkage to MAPK signaling 
for Integrins  

R-HSA-354194 4/15 4.81E-09 8.78E-08 290.3272727 5560.490114 FGB;FGA;FGG;FN1 

p130Cas linkage to MAPK signaling for integrins  R-HSA-372708 4/15 4.81E-09 8.78E-08 290.3272727 5560.490114 FGB;FGA;FGG;FN1 

Platelet degranulation  R-HSA-114608 11/105 1.56E-18 1.94E-16 129.2239953 5298.640461 
FGB;FGA;ITIH3;SERPINA1;APO
H;PSAP;FGG;FN1;PLG;A2M;CL
U 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 11/110 2.65E-18 1.94E-16 122.6666667 4964.375714 
FGB;FGA;ITIH3;SERPINA1;APO
H;PSAP;FGG;FN1;PLG;A2M;CL
U 

Common Pathway of Fibrin Clot Formation  R-HSA-140875 4/22 2.56E-08 4.15E-07 177.36 3100.375707 FGB;FGA;FGG;F2 

  



 

Supplementary Table 4.3. continued 

 
TERM 

PATHWAY 
IDENTIFIER 

OVERLAP P-VALUE 
ADJUSTED 
P-VALUE 

ODDS RATIO 
COMBINED 

SCORE 
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Platelet Aggregation (Plug Formation)  R-HSA-76009 5/37 1.88E-09 5.49E-08 129.8111979 2608.126512 FGB;FGA;FGG;FN1;F2 

Formation of Fibrin Clot (Clotting Cascade)  R-HSA-140877 5/39 2.48E-09 6.03E-08 122.1629902 2420.709584 FGB;FGA;FGG;A2M;F2 

Terminal pathway of complement  R-HSA-166665 2/8 5.65E-05 4.86E-04 246.4814815 2410.753549 C9;CLU 

Integrin alphaIIb beta3 signaling  R-HSA-354192 4/27 6.11E-08 8.11E-07 138.7686957 2305.02512 FGB;FGA;FGG;FN1 

Platelet activation, signaling and aggregation  R-HSA-76002 12/253 5.54E-16 2.70E-14 57.78862582 2030.048839 
FGB;FGA;ITIH3;SERPINA1;APO
H;PSAP;FGG;FN1;PLG;A2M;F2;
CLU 
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Platelet degranulation  R-HSA-114608 17/105 1.81E-26 3.27E-24 103.6812039 6145.774495 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;CLU;TF;APOH;PSAP;ALB;A2
M;HRG 

Response to elevated platelet cytosolic Ca2+  -HSA-76005 17/110 4.22E-26 3.82E-24 98.08224353 5730.738454 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;CLU;TF;APOH;PSAP;ALB;A2
M;HRG 

GRB2:SOS provides linkage to MAPK signaling 
for Integrins  

R-HSA-354194 4/15 6.34E-08 1.44E-06 144.9818182 2403.00819 FGB;FGA;FGG;FN1 

p130Cas linkage to MAPK signaling for integrins  R-HSA-372708 4/15 6.34E-08 1.44E-06 144.9818182 2403.00819 FGB;FGA;FGG;FN1 

Platelet activation, signaling and aggregation  R-HSA-76002 18/253 2.41E-21 1.46E-19 41.93829787 1990.931388 

FGB;FGA;ORM1;ITIH3;SERPIN
A1;AHSG;FGG;FN1;APOA1;PL
G;F2;CLU;TF;APOH;PSAP;ALB;
A2M;HRG 

HDL-mediated lipid transport  R-HSA-194223 4/19 1.78E-07 3.59E-06 106.2986667 1651.763181 ALB;APOA1;APOE;A2M 

Common Pathway of Fibrin Clot Formation  R-HSA-140875 4/22 3.35E-07 6.06E-06 88.56888889 1320.540854 FGB;FGA;FGG;F2 

Terminal pathway of complement  R-HSA-166665 2/8 1.98E-04 0.001560 127.8205128 1089.782995 C9;CLU 

Platelet Aggregation (Plug Formation)  R-HSA-76009 5/37 4.84E-08 1.44E-06 63.50127551 1069.54849 FGB;FGA;FGG;FN1;F2 

Formation of Fibrin Clot (Clotting Cascade)  R-HSA-140877 5/39 6.37E-08 1.44E-06 59.75990396 990.1467484 FGB;FGA;FGG;A2M;F2 
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RHO GTPases activate CIT  R-HSA-5625900 1/16 0.004791 0.040632 266.3866667 1422.778691 MYH11 
RHO GTPases Activate ROCKs  R-HSA-5627117 1/17 0.005090 0.040632 249.725 1318.679916 MYH11 
RHO GTPases activate PAKs  R-HSA-5627123 1/21 0.006284 0.040632 199.74 1012.625496 MYH11 
Nephrin interactions  R-HSA-373753 1/22 0.006583 0.040632 190.2190476 955.5316922 ACTN4 
Sema4D induced cell migration and growth-
cone collapse  

R-HSA-416572 1/24 0.007179 0.040632 173.6608696 857.2874885 MYH11 



 

 

Supplementary Table 4.3. continued 
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PATHWAY 
IDENTIFIER 
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ADJUSTED 
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 Sema4D in semaphorin signaling  R-HSA-400685 1/27 0.008074 0.040632 153.6 740.2218192 MYH11 
Smooth Muscle Contraction  R-HSA-445355 1/33 0.009860 0.040632 124.7625 576.3067827 MYH11 
EPHA-mediated growth cone collapse  R-HSA-3928663 1/34 0.010158 0.040632 120.9757576 555.2185649 MYH11 
Elastic fibre formation  R-HSA-1566948 1/41 0.012239 0.043515 99.77 439.3037926 ELN 
RHO GTPases activate PKNs  R-HSA-5625740 1/60 0.017868 0.057176 67.57627119 271.9786469 MYH11 
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Fructose metabolism  R-HSA-5652084 1/6 0.005090 0.110569 249.725 1318.679916 AKR1B1 

Synthesis of Ketone Bodies  R-HSA-77111 1/7 0.005936 0.110569 208.09375 1066.850192 HMGCL 

Ketone body metabolism  -HSA-74182 1/8 0.006781 0.110569 178.3571429 890.6521752 HMGCL 

Pregnenolone biosynthesis  R-HSA-196108 1/9 0.007625 0.110569 156.0546875 760.9633552 AKR1B1 

Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX)  

R-HSA-2162123 1/14 0.011838 0.147132 96.00961538 425.939424 CBR1 

Hormone-sensitive lipase (HSL)-mediated 
triacylglycerol hydrolysis  

R-HSA-163560 1/20 0.016871 0.171310 65.67105263 268.0787716 FABP3 

Synthesis and interconversion of nucleotide di- 
and triphosphates  

R-HSA-499943 1/25 0.021047 0.171310 51.9765625 200.6813585 NME2 

Metabolism of steroid hormones  R-HSA-196071 1/30 0.025206 0.171310 43.00431034 158.2846853 AKR1B1 

Gluconeogenesis  -HSA-70263 1/32 0.026865 0.171310 40.22580645 145.4938996 ENO3 

Glycolysis  R-HSA-70171 1/32 0.026865 0.171310 40.22580645 145.4938996 ENO3 
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Neurotransmitter Clearance In The Synaptic 
Cleft  

R-HSA-112311 1/8 0.005189 0.063850 237.8571429 1251.41637 MAOA 

Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX)  

R-HSA-2162123 1/14 0.009064 0.063850 128.0384615 602.2149226 CBR1 

RHO GTPases activate CIT  R-HSA-5625900 1/16 0.010353 0.063850 110.9555556 507.117753 MYH11 

RHO GTPases Activate ROCKs  R-HSA-5627117 1/17 0.010997 0.063850 104.015625 469.1243344 MYH11 

Norepinephrine Neurotransmitter Release 
Cycle  

R-HSA-181430 1/18 0.011640 0.063850 97.89215686 435.9406355 MAOA 

RHO GTPases activate PAKs  R-HSA-5627123 1/21 0.013568 0.063850 83.19583333 357.7439297 MYH11 

Nephrin interactions  R-HSA-373753 1/22 0.014210 0.063850 79.23015873 337.0293803 ACTN4 

Sema4D induced cell migration and growth-
cone collapse  

R-HSA-416572 1/24 0.015493 0.063850 72.33333333 301.4411523 MYH11 

Sema4D in semaphorin signaling  R-HSA-400685 1/27 0.017414 0.063850 63.9775641 259.1414089 MYH11 

Smooth Muscle Contraction  R-HSA-445355 1/33 0.021245 0.065647 51.96614583 200.1543653 MYH11 

  



 

Supplementary Table 4.3. continued 
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Synthesis of ketone bodies  R-HSA-77111 1/7 0.002448 0.025173 555.1944444 3338.153583 Hmgcl 
Ketone body metabolism  R-HSA-74182 1/8 0.002797 0.025173 475.8571429 2797.6605 HMGCL 
Nephrin interactions  R-HSA-373753 1/22 0.007676 0.046054 158.5079365 771.8855079 ACTN4 
TP53 Regulates Metabolic Genes  R-HSA-5628897 1/84 0.029036 0.085221 39.97991968 141.4973273 COX6A1 
Respiratory electron transport  R-HSA-611105 1/88 0.030401 0.085221 38.13409962 133.2134289 COX6A1 
Platelet degranulation  R-HSA-114608 1/105 0.036181 0.085221 31.87339744 105.7945348 ACTN4 
Respiratory electron transport, ATP synthesis 
by chemiosmotic coupling, and heat production 
by uncoupling proteins.  

R-HSA-163200 1/109 0.037537 0.085221 30.6867284 100.7268068 COX6A1 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 1/110 0.037876 0.085221 30.40366972 99.52457965 ACTN4 
Cell-Cell communication  R-HSA-1500931 1/131 0.044965 0.089930 25.46538462 78.99021819 ACTN4 
The citric acid (TCA) cycle and respiratory 
electron transport  

R-HSA-1428517 1/153 0.052344 0.094219 21.75548246 64.17688512 COX6A1 

D
O

W
N

 IN
 O

R
A

N
G

E 
V

S.
 Y

EL
LO

W
 

Synthesis of Ketone Bodies  R-HSA-77111 1/7 0.002448 0.027970 555.1944444 3338.153583 HMGCL 

Ketone body metabolism  R-HSA-74182 1/8 0.002797 0.027970 475.8571429 2797.6605 HMGCL 

Hormone-sensitive lipase (HSL)-mediated 
triacylglycerol hydrolysis  

R-HSA-163560 1/20 0.006980 0.038378 175.2105263 869.8689178 FABP3 

Nephrin interactions  R-HSA-373753 1/22 0.007676 0.038378 158.5079365 771.8855079 ACTN4 

Lipid digestion, mobilization, and transport  R-HSA-73923 1/71 0.024590 0.063127 47.43571429 175.7682775 FABP3 

TP53 Regulates Metabolic Genes  R-HSA-5628897 1/84 0.029036 0.063127 39.97991968 141.4973273 COX6A1 

Respiratory electron transport  R-HSA-611105 1/88 0.030401 0.063127 38.13409962 133.2134289 COX6A1 

Platelet degranulation  R-HSA-114608 1/105 0.036181 0.063127 31.87339744 105.7945348 ACTN4 

Respiratory electron transport, ATP synthesis 
by chemiosmotic coupling, and heat production 
by uncoupling proteins.  

R-HSA-163200 1/109 0.037537 0.063127 30.6867284 100.7268068 COX6A1 

Response to elevated platelet cytosolic Ca2+  R-HSA-76005 1/110 0.037875921 0.063127 30.40366972 99.52457965 ACTN4 

D
O

W
N

 G
 V

S 
Y

 

Gluconeogenesis  R-HSA-70263 3/32 6.45E-06 2.97E-04 103.1793103 1233.190815 TPI1;PGAM2;ENO3 
Glycolysis  R-HSA-70171 3/32 6.45E-06 2.97E-04 103.1793103 1233.190815 TPI1;PGAM2;ENO3 
Fructose metabolism  R-HSA-5652084 1/6 0.006881 0.090436 181.5636364 904.0045996 AKR1B1 
Synthesis of Ketone Bodies  R-HSA-77111 1/7 0.008023 0.092269 151.2954545 730.0602206 HMGCL 
Ketone body metabolism  R-HSA-74182 1/8 0.009165 0.093682 129.6753247 608.4900471 HMGCL 
Pregnenolone biosynthesis  R-HSA-196108 1/9 0.010304 0.094801 113.4602273 519.1007406 AKR1B1 
Creatine metabolism  R-HSA-71288 1/10 0.011443 0.095706 100.8484848 450.8296991 CKM 
Glucose metabolism  R-HSA-70326 3/79 9.92E-05 0.003043 39.27828947 362.071203 TPI1;PGAM2;ENO3 



 

 

Supplementary Table 4.3. continued 

 
TERM 

PATHWAY 
IDENTIFIER 

OVERLAP P-VALUE 
ADJUSTED 
P-VALUE 

ODDS RATIO 
COMBINED 

SCORE 
GENES 

 Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX)  

R-HSA-2162123 1/14 0.015985 0.122553 69.8041958 288.7164567 CBR1 

Hormone-sensitive lipase (HSL)-mediated 
triacylglycerol hydrolysis  

R-HSA-163560 1/20 0.022761 0.161078 47.74641148 180.6107069 FABP3 

D
O

W
N

 G
 V

S 
O

 

Synthesis of Prostaglandins (PG) and 
Thromboxanes (TX)  

R-HSA-2162123 1/14 0.004890 0.029342 256.1538462 1362.86237 CBR1 

Arachidonic acid metabolism  R-HSA-2142753 1/53 0.018406 0.055217 63.91346154 255.3400953 CBR1 

Factors involved in megakaryocyte 
development and platelet production  

R-HSA-983231 1/141 0.048325 0.096651 23.63452381 71.60788702 CAPZB 

Hemostasis  R-HSA-109582 1/552 0.177943 0.250908 5.880822747 10.15201616 CAPZB 

Metabolism of lipids and lipoproteins  R-HSA-556833 1/659 0.209090 0.250908 4.897416413 7.664415599 CBR1 

Metabolism  R-HSA-1430728 1/1908 0.504380 0.504380 1.580667715 1.081847964 CBR1 
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CHAPTER 5 
Supplementary Table 5.1. m/z peaks with significant difference between infarct and 
remote at different timepoints from LDA models. 

3 hours 24 hours 3 days 7 days 

496.36 518.33 504.00 504.00 
518.33 519.34 519.34 520.35 
519.34 524.39 524.39 522.37 
520.35 534.30 568.33 534.30 
524.39 542.32 618.01 535.31 
534.30 546.36 664.15 536.32 
542.32 558.29 725.57 542.95 
553.93 562.33 732.58 544.02 
558.29 586.00 741.54 558.29 
560.31 616.17 744.51 582.28 
562.33 639.15 746.59 582.97 
567.00 754.54 754.54 620.91 
568.33 756.56 756.56 693.50 
616.17 780.55 758.58 703.60 
639.15 784.59 769.57 704.55 
734.60 786.61 770.51 725.57 
780.55 793.18 772.53 726.52 
782.57 796.52 780.55 741.54 
786.61 806.56 782.57 753.60 
796.52 808.14 784.59 754.54 
797.53 808.58 786.61 756.56 
798.54 810.60 792.17 772.53 
804.54 814.51 792.61 774.55 
806.56 820.51 796.52 780.55 
814.51 826.57 800.56 782.57 
820.51 830.55 808.58 784.59 
828.53 834.59 814.51 798.54 
844.50 836.61 820.51 800.56 
846.52 852.51 822.53 824.55 
852.51 856.55 824.55 828.53 
856.55 868.48 826.57 830.55 
872.52 872.52 828.53 834.59 
905.73 874.54 830.55 844.50 

 880.73 834.59 846.52 
  844.50 856.55 
  846.52 868.48 
  852.51 872.52 
  856.55  
  866.46  
  870.50  
  872.52  
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Supplementary Table 5.2. TOF-TOF identification of m/z peaks with significant difference 
from the Linear Discriminant Analysis (LDA). Verification with DDA based on identification 
with DHB as matrix, unless NORH (norharmane) is mentioned. 

M/Z 
PRECURSOR 

LIPID 
ASSIGNMENT 

M/Z 
PRODUCT 

PEAK DESCRIPTION 
M/Z VERIFICATION 
WITH DDA 

496.36 LPC 16:0+H+ 

103.558 HOCH2CH2N(CH3)3 

496.3391 183.961 choline headgroup 

478.429 M-H2O+H+ 

518.33 LPC 16:0+Na+ 

85.393 CHCH2N(CH3)3 

518.3210 

103.532 HOCH2CH2N(CH3)3 

183.951 choline headgroup 

459.09 neutral loss of N(CH3)3 

477.14 
 

502.408 
 

520.35 LPC 18:2+H+ 

103.516 HOCH2CH2N(CH3)3 

(NORH) 
520.3421 

183.94 choline headgroup 

459.013 
 

502.402 M-H2O+H+ 

524.39 LPC 18:0+H+ 

103.536 HOCH2CH2N(CH3)3 

524.3703 183.937 choline headgroup 

506.408 M-H2O+H+ 

535.31 LPE 22:1+H+ 

85.371 
 

Not found 
103.496 

 

475.076 M+H2O-C2NH5+H+ 

518.276 M-H2O+H+ 

542.32 LPC 18:2+Na+ 

103.521 HOCH2CH2N(CH3)3 

542.3210 483.227 neutral loss of N(CH3)3 

518.303 
 

546.36 LPC 18:0+Na+ 

85.375 CHCH2N(CH3)3 

546.3523 

103.506 HOCH2CH2N(CH3)3 

183.903 choline headgroup 

390.818 
 

483.068 
 

487.266 neutral loss of N(CH3)3 

518.309 
 

531.35 
 

558.29 PC-P 20:0+Na+ 

86.082 CHCH2N(CH3)3 

Not found 

104.109 HOCH2CH2N(CH3)3 

487.133 
 

499.249 neutral loss of N(CH3)3 

518.495 
 

534.086 
 

545.246   

562.33 
PC 20:2+H+ 
or 
LPC 18:0+K+ 

86.087 CHCH2N(CH3)3 

562.3262 
LPC 18:0+K+ 

104.104 HOCH2CH2N(CH3)3 

499.062 
 

503.29 neutral loss of N(CH3)3 
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Supplementary Table 5.2. continued 

M/Z 
PRECURSOR 

LIPID 
ASSIGNMENT 

M/Z 
PRODUCT 

PEAK DESCRIPTION 
M/Z VERIFICATION 
WITH DDA 

568.33 LPC 22:6+H+ 

86.069 CHCH2N(CH3)3 

(NORH) 
568.3393 

104.11 HOCH2CH2N(CH3)3 

184.054 choline headgroup 

390.912 
 

413.947 
 

503.152 
 

507.238 
 

518.479 
 

546.292 
 

550.371 M-H2O+H+ 

725.57 SM 34:1+Na+ 

146.994 
 

725.5559 

184.071 choline headgroup 

542.512 
neutral loss of choline 
headgroup 

598.429 
 

666.505 neutral loss of N(CH3)3 

734.6 PC 32:0+H+ 184.052 choline headgroup 734.5685 

741.54 SM 35:0+Na+ 

162.94 
 

Not found 184.033 choline headgroup 

682.49 neutral loss of N(CH3)3 

756.56 
PC 32:0+Na+ 
or 
PC 34:3+H+ 

146.97 
 

(DHB) 
756.5505 
PC 32:0+Na+ 
 
(NORH) 
756.5510 
PC 34:3+H+ 

184.065 choline headgroup 

573.543 
neutral loss of choline 
headgroup 

694.498 
 

697.496 neutral loss of N(CH3)3 

758.58 PC 34:2+H+ 

146.97 
 

758.5685 

184.07 choline headgroup 

573.486 
 

694.366 
 

697.463   

772.53 
PC 34:6+Na+ 
or 
PC 35:2+H+ 

86.083 CHCH2N(CH3)3 

(NORH) 
772.5888 
PC 35:2+H+ 

162.942 
 

184.037 choline headgroup 

645.472 
 

710.421 
 

713.466 neutral loss of N(CH3)3 

780.55 
PC 34:2+Na+ 
or 
PC 36:5+H+ 

86.08 CHCH2N(CH3)3 

(DHB) 
780.5505 
PC 34:2+Na+ 
 
(NORH) 
780.5510 
PC 34:2+Na+ 
PC 36:5+H+ 

146.982 
 

162.961 
 

184.074 choline headgroup 

575.552 
 

597.536 
neutral loss of choline 
headgroup 

645.531 
 

713.402 neutral loss of N(CH3)3 

721.525 
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Supplementary Table 5.2. continued 

M/Z 
PRECURSOR 

LIPID 
ASSIGNMENT 

M/Z 
PRODUCT 

PEAK DESCRIPTION 
M/Z VERIFICATION 
WITH DDA 

782.57 
PC 34:1+Na+ 
or 
PC 36:4+H+ 

86.061 CHCH2N(CH3)3 

(DHB) 
782.5665 
PC 34:1+Na+ 
 
(NORH) 
782.5673 
PC 36:4+H+ 
PC 34:1+Na+ 

146.971 
 

184.059 choline headgroup 

575.511 
 

597.499 
 

600.258 neutral loss of sn1 (12:0) 

618.263 
 

645.484 
 

721.468 
 

723.513 neutral loss of N(CH3)3 

786.61 
PC 36:2+H+ 
or 
PC 35:6+Na+ 

146.961  

(DHB) 
786.5997 
PC 36:2+H+ 
 
(NORH) 
786.6045 
PC 36:2+H+ 

184.058 choline headgroup 

597.489  

599.516  

645.478  

720.472  

723.469  

744.552  

783.427  

796.52 
PC 37:4+H+ 
or 
PC 35:1+Na+ 

86.078  

Not found 

146.96  

162.942  

184.037 choline headgroup 

638.064  

651.522  

737.487  

798.54 
PC 37:3+H+ 
or 
PC 35:0+Na+ 

86.075  

Not found 

146.945  

162.94  

184.027 choline headgroup 

645.562  

673.553  

737.438  

739.477  

800.56 
PC 37:2+H+ 
or 
PC 36:6+Na+ 

86.055  

800.5187 
PC 36:6+Na+ 

162.935  

184.031 choline headgroup 

651.498  

737.427  

739.44  

798.478  

806.56 
PC 38:6+H+ 
or 
PC 36:3+Na+ 

86.073  (DHB) 
806.5678 
PC 38:6+H+ 
or 
PC 36:3+Na+ 
 
(NORH) 
806.5729 
PC 38:6+H+ 

146.976  

184.055 choline headgroup 

624.529  

654.115  

738.438  

745.444  

747.489  

749.529  
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Supplementary Table 5.2. continued 

M/Z 
PRECURSOR 

LIPID 
ASSIGNMENT 

M/Z 
PRODUCT 

PEAK DESCRIPTION 
M/Z VERIFICATION 
WITH DDA 

808.5 
PC 38:5+H+ 
or 
PC 36:2+Na+ 

86.081  

(DHB) 
808.5820 
PC 36:2+Na+ 
 
(NORH) 
808.5871 
PC 38:5+H+ 

146.981  

162.906  

184.063 choline headgroup 

621.521  

623.528  

625.557  

654.127  

673.524  

736.411  

739.392  

745.466  

749.543  

780.545  

782.573  

814.51 
PC 38:2+H+ 
or 
PC 37:6+Na+ 

86.072  

(NORH) 
814.5396 
PC 37:6+Na+ 

146.971  

162.959  

184.045 choline headgroup 

625.523  

627.508  

672.471  

745.385  

748.471  

750.495  

755.512  

771.523  

780.555  

820.51 
PC 39:6+H+ 
or 
PC 37:3+Na+ 

86.077  

Not found 

162.938  

184.021 choline headgroup 

673.473  

761.469  

771.429  

824.55 
PC 39:4+H+ 
or 
PC 37:2+Na+ 

86.088  

Not found 

162.946  

184.05 choline headgroup 

761.437  

763.472  

765.511  

798.516  

828.53 
PC 39:2+Na+ 
or 
PC 38:6+Na+ 

86.074  

828.5505 
PC 38:6+Na+ 

146.98  

162.941  

184.067 choline headgroup 

623.536  

645.52  

665.001  

761.406  

765.469  

769.506  

797.512  
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Supplementary Table 5.2. continued 

M/Z 
PRECURSOR 

LIPID 
ASSIGNMENT 

M/Z 
PRODUCT 

PEAK DESCRIPTION 
M/Z VERIFICATION 
WITH DDA 

834.59 
PC 40:6+H+ 
or 
PC 38:3+Na+ 

86.08  

(DHB) 
836.5994 
PC 40:6+H+ 
or 
PC 38:3+Na+ 
 
(NORH) 
836.6045 
PC 40:6+H+ 

146.97  

162.955  

179.975  

184.066 choline headgroup 

645.488  

649.52  

764.461  

769.436  

773.486  

780.7  

796.547  

844.5 
PC 40:1+H+ 
or 
PC 39:5+Na+ 

86.078  

Not found 

162.938  

184.045 choline headgroup 

769.424  

785.465  

846.52 
PC 40:0+H+ 
or 
PC 39:4+Na+ 

86.072  

Not found 

162.94  

184.034 choline headgroup 

645.468  

769.356  

773.409  

785.429  

788.284  

856.55 PC 41:2+H+ 
or 
PC 40:6+Na+ 

86.082  

856.5816 
PC 40:6+Na+ 

146.98  

184.041 choline headgroup 

651.574  

673.548  

692.736  

785.398  

793.412  

797.541  

828.563  

872.52 PC 42:1+H+ 
or 
PC 41:5+Na+ 

86.083  

Not found 

162.95  

184.081 choline headgroup 

797.511  

809.446  

813.501  

828.594  
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Supplementary Table 5.3. Lipids identified with DDA in positive ion mode from the 24h 
heart, using DHB or norharmane (NORH). 
The spatial distribution and correlation (corr.) was based on the colocalization of m/z values 
with ‘infarct’ or ‘non-infarct’ tissue using LipostarMSI. The spatial distribution was verified 
by visual inspection, ‘homogeneous’ was added if no clear correlation with one of the 
regions could be observed. If no correlation was given by the software, it was only based on 
visual inspection. 

OBSERVED M/Z IN ORBITRAP 
LIPID ASSIGNMENT 

THEORETICAL 
M/Z 

MASS ERROR 
(IN PPM) 

SPATIAL DISTRIBUTION 

DHB NORH DHB NORH  CORR. 

496.3391 496.3420 LPC 16:0 [M+H]+ 496.3398 -1.3 4.5 infarct 0.61 

518.3210 
518.3240 

LPC 16:0 [M+Na]+ 518.3217 -1.4 4.4 
infarct 0.66  LPC 18:3 [M+H]+ 518.3241  -0.2 

 520.3421 LPC 18:2 [M+H]+ 520.3398  4.5 infarct 0.64 

524.3703 524.3734 LPC 18:0 [M+H]+ 524.3711 -1.5 4.4 infarct 0.64 

534.2949 534.2981 LPC 16:0 [M+K]+ 534.2956 -1.3 4.7 infarct 0.62 
 568.3393 LPC 22:6 [M+H]+ 568.3398  -0.8 non-infarct 0.60 
 701.5625 SM 34:2 [M+H]+ 701.5592  4.7 infarct  
703.5740 703.5783 SM 34:1 [M+H]+ 703.5749 -1.2 4.9 infarct 0.50 
 720.5571 PC 31:0 [M+H]+ 720.5538  4.6 infarct 0.61 
 720.5937 PC-O 32:0 [M+H]+ 720.5902  4.9 infarct 0.61 
 731.6097 SM 36:1 [M+H]+ 731.6062  4.8 non-infarct  
734.5685 734.5730 PC 32:0 [M+H]+ 734.5694 -1.3 4.9 infarct 0.44 
 744.5550 PC 33:2 [M+H]+ 744.5538  1.6 infarct 0.54 
 744.5938 PC-O 34:2 [M+H]+ 744.5902  4.9 infarct 0.53 
 745.6254 SM 37:1 [M+H]+ 745.6218  4.8 infarct  
756.5505  PC 32:0 [M+Na]+ 756.5514 -1.2  infarct 0.58 
 756.5510 PC 34:3 [M+H]+ 756.5538  -3.7 infarct  
 757.6254 SM 38:2 [M+H]+ 757.6218  4.7 non-infarct 0.58 

758.5685 758.5689 PC 34:2 [M+H]+ 758.5694 -1.2 -0.7 infarct 0.45 

759.6364 759.6370 SM 38:1 [M+H]+ 759.6375 -1.4 -0.6 non-infarct  
760.5841 760.5886 PC 34:1 [M+H]+ 760.5851 -1.3 4.6 homogeneous  
 762.6043 PC 34:0 [M+H]+ 762.6007  4.7 infarct  
 768.5553 PC 35:4 [M+H]+ 768.5538  2.0 infarct 0.56 
 768.5928 PC-O 36:4 [M+H]+ 768.5902  3.4 infarct 0.56 
 772.5888 PC 35:2 [M+H]+ 772.5851  4.8 infarct  
 772.6251 PC-O 36:2 [M+H]+ 772.6215  4.7 infarct 0.53 
 774.6044 PC 35:1 [M+H]+ 774.6007  4.7 infarct 0.62 

780.5505  PC 34:2 [M+Na]+ 780.5514 -1.1  infarct 0.60 

781.6184  SM 38:1 [M+Na]+ 781.6194 -1.3  homogeneous  
782.5086  PC 33:2 [M+K]+ 782.5097 -1.4  infarct  
782.5450  PC-O 34:2 [M+K]+ 782.5460 -1.3  infarct  
782.5667  PC 34:1 [M+Na]+ 782.5670 -0.4  infarct 0.41 
 782.5721 PC 36:4 [M+H]+ 782.5694  3.4 infarct  
784.5242  PC 33:1 [M+K]+ 784.5253 -1.4  infarct  
784.5607  PC-O 34:1 [M+K]+ 784.5617 -1.3  infarct 0.36 

784.5833  PC 34:0 [M+Na]+ 784.5827 0.8  infarct 0.37 
 784.5883 PC 36:3 [M+H]+ 784.5851  4.1 homogeneous  

 785.6569 SM 40:2 [M+H]+ 785.6531  4.8 homogeneous  

786.5033  PE 38:6 [M+Na]+ 786.5044 -1.4  non-infarct 0.20 

786.5399  PE 36:0 [M+K]+ 786.5410 -1.4  homogeneous  
786.5997 786.6045 PC 36:2 [M+H]+ 786.6007 -1.3 4.8 homogeneous  

787.6678 787.6683 SM 40:1 [M+H]+ 787.6688 -1.2 -0.6 homogeneous  
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Supplementary Table 5.3. continued 

OBSERVED M/Z IN ORBITRAP 
LIPID ASSIGNMENT 

THEORETICAL 
M/Z 

MASS ERROR 
(IN PPM) 

SPATIAL DISTRIBUTION 

DHB NORH DHB NORH  CORR. 

788.6153 788.6200 PC 36:1 [M+H]+ 788.6164 -1.4 4.6 non-infarct 0.4 
 790.4806 PE 37:5 [M+K]+ 790.4784  2.8 non-infarct 0.65 

790.5137 790.5168 PE-O 38:5 [M+K]+ 790.5147 -1.3 2.7 non-infarct 0.65 

790.5347  PE 38:4 [M+Na]+ 
790.5357 -1.3 

 
homogeneous  

PC 35:4 [M+Na]+ 

 790.5397 
PC 37:7 [M+H]+ 

790.5371 
 

3.2 non-infarct 0.72 
PE 40:7 [M+H]+ 

790.5729 790.5739 PC-O 38:7 [M+H]+ 790.5745 -2.0 -0.8 non-infarct 0.45 
 792.4970 PC 34:4 [M+K]+ 792.4940  3.8 non-infarct 0.51 

 792.5573 
PC 37:6 [M+H]+ 

792.5538 
 

4.4 non-infarct 0.69 
PE 40:6 [M+H]+ 

 792.5937 PC-O 38:6 [M+H]+ 792.5902  4.5 non-infarct 0.69 

794.5085  PC 34:3 [M+K]+ 794.5097 -1.5  non-infarct 0.37 

794.5660  PC 35:2 [M+Na]+ 
794.5670 -1.3 

 
infarct 0.21 

PE 38:2 [M+Na]+ 

794.6036  PC-O 36:2 [M+Na]+ 794.6034 0.2  infarct  
 801.6882 SM 41:1 [M+H]+ 801.6844  4.7 infarct  

802.4772  PC 35:6 [M+K]+ 
802.4784 -1.4 

 
non-infarct 0.58 

PE 38:6 [M+K]+ 

802.5346  PE 39:5 [M+Na]+ 
802.5357 -1.4 

 
homogeneous  

PC 36:5 [M+Na]+ 
 802.5397 PC 38:8 [M+H]+ 802.5381  2.0 infarct  
 802.6359 PC 37:1 [M+H]+ 802.6320  4.8 non-infarct  
804.4924  PC 35:5 [M+K]+ 804.4940 -2.0  non-infarct 0.26 

804.5292  PC-O 36:5 [M+K]+ 804.5304 -1.5  non-infarct  

804.5504  PC 36:4 [M+Na]+ 804.5514 -1.2  non-infarct 0.50 

806.5085  PC 35:4 [M+K]+ 806.5097 -1.4  non-infarct 0.59 

806.5448  PC-O 36:4 [M+K]+ 806.5460 -1.5  non-infarct 0.21 

806.5678 
 PC 36:3 [M+Na]+ 806.5670 1.0  non-infarct 0.67 
806.5729 PC 38:6 [M+H]+ 806.5694 -2.0 4.3 

807.6340  SM 40:2 [M+Na]+ 807.6350 -1.3  infarct 0.29 

808.5820  PC 36:2 [M+Na]+ 808.5827 -0.8  infarct 0.50 
 808.5871 PC 38:5 [M+H]+ 808.5851  2.5 infarct  
809.6496  SM 40:1 [M+Na]+ 809.6507 -1.4  infarct 0.50 

810.5398  PC 35:2 [M+K]+ 810.5410 -1.4  infarct  

810.5989 
 PC 36:1 [M+Na]+ 810.5983 0.7  non-infarct 0.63 
810.6041 PC 38:4 [M+H]+ 810.6007 -2.3 4.2 

812.6144 812.6197 PC 38:3 [M+H]+ 812.6164 -2.4 4.1 non-infarct 0.70 
 813.6882 SM 42:2 [M+H]+ 813.6844  4.7 infarct 0.60 

814.5136  PE-O 40:7 [M+K]+ 814.5147 -1.4  non-infarct 0.36 

814.5347  PE 40:6 [M+Na]+ 
814.5357 -1.3 

 
non-infarct 0.36 

PC 37:6 [M+Na]+ 

814.5710  PE 38:0 [M+K]+ 814.5723 -1.6  non-infarct 0.28 
 814.6358 PC 38:2 [M+H]+ 814.6320  4.6 non-infarct  
 815.7039 SM 42:1 [M+H]+ 815.7001  4.7 infarct 0.55 

828.4921  PC 37:7 [M+K]+ 828.4940 -2.3  non-infarct 0.52 

828.5295  PC-O 38:7 [M+K]+ 828.5304 -1.1  non-infarct 0.30 

828.5504  PC 38:6 [M+Na]+ 828.5514 -1.2  non-infarct 0.60 

830.5086  PC 37:6 [M+K]+ 830.5097 -1.3  non-infarct 0.66 

830.5448  PC-O 38:6 [M+K]+ 830.5460 -1.5  non-infarct 0.47 

830.5664  PC 38:5 [M+Na]+ 830.5670 -0.8  non-infarct 0.61 
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Supplementary Table 5.3. continued 

OBSERVED M/Z IN ORBITRAP 
LIPID ASSIGNMENT 

THEORETICAL 
M/Z 

MASS ERROR 
(IN PPM) 

SPATIAL DISTRIBUTION 

DHB NORH DHB NORH  CORR. 
 830.5722 PC 40:8 [M+H]+ 830.5694  3.3 non-infarct 0.63 

832.5242  PC 37:5 [M+K]+ 832.5253 -1.3  non-infarct 0.30 

832.5607  PC-O 38:5 [M+K]+ 832.5617 -1.2  non-infarct  

832.5817  PC 38:4 [M+Na]+ 832.5827 -1.2  non-infarct 0.55 
 832.5869 PC 40:7 [M+H]+ 832.5851  2.2 non-infarct  

833.6497  SM 42:3 [M+Na]+ 833.6507 -1.2  infarct 0.57 

834.5398  PC 37:4 [M+K]+ 834.5410 -1.4  homogeneous  

834.5994 
 PC 38:3 [M+Na]+ 834.5983 1.3  non-infarct 0.69 
834.6045 PC 40:6 [M+H]+ 834.6007 -1.6 4.5 

836.6147 
836.6196 PC 40:5 [M+H]+ 836.6164 -2.0 3.8 

non-infarct 0.45  PC 38:2 [M+Na]+ 836.6140 0.9  
 838.6351 PC 40:4 [M+H]+ 838.6320  3.7 non-infarct 0.53 

852.5502  PC 40:8 [M+Na]+ 852.5514 -1.4  non-infarct 0.60 

852.5867  PC 38:2 [M+K]+ 852.5879 -1.4  non-infarct 0.21 

853.6549  SM 42:1 [M+K]+ 853.6559 -1.2  infarct 0.39 

854.5658  PC 40:7 [M+Na]+ 854.5670 -1.4  non-infarct 0.46 

854.6024  PC 38:1 [M+K]+ 854.6036 -1.4  non-infarct  

856.5816  PC 40:6 [M+Na]+ 856.5827 -1.3  non-infarct 0.59 

858.5397  PC 39:6 [M+K]+ 858.5410 -1.5  non-infarct 0.29 

858.5971  PC 40:5 [M+Na]+ 858.5983 -1.4  non-infarct 0.47 

868.5241  PC 40:8 [M+K]+ 868.5253 -1.4  non-infarct 0.72 
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Supplementary Table 5.4. Lipids identified with DDA in negative ion mode from the 24h 
heart, using norharmane. 
The spatial distribution and correlation (corr.) was based on the colocalization of m/z values 
with ‘infarct’ or ‘non-infarct’ tissue using LipostarMSI. The spatial distribution was verified 
by visual inspection, ‘homogeneous’ was added if no clear correlation with one of the 
regions could be observed. If no correlation was given by the software, it was only based on 
visual inspection.  
OBSERVED M/Z 
IN ORBITRAP 

LIPID ASSIGNMENT 
THEORETICAL 

M/Z 
MASS ERROR 

(IN PPM) 

SPATIAL DISTRIBUTION 

 CORR. 

437.2670 LPA 18:0 [M-H]- 437.2674 -0.8 homogeneous  
480.3092 LPE 18:0 [M-H]- 480.3096 -0.8 infarct  
524.2779 LPE 22:6 [M-H]- 524.2783 -0.7 non-infarct 0.51 

599.3197 LPI 18:0 [M-H]- 599.3202 -0.8 non-infarct  

671.4651 PA 34:2 [M-H]- 671.4657 -0.9 infarct 0.6 

673.4808 PA 34:1 [M-H]- 673.4814 -0.9 infarct 0.51 

695.4651 PA 36:4 [M-H]- 695.4657 -0.9 non-infarct 0.63 

697.4807 PA 36:3 [M-H]- 697.4814 -1.0 homogeneous  
699.4963 PA 36:2 [M-H]- 699.4970 -1.0 infarct 0.54 

701.5120 PA 36:1 [M-H]- 701.5127 -1.0 infarct  
704.4501 PS 30:1 [M-H]- 704.4508 -1.0 infarct 0.65 

713.5120 PA 37:2 [M-H]- 713.5127 -1.0 infarct  
718.5385 DMPE 32:0 or PE 34:0 [M-H]- 718.5392 -1.0 infarct 0.66 

719.4650 PA 38:6 [M-H]- 719.4657 -1.0 non-infarct 0.51 

721.4806 PA 38:5 [M-H]- 721.4814 -1.1 non-infarct  
723.4963 PA 38:4 [M-H]- 723.4970 -1.0 homogeneous  
725.5120 PA 38:3 [M-H]- 725.5127 -0.9 infarct  
738.5073 PE 36:4 [M-H]- 738.5079 -0.9 non-infarct  

742.5385 PE 36:2 [M-H]- 742.5392 -1.0 infarct 0.61 

744.5541 DMPE 34:1 or PE 36:1 [M-H]- 744.5549 -1.0 infarct 0.56 

745.4807 PA 40:7 [M-H]- 745.4814 -0.9 non-infarct  
745.5018 PG 34:2 or LBPA 34:2 [M-H]- 745.5025 -1.0 non-infarct  
746.5122 PE-P 38:6 [M-H]- 746.5130 -1.1 non-infarct 0.55 

746.5697 PE 36:0 [M-H]- 746.5705 -1.1 infarct  
747.4963 PA 40:6 [M-H]- 747.4970 -1.0 non-infarct 0.57 

747.5172 LBPA 34:1 or PG 34:1 [M-H]- 747.5182 -1.3 non-infarct  
749.5119 PA 40:5 [M-H]- 749.5127 -1.0 non-infarct 0.51 

751.5275 PA 40:4 [M-H]- 751.5283 -1.1 non-infarct  
762.5072 PE 38:6 [M-H]- 762.5079 -1.0 non-infarct 0.57 

764.5228 PE 38:5 [M-H]- 764.5236 -1.0 non-infarct 0.55 

766.5384 PE 38:4 [M-H]- 766.5392 -1.1 non-infarct 0.51 

768.5540 PE 38:3 [M-H]- 768.5549 -1.1 non-infarct  

769.5017 PG 36:4 [M-H]- 769.5025 -1.1 non-infarct  

770.5697 PE 38:2 [M-H]- 770.5705 -1.1 infarct 0.62 

771.5171 PG 36:3 [M-H]- 771.5182 -1.4 non-infarct  
772.5278 PE-P 40:7 [M-H]- 772.5287 -1.2 non-infarct 0.54 

772.5853 PE 38:1 [M-H]- 772.5862 -1.1 infarct  
773.5119 PA 42:7 [M-H]- 773.5127 -1.0 non-infarct  
773.5327 PG 36:3 or LBPA 36:2 [M-H]- 773.5338 -1.4 non-infarct 0.57 

774.5073 PE 39:7 [M-H]- 774.5079 -0.8 non-infarct  
774.5282 PS 35:1 [M-H]- 774.5291 -1.1 non-infarct  
774.5434 PE-P 40:6 [M-H]- 774.5443 -1.2 non-infarct 0.55 

786.5071 PE 40:8 [M-H]- 786.5079 -1.1 non-infarct 0.57 

786.5282 PS 36:2 [M-H]- 786.5291 -1.1 non-infarct  
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Supplementary Table 5.4. continued 

OBSERVED M/Z 
IN ORBITRAP 

LIPID ASSIGNMENT 
THEORETICAL 

M/Z 
MASS ERROR 

(IN PPM) 

SPATIAL DISTRIBUTION 

 CORR. 

788.5227 PE 40:7 [M-H]- 788.5236 -1.1 non-infarct 0.58 

788.5437 PS 36:1 [M-H]- 788.5447 -1.3 non-infarct  

789.5458 PA 43:6 [M-H]- 789.5440 2.3 non-infarct  

790.5383 PE 40:6 [M-H]- 790.5392 -1.2 non-infarct 0.53 

792.5538 PE 40:5 [M-H]- 792.5549 -1.4 non-infarct 0.52 

794.4969 PS 37:5 [M-H]- 794.4978 -1.1 non-infarct  

794.5695 PE 40:4 [M-H]- 794.5705 -1.3 homogeneous  

810.5281 PS 38:4 [M-H]- 810.5291 -1.2 infarct  

816.5539 PE 42:7 [M-H]- 816.5549 -1.2 non-infarct  

818.5695 PE 42:6 [M-H]- 818.5705 -1.3 non-infarct  

834.5282 PS 40:6 [M-H]- 834.5291 -1.0 non-infarct 0.66 

836.5436 PS 40:5 [M-H]- 836.5447 -1.3 non-infarct  

838.5593 PS 40:4 [M-H]- 838.5604 -1.3 non-infarct  

857.5176 PI 36:4 [M-H]- 857.5186 -1.1 homogeneous  

859.5331 PI 36:3 [M-H]- 859.5342 -1.3 non-infarct 0.51 

861.5488 PI 36:2 [M-H]- 861.5499 -1.2 non-infarct  

863.5643 PI 36:1 [M-H]- 863.5655 -1.4 non-infarct  

883.5332 PI 38:5 [M-H]- 883.5342 -1.1 non-infarct 0.55 

885.5487 PI 38:4 [M-H]- 885.5499 -1.3 non-infarct 0.58 

887.5643 PI 38:3 [M-H]- 887.5655 -1.4 non-infarct 0.57 

909.5488 PI 40:6 [M-H]- 909.5499 -1.2 non-infarct 0.56 

911.5643 PI 40:5 [M-H]- 911.5655 -1.3 non-infarct 0.58 

1185.7337 MLCL 54:6 [M-H]- 1185.7353 -1.3 infarct  
1421.9468 CL 70:7 [M-H]- 1421.9493 -1.8 non-infarct  

1445.9464 CL 72:9 [M-H]- 1445.9493 -2.0 non-infarct  

1447.9632 CL 72:8 [M-H]- 1447.9650 -1.2 non-infarct 0.72 

1469.9451 CL 74:11 [M-H]- 1469.9493 -2.9 non-infarct  

1475.9934 CL 74:8 [M-H]- 1475.9963 -1.9 non-infarct 0.66 

1495.9628 CL 76:12 [M-H]- 1495.9650 -1.4 non-infarct 0.53 
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List of abbreviations 
9AA 9-aminoacridine 
ABC Ammonium bicarbonate 
ACN Acetonitrile 
AUC Area under the curve 
CE Cholesteryl ester 
CHCA α-cyano-4-hydroxycinnamic acid 
CK-M Creatine kinase M type 
CL Cardiolipin 
cTn I-C Binary cardiac troponin complex 
cTn T-I-C Ternary cardiac troponin complex 
cTnI Cardiac troponin I 
cTnT Cardiac troponin T 
CVD Cardiovascular disease 
CVS Coronary venous system 
DAG Diacylglyceride 
DAN 1,5-diaminoaphthalene 
DDA Data-dependent acquisition 
DESI Desorption electrospray ionization 
DHA 2,6-dihydroxyacetophenone  
DHB 2,5-dihydroxybenzoic acid 
DTT Dithiothreitol 
ECG Echocardiography 
ESI Electrospray ionization 
ESRD End-stage renal disease 
FA Fatty acid 
FABP Fatty acid binding protein 
FDR False discovery rate 
FFPE Formalin-fixed paraffin embedding 
FT-ICR Fourier transform ion cyclotron mass spectrometer 
FTMS Fourier transform mass spectrometer 
GFC Gel filtration chromatography 
H&E Hematoxylin & eosin 
hs-cTn High sensitivity cardiac troponin 
I/R Ischemia/reperfusion 
IAM Iodoacetamide 
IHC Immunohistochemistry 
IQR Interquartile range 
ITO Indium tin oxide 
LAD Left descending coronary artery 
LC Liquid chromatography 
LDA Linear discrimination analysis 
LDH Lactate dehydrogenase 
LESA Liquid extraction surface analysis 
LMD Laser capture microdissection 
LPC Lysophosphatidylcholine 
m/z Mass-to-charge 
mAb Monoclonal antibody 
MALDI Matrix-assisted laser desorption/ionization 
MI Myocardial infarction 
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MS Mass spectrometry 
MS/MS Tandem mass spectrometry 
MSI Mass spectrometry imaging 
MW Molecular weight 
MYO Myoglobin 
NSTEMI Non ST-segment elevation MI 
NT-proBNP N-terminal fragment of the prohormone B-type natriuretic peptide 
OCT Optimal cutting temperature compound 
PC Phosphatidylcholine 
PCA Principle component analysis 
PE Phosphatidylethanolamine 
PEN Polyethylene napthalate 
PET Polyethylene tetraphthalate 
PG Phosphatidylglycerol 
PI Phosphatidylinositol 
PL Phospholipid 
PLA2 Phospholipase A2 
pLSA Probabilistic latent semantic analysis 
PS Phosphatidylserine 
PTM Post-translational modification 
RMS Root mean square 
ROC Receiver operating characteristic 
ROI Region of interest 
ROS Reactive oxygen species 
SA Sinapinic acid 
SDS Sodium dodecyl sulfate 
SIMS Secondary ion mass spectrometry 
SM Sphingomyelin 
STEMI ST-segment elevation MI 
TAG Triacylglycerol 
TFA Trifluoroacetic acid 
TIC Total ion current 
TnC Troponin C 
TOF Time-of-flight 
V0 Void volume 
VR Retention volume, corrected for void volume 
WB Western blot 
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