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Summary 

iabetes mellitus is a global health problem whose prevalence is increasing 

worldwide. Central metabolic pathways such as glycolysis, gluconeogenesis, 

glycogenesis, and glycogenolysis are responsible for regulating blood glucose levels 

and therefore are highly relevant in the context of diabetes. Although these pathways 

are known for a long time, the molecular consequences of diabetes on different organs 

are not fully understood. The broad majority of metabolic disorders including diabetes 

are associated with alterations in the complex network of biological pathways. 

Understanding these alterations is crucial for developing effective prevention and 

treatment strategies. Since no in vitro system can fully mimic human whole-body 

pathophysiology, and due to ethical reasons only samples with minimal or non-

invasive ways are available from humans, pathomolecular characterization of various 

organs is mostly feasible using animal models. To ensure animal-to-human 

translational success, clinically relevant animal models with high physiological 

similarities with humans are essential. Due to the pathophysiological resemblance with 

humans, the availability of genetic modification toolkits and good ethical acceptance, 

the pig has become an attractive animal model to study various diseases including 

diabetes.  

Omics technologies, especially multi-omics, further combined with relevant 

histological examinations can significantly contribute to the understanding of diseases 

and disorders. The proteome and metabolome are the downstream products of gene 

transcription and therefore resemble a substantial part of the phenotype of the 

biological system. In this thesis, shotgun proteomics and targeted metabolomics in 

tandem with histological investigations were used to study (i) the molecular effects of 

maternal diabetes on offspring liver and (ii) the molecular effects of diabetes on lung. 

In the case of proteomics, a data-independent acquisition-based (DIA) approach was 

employed which provided high analytic depth and data completeness, as well as 

quantitative accuracy. As part of the DIA method, high-quality DIA libraries of the lung 

and liver tissues were generated which contain relevant physical-chemical 

characteristics of thousands of peptides that can be used in future studies and 

therefore were deposited in a public database (Liver, PXD040305; Lung, PXD038014). 

When appropriate, a highly sensitive peptide-level quantification strategy was used, 
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which allowed the detection of quantitative changes, otherwise not detectable with 

traditional statistical methods. Furthermore, an R package with a wide range of 

functionalities, allowing convenient proteomics data analysis, was developed. The 

package is freely available on a GitHub page: 

https://github.com/bshashikadze/pepquantify.  

In the first part of this thesis, the effect of maternal diabetes on the offspring’s liver is 

described. Maternal diabetes is known to predispose offspring to a future metabolic 

disorder, thus exploring associated molecular alterations in the key metabolic tissue – 

the liver – is essential for the development of effective prevention and treatment 

strategies. Prior to this investigation, we reviewed systematically the published 

literature. This revealed a clear lack of knowledge about molecular alterations in 

offspring liver induced by maternal diabetes. To address this, we performed molecular 

and histological profiling of liver and serum samples from offspring born to a 

genetically engineered diabetic pig model for mutant INS gene-induced diabetes of 

youth (MIDY) (PHG) and from offspring born to WT littermate controls (PNG). In PHG, 

we observed stimulated gluconeogenesis and increased hepatic lipid content 

independent of de novo lipogenesis (DNL). Latter is in line with the observation that 

DNL capacity is limited in fetuses and drivers of fat accumulation are provided 

transplacentally. Similarly, although phosphatidylcholines (PC) were increased, key 

enzymes involved in its synthesis were downregulated. Conversely, enzymes involved 

in PC breakdown and translocation were elevated. Shifting the balance of lipid 

metabolism away from de novo synthesis to favor lipid breakdown potentially 

represents counter-regulatory mechanisms to maternally elevated lipid levels.  

In the second part, molecular effects of hyperglycemia on lung tissue are described. 

The rich vascularization makes the lung prone to deleterious effects of hyperglycemia, 

similar to other organs affected by diabetic microvascular complications. However, the 

molecular mechanisms of diabetes-associated pulmonary damage have not yet been 

investigated comprehensively. This is a highly relevant topic, as increased 

susceptibility to respiratory infections is frequently observed in the context of diabetes. 

Using a combined proteomics and lipidomics approach we found alterations of key 

biomolecules involved in inflammatory and immune system-related pathways. 

Specifically, polyunsaturated fatty acid lipoxygenase (ALOX15) involved in eicosanoid 

metabolism was strongly decreased. As ALOX15 products are well-known to be 

https://github.com/bshashikadze/pepquantify
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involved in inflammation resolution, its downregulation provides molecular insights into 

the impoverished ability of inflammation resolution as a hallmark of diabetes lung 

disease. 
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1. Introduction  

1.1. Mass spectrometry-based omics 

1.1.1. General aspects 

Mass spectrometry (MS) is a sophisticated analytical technique that is used to identify 

and quantify molecules [1], and provides a rapid and sensitive assessment of 

biomolecules such as proteins, peptides, metabolites, or even DNA and RNA. 

Furthermore, the signal measured by MS can additionally provide quantitative 

information [2]. Before entering the mass spectrometer, analytes are often separated 

with liquid chromatography (LC). During LC separation, the sample with the liquid 

mobile phase will pass through the column packed with a stationary phase. The 

separation of analytes is driven by the chemical or physical interactions of the sample 

with the mobile and stationary phases [3]. After LC separation, analytes are desolvated 

into the gas phase, ionized and are then analysed by the mass spectrometer.  

MS-based omics can be performed in a targeted or untargeted way. In the case of 

targeted omics, preselected analytes, e.g., peptides or lipids, are analysed in a 

hypothesis-driven manner. In turn, the untargeted strategy, which is also referred to 

as shotgun approach, provides a comprehensive analysis of all detectable analytes. 

Untargeted proteomics or metabolomics can be performed using data-dependent 

(DDA) or data-independent acquisition (DIA). In the case of DDA, a tandem mass 

spectrometer is programmed to select the most intense ions in the first stage of tandem 

mass spectrometry (MS1, precursor ion selection), followed by fragmentation and 

analysis of a fixed number of most abundant ions in a second stage of tandem mass 

spectrometry (MS2, precursor fragmentation). Already fragmented precursors are 

excluded from fragmentation for a fixed time to avoid redundancy. Due to the 

complexity of biological samples this process leads to “run to run” variabilities since a 

given biomolecule may not always be selected for fragmentation in each sample. 

Conversely, in DIA mode [4], during each cycle, the MS focuses on a wide mass 

window of precursors and acquires MS/MS data from all precursors detected within 

that window. DIA avoids precursor-based selection and yields higher coverage at the 

expense of more complex MS2 spectra. Recent implementations of machine learning 

and deep learning methods in omics data analysis have greatly advanced analysis of 

complex DIA datasets [5]. 
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1.1.2. Proteomics  

Recent developments in next-generation DNA sequencing technologies (NGS) have 

revolutionized our understanding of the biological state of health and disease. 

Although genes are the basic units of heredity, the most fundamental level at which 

the genotype gives rise to the phenotype is when genes are translated to proteins. The 

first ground-breaking demonstration of the importance of proteins was the 

characterization of the “molecular disease” by Linus Pauling in 1949 in which a change 

in a single protein (hemoglobin) was identified as the cause of a devastating human 

disease: sickle cell. Transcript levels have been frequently assumed as the main 

contributors to the protein abundances and thus were used as proxies for the 

concentrations and activities of the corresponding proteins [6]. However, studies 

quantifying transcripts and proteins revealed that beyond transcript concentration, 

multiple other processes determine protein abundance and therefore transcript levels 

alone are not sufficient to predict protein levels (reviewed in [7]). The proteome is the 

complete set of proteins present in biofluids, cells and tissues and reflects the 

functional state of the biological system. Proteomics can address challenges that 

cannot be approached by the analysis at the DNA/RNA level, specifically, post-

translational modifications, compartmentalization and turnover, as well as protein 

interactions [8].  

One of the early attempts to analyse protein sequences was Edman degradation, 

sequentially removing one residue at a time from the amino terminus of a peptide. 

Because of its sensitivity and speed, mass spectrometry (MS)-based techniques, in 

which biomolecule masses are measured after ionization replaced laborious Edman 

degradation during the 1990s. In the last few decades, further technological 

improvements such as introduction of high precision, fast scanning mass 

spectrometers have established MS not only as the definitive tool to study the structure 

of proteins but also as a central technology for the analysis of protein abundance, 

modifications, and interactions in biological and clinical investigation. One of the most 

used approaches is bottom-up proteomics where complex mixtures of proteins are 

digested into smaller peptide sequences. The resulting peptide mixtures are separated 

based on their hydrophobicity via nano-flow reversed-phase liquid chromatography 

(nano-LC). Eluted peptides are then ionized and introduced into a mass spectrometer. 

In the mass spectrometer, peptide ions generally encounter three fundamental stages: 
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(i) precursor selection, (ii) fragmentation, and (iii) detection. Post-analysis data 

processing allows protein inference from peptide-specific precursor and/or fragment 

ions.  

 

1.1.3. Metabolomics 

According to the central dogma of molecular biology, the genetic information is 

encoded in the DNA and is transcribed into RNAs, which are then translated to 

functional proteins. Proteins then affect the abundance of their substrates, which are 

integrated into complex metabolic pathways. Metabolomics is the systematic study of 

a wide range of small molecules, typically in the context of stimuli or disease states. 

Genetic and epigenetic regulation affects cellular homeostasis and subsequently 

metabolic output, thus the metabolome closely reflects environment–gene interactions 

and is a sensitive indicator of an organism’s physiological state [9]. Metabolomics 

measurements fall into two distinct categories. Untargeted metabolomics aims to 

comprehensively assess all measurable analytes in a sample including chemical 

unknowns. In turn, targeted metabolomics measures preselected annotated 

metabolites. While an untargeted approach provides an unbiased survey of molecules 

and can sometimes lead to novel unexpected findings, many of the detected analytes 

remain unannotated. Conversely, a targeted approach is performed in hypothesis-

driven studies and yields an accurate quantification of a wide class of metabolites [10]. 

Mass spectrometry and nuclear magnetic resonance spectroscopy (NMR) are the two 

most commonly used approaches in the field of metabolomics. During the past few 

years, great progress has been made in the metabolomics field. Specifically, improving 

instrument performance, experimental design and sample preparation, facilitated 

broader analytical capabilities. Moreover, progress in bioinformatics tools greatly 

advanced data acquisition and analysis. These allowed sensitive and accurate 

assessment of metabolites in various samples to reveal biomarkers that are reflective 

of various pathophysiological states [10]. 
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1.1.1. Muti-omics approaches to study diseases: focus on proteomics and 

metabolomics 

Genome analysis answers what can be performed, transcriptome analysis answers 

what is currently performing while proteomics can say what was done. Finally, 

metabolome profile confirms what was and is going on [11]. Even if the information 

from DNA is transcribed to mRNA properly, the synthesis of proteins can be altered or 

specific enzymes may be present in an inactive form. Moreover, specific metabolites 

might not be synthesized [11]. Many diseases are associated with disturbances in the 

complex network of biological molecules essential to accomplish a particular biological 

function. Understanding the interplay between the genes, their products (RNAs, 

proteins, and metabolites) and many environmental factors that influence their 

functioning is essential to empower more effective investigation and complete 

understanding of biological systems [12]. The recent advances in so-called systems 

biology techniques enable the characterization of these integrative pathways. Multi-

omics data analysis is complex since a huge amount of data is generated and proper 

statistical evaluation is critical [13]. However, with a carefully planned study design 

and sample handling followed by suitable data analysis, multi-omics represents a 

powerful approach to decipher the molecular basis of various diseases. 

 

1.2. Diabetes mellitus: a global health problem 

Diabetes mellitus (DM) along with its associated complications is a global health 

problem with rapidly expanding prevalence. According to the International Diabetes 

Federation, 537 million people had DM in 2021. DM is a heterogeneous metabolic 

disorder characterized by the presence of hyperglycemia due to impaired insulin 

secretion, defective insulin action, or both. The disease can be classified into the 

following general categories [14]: I. type 1 diabetes mellitus (T1DM) (autoimmune-

mediated pancreatic beta-cell loss, leading to absolute insulin deficiency); II. type 2 

diabetes mellitus (T2DM) (combination of insulin resistance and dysfunctional 

pancreatic β-cells failing to provide adequate compensatory insulin secretion); III. 

gestational DM (a glucose intolerance which manifests in the second or third trimester 

of pregnancy); IV. other specific types of DM include a broad range of causes e.g., 

drug- or chemical-induced diabetes, diseases of the exocrine pancreas, monogenic 
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diabetes syndromes, permanent neonatal diabetes, etc. Despite several approved 

treatment options, there is still no cure for any form of diabetes mellitus. Due to the 

high heterogeneity of diabetes, a renewed classification was proposed to individualize 

treatment regimens. Ahlqvist et al. identified five clusters of patients with diabetes, 

which had significantly different patient characteristics and risk of diabetic 

complications: (1) severe autoimmune diabetes (SAID), (2) severe insulin-deficient 

diabetes (SIDD), (3) severe insulin-resistant diabetes (SIRD), (4) mild obesity-related 

diabetes (MOD) and (5) mild age-related diabetes (MARD) [15].  

 

1.3. The pig as an animal model for human disease 

1.3.1. General considerations 

In biomedical research, the patient situation is frequently not mimicked well enough to 

reliably predict the efficacy and side effects of a novel drug or device. Therefore, 

despite increased scientific discoveries and financial investments, many biomarkers 

proposed from basic research do not enter the market (also known as the “pipeline 

problem” [16]). Human samples can usually only be collected by non- or minimally 

invasive procedures. Additionally, there are no in vitro systems that can fully mimic 

human whole-body pathophysiology, thus biomedical research still relies on animal 

models [17]. Animal models are essential to understand the onset and progression of 

diseases and to discover and validate therapeutic drugs as well as their side effects. 

Due to ethical reasons, work with laboratory animals must be carefully controlled, and 

researchers have a duty to ‘replace, reduce and refine’ their application whenever 

possible [17]. In other words, the potential benefits of the research project to society 

must outweigh and justify the costs to the animals. Therefore, to derive high-quality 

data from research, the use of animal models should ideally be restricted to 

investigating specific and well-defined characteristics that both resemble and are 

predictive of the disease in humans [18]. Mice and other small rodents are dominant 

animal models in biomedical research, and provided insights into the molecular basis 

of many human diseases and enabled proof-of-principle studies. Their dominance is 

due to the fact that they are convenient and cheap to maintain, have good ethical 

acceptance, rapid reproduction and methods for their genetic modification are well 

established [19]. However, mice considerably differ from humans in size, physiology 
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and lifespan which reduces their translational value [20]. Additionally, differences exist 

between rodents and humans in the regulatory networks controlling the metabolic 

functions, activity of the immune system, and responses to stress [21]. There has been 

a growing recognition of the limitations of some animal models since in many cases 

they poorly reflect human physiology [22]. The need to check the translational 

relevance of hypotheses developed in non-mammalian organisms and rodents, under 

conditions more similar to human biology, has greatly increased demands for large 

animal models which are better mimicking human physiology [23]. Non-human primate 

models are phylogenetically very close to humans but have clear drawbacks due to 

low ethical acceptance. Additionally, they have long generation intervals and are 

mostly uniparous [20]. Dogs and cats have also been used, however, unless they 

present spontaneous cases of disease, they also raise ethical concerns due to their 

use as companion animals [24]. Pigs are one of the most common domestic animals 

in the world with a rapid growth rate, short generation intervals, large litter sizes, and 

standardized breeding techniques [25]. Moreover, pigs share several key similarities 

with humans in terms of their body size, anatomical features, physiological and 

pathophysiological responses [26]. These practical factors, combined with the 

possibility of dietary and surgical interventions, efficient and specific genetic 

modifications and ethical acceptance, make the pig an excellent model to overcome 

gaps between proof-of-concept studies and clinical trials [23]. Importantly, major 

limitations of the pig models have been tackled by the advancement in the genetic 

toolbox for gene-editing [17, 27] and by the publication of the pig genome [28]. These 

developments have significantly pushed the importance of the porcine model in 

biomedical research, and are discussed below. 

1.3.2. Pig genome project 

As a member of the artiodactyls (cloven-hoofed mammal), pig is evolutionarily distinct 

from the primates and rodents, which last shared a common ancestor with humans 

between 79 and 97 million years ago. The release of its genome sequence has 

provided a critical component for the development and broad acceptance of the pig as 

a clinically relevant biomedical model [24]. Sequencing of the porcine genome was 

initiated with the establishment of the Swine Genome Sequencing Consortium in 

September 2003 [29]. However, the pig genome project greatly benefited from early 

attempts like European PiGMap project which stretches back to early 1990s and 
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USDA Pig genome coordinated activities in the US. A high-quality draft genome 

sequence for the porcine was published in Nature in 2012 [28] and described the 

sequencing, analysis, and annotation of the draft genome sequence. The provided 

knowledge further underlined the genome-level similarity between pigs and humans. 

Specifically, the pig and human genomes have similar size, complexity and 

chromosomal organization [29]. 

1.3.3. Genetic engineering of pigs 

Transgenic pigs were first described in the 1980s with the creation of pigs expressing 

various hormones, including human growth hormone [30]. Since then, pigs were 

genetically modified to replicate the genetic and/or functional basis of various human 

diseases [27]. Current approaches for genetic modification of pigs include DNA 

microinjection into the pronuclei of fertilized oocytes (DNA-MI), sperm-mediated gene 

transfer (SMGT), lentiviral transgenesis (LV-TG) and somatic cell nuclear transfer 

using genetically modified nuclear donor cells (SCNT) [17, 31]. Although DNA-MI is 

straightforward, it is quite inefficient in terms of the proportion of transgenic animals 

produced. The efficiency of SMGT which transfers genes based on the ability of sperm 

cells to spontaneously bind to and internalize exogenous DNA and transport it into an 

oocyte during fertilization to produce genetically modified animals is also low [32]. 

Gene targeting using adeno-associated viral vectors has also been established in pigs. 

For example, lentiviral gene transfer was adapted to pigs and resulted in high 

proportions of transgenic offspring [27]. During SCNT, the nucleus of a somatic donor 

cell is transferred to an enucleated egg whose nuclear DNA has been removed. The 

reconstructed SCNT oocytes are then artificially activated by the host cell to 

progressively develop into blastocysts. Resulted embryos can be transferred to a 

recipient, enabling development to term. SCNT produces embryos or animals that are 

genetically identical to the donor cells [33].  

 

1.4. Insulin deficient diabetes of youth 

1.4.1. Insulin biosynthesis  

Despite having a net weight in humans of only about 2 grams, pancreatic islets and 

their secreted peptide hormones are crucial for normal body metabolism [34]. Insulin 

is a master hormone that regulates and maintains metabolic homeostasis in the body 
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whose structure is fairly conserved across species. In pancreatic beta-cells, the insulin 

biosynthetic pathway starts when the INS gene product is translated as preproinsulin 

[34] which consists of the signal peptide, the insulin B domain, the C domain flanked 

by dibasic cleavage sites, and the insulin A domain [34]. Newly synthesized 

preproinsulin undergoes co- and post-translational translocation across the membrane 

of the endoplasmic reticulum (ER), where it is cleaved by signal peptidase to form 

proinsulin [35]. Nascent proinsulin must fold properly including the formation of three 

evolutionary conserved disulphide bonds (B7-A7, B19-A20 and A6-A11) [36] which 

stabilizes its structure. Correct disulphide pairing appears to be one of the most 

important events in determining whether proinsulin molecules can achieve their native 

folded structure [35]. Noncovalently-associated homodimers of proinsulin undergo 

intracellular transport from the ER to the Golgi complex and into secretory granules, 

during which it forms hexamers and is proteolytically processed to C-peptide and 

mature bioactive insulin that is stored in granules. Upon stimulation, insulin granule 

exocytosis quickly secretes the insulin to the bloodstream to lower blood glucose 

levels [35].  

 

1.4.2. Insulin misfolding 

One-third of all newly synthesized proteins may not achieve proper folding and this 

has to be addressed by cell machinery via protein refolding or elimination [34]. Loss 

of intermolecular disulphide bond due to insulin mutations results in the formation of 

non-native intermolecular disulphide bonds with other mutant and wild-type proinsulin 

molecules [34]. As a result, high molecular weight complexes are formed and they 

entrap mutant and WT proinsulin, hindering the exit of insulin from the ER. Entrapment 

of insulin in ER subsequently reduces circulating insulin levels which in turn 

upregulates proinsulin biosynthesis. This results in ER stress and leads to beta-cell 

failure [37]. Misfolded proinsulin molecules can either be refolded to their native 

structure or degraded through ER-associated degradation (ERAD) and autophagy 

[38]. Furthermore, even in the absence of any mutation, a defective ER folding 

environment can provide a “first hit” to beta cells, affecting the folding of wild-type 

proinsulin and leading to an increase of proinsulin misfolding [35]. Accumulating 

evidence indicates that the underlying mechanism initiating insulin-deficient diabetes 
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in Akita mice and mutant insulin deficient diabetes of youth (MIDY) patients is an 

impairment of the ER export of wild-type proinsulin due to blockade by co-expressed 

mutant proinsulin [34].  

 

1.4.3. Munich MIDY pig model 

Pig models for (pre)diabetes can be generated using one of the following strategies: 

(1) partial or complete surgical removal of the pancreas; (2) chemical treatment (e.g. 

streptozotocin or alloxan) causing selective beta cell destruction; (3) by dietary 

intervention (e.g., high-energy, high-fat, high-sugar diet); or (4) by genetic modification 

[39]. Advantages and disadvantages of these methods are reviewed in [39]. Dietary 

interventions alone rarely cause substantial hyperglycemia in the pig [39]. A transgenic 

pig model is superior to surgically and chemically induced diabetes models as it is less 

invasive, the exocrine pancreas stays intact and phenotypic inter-individual variance 

is minor [20]. Two different pig models for permanent neonatal diabetes were 

established - transgenic pigs expressing the mutant insulin C94Y [40] or C93S [41] 

based on the analogous mutations in humans and rodents. C93S had a lower level of 

mutant INS transgene expression compared to C94Y line and consequently, the 

phenotype was less severe. A comprehensive biobank of body fluids and tissues was 

established from long-term diabetic INSC94Y transgenic pigs (MIDY) [42]. The review 

from Renner et al. summarises results from studies showing diabetes-related 

complications in various tissues of MIDY pigs including myocardium [43], retina [44] 

and liver [45]. Additionally, a recent study showed significant changes in proliferative 

response, CD4+ T cell proteomes and the metabolic phenotypes in MIDY pigs [45]. 

Furthermore, Flenkenthaler et al. used transcriptomics and proteomics for molecular 

profiling of visceral and mesenteric adipose tissue of MIDY and WT pigs and identified 

depot-specific alteration of key metabolic processes [46].  
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1.5. Aim of the thesis 

The goal of this thesis was two-fold: 

(i) Investigation of the effect of maternal hyperglycaemia on neonatal offspring 

liver metabolism (Section A) 

Little is known about early determinants of liver disorders in offspring born to diabetic 

mothers since associated molecular drivers were not yet explored in a high-throughput 

manner. To address this, the hepatic proteome, lipidome, metabolome as well as 

clinical parameters of serum from 3-day-old wild-type (WT) piglets born to 

hyperglycemic mothers were compared to the profiles of WT controls born to 

normoglycemic mothers. To complement the molecular findings, a further 

histomorphological examination of the liver was performed. Additionally, protein-

protein interaction network analysis was used to reveal highly interacting proteins that 

participate in the same molecular mechanisms and to relate these mechanisms with 

human pathology. 

(ii) Investigation of the effect of hyperglycaemia on lung (Section B) 

Increased susceptibility to respiratory infections is frequently observed in the context 

of diabetes. So far, the research focus was mainly on epidemiological associations 

between diabetes and impaired lung function and at the molecular level diabetes-

associated pulmonary damage was not addressed. To systematically study pulmonary 

changes in response to chronic insulin deficiency and hyperglycemia data-

independent acquisition-based proteomics and targeted analysis of relevant lipid 

molecules were performed on lung tissue samples from the Munich MIDY pig biobank. 

To localize differentially abundant key molecules in their pathophysiological context, 

further immunohistochemical and quantitative morphological analyses were carried 

out. 
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2. Section A: Investigation of the effect of maternal 

hyperglycaemia on neonatal offspring liver metabolism 

2.1. Literature review 

2.1.1. Article 1 

This chapter contains a review article published in MDPI Genes (2021) with the title: 

Developmental Effects of (Pre-)Gestational Diabetes on Offspring: Systematic 
Screening Using Omics Approaches 

 

Bachuki Shashikadze, Florian Flenkenthaler, Jan B. Stöckl, Libera Valla, Simone 
Renner, Elisabeth Kemter, Eckhard Wolf and Thomas Fröhlich 

 

Author contributions: 

Conceptualization, B.S.; writing—original draft preparation, B.S.; Review and editing, 

J.B.S., L.V., F.F., E.K., S.R., T.F. and E.W.; Supervision T.F. and E.W. All authors 

have read and agreed to the published version of the manuscript. 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  18 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  19 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  20 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  21 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  22 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  23 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  24 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  25 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  26 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  27 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  28 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  29 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  30 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  31 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  32 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  33 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  34 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  35 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  36 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  37 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  38 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  39 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  40 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  41 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  42 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  43 

  

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  44 

  

 

 

 

 



Section A: Investigation of the effect of maternal hyperglycaemia on neonatal 
offspring liver metabolism  45 

  

 

 

2.1.2. Previous studies on effects of maternal hyperglycemia on offspring using 

transgenic animal models 

Animal models expressing mutant insulin allow the modelling of effects of isolated 

maternal hyperglycemia without confounding obesity on offspring and provide insights 

into pre-conceptional diabetes mellitus (PCDM) [47]. Several studies used offspring 

born to the Akita mice model, which bears an autosomal dominant mutation causing 

chronic hypoinsulinemia and hyperglycemia. Chang et al. showed marked size 

reduction and delayed maturation of preovulatory oocytes in Akita mice when 

compared with control animals. Furthermore, histological evaluation revealed smaller 

and less developed ovarian follicles and an increased number of apoptotic foci. The 

authors proposed that smaller follicle and oocyte sizes may reflect abnormal cell 

growth and survival [48]. At postnatal day 2 wild-type offspring born to Akita mice had 

higher transcript levels of several nephron progenitor markers. At postnatal day 34 the 

total nephron numbers were decreased by around 20% (compared to controls). 

Additionally, the number of early-developing nephrons was reduced, together with 

decreased expression of the intracellular domain of Notch1 and the canonical Wnt 

target lymphoid enhancer binding factor 1. The authors concluded that in utero 

exposure to maternal diabetes impairs the differentiation of nephron progenitors into 

nephrons, potentially by repression of the Notch and Wnt/ß-catenin signalling 

pathways [49]. Grasemann et al. investigated the effect of parental diabetes in 

offspring born to Akita mice. Offspring of parental diabetes had impaired glucose 

tolerance. Furthermore, lower body weight alongside lower whole-body bone mineral 

density and trabecular bone mass was observed. Interestingly, the magnitude of 

phenotypic changes in offspring caused by maternal and paternal diabetes differed. 

Furthermore, metabolic alterations were in general more severe in male offspring of 

maternal diabetes. Female wildtype offspring of diabetic fathers were the least affected 

[50]. Metabolic alterations, specifically changes in myocardial triglyceride 

homeostasis, were observed in wild-type offspring of Akita mice. The transcript levels 

of genes involved in lipid metabolism genes (peroxisomal proliferator-activated 

receptor α, lipoprotein lipase, fatty acid translocase, and fatty acid transport protein 1) 

were reduced. Furthermore, their expression levels were highly correlated, suggestive 

of orchestrated down-regulation. The authors showed that maternal diabetes in 
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Ins2Akita mice offspring does not cause cardiac hypertrophy or triglycerides 

accumulation in the fetal heart, possibly because of a coordinated down-regulation of 

genes to protect against increased myocardial fatty acid uptake [51].  

Although studies from mice pups provide valuable insights into maternally induced 

alterations, mice offspring are born at a less mature stage than human offspring. 

Therefore, the influence of maternal diabetes in the second half of pregnancy is difficult 

to model in rodents. Conversely, similar to human babies, piglets are born in a more 

mature state compared to rodent pups and are therefore also exposed to maternal 

glycemia in a later developmental phase [52]. Additionally, pig and human embryos 

share similarities in the timing of embryonic genome activation and in metabolic 

characteristics [47]. Furthermore, changes in energy metabolism during both normal 

and pathological birth occur similarly in pigs and humans (reviewed in [11]). Renner et 

al. developed a transgenic pig model expressing mutant insulin C93S in pancreatic β 

cells. This model allows to study an isolated maternal hyperglycemia without 

confounding obesity during pregnancy. The authors found increased concentrations 

of lysine and α-aminoadipic acid, as well as phospholipids, in piglets born to diabetic 

mothers. Furthermore, the ratio of total and short-chain acylcarnitines to carnitine was 

elevated, indicating an increased import of fatty acids into mitochondria and an 

increased β-oxidation. Overall, it was shown that maternal hyperglycemia, even in the 

absence of maternal and neonatal obesity was associated with alterations in the 

neonatal offspring’s plasma metabolome [41]. Molecular profiling of plasma provides 

a global picture of whole-body metabolism. However, the investigation of different 

organs is crucial to reveal the tissue-specific manifestations of developmental 

programming of maternal diabetes. In the context of metabolic alterations, the liver is 

highly relevant as it is a key metabolic hub of the organism. Comparative studies 

revealed high anatomic and functional similarities between pig and human liver [53, 

54], making the pig a suitable model to recapitulate various human liver conditions. 
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2.2. Article 2 

This chapter contains research article published in Molecular Metabolism (2023) with 

the title: 

Maternal hyperglycemia induces alterations in hepatic amino acid, glucose and lipid 

metabolism of neonatal offspring: Multi-omics insights from a diabetic pig model 

 

Bachuki Shashikadze, Libera Valla, Salvo Danilo Lombardo, Cornelia Prehn, Mark 

Haid, Fabien Riols, Jan Bernd Stöckl, Radwa Elkhateib, Simone Renner, Birgit 

Rathkolb, Jörg Menche, Martin Hrabĕ de Angelis, Eckhard Wolf, Elisabeth Kemter, 

Thomas Fröhlich 

 

Author contributions: 

B.S., L.V., E.W., E.K. and T.F.: Conceptualization; B.S.: Methodology, Software, Data 

curation and analysis, Writing- Original draft; B.S., L.V., S.D.L., R.E., B.R., J.M. and 

M.H.d.A.: Investigation; C.P., F.R., M.H.: Metabolomics measurements; L.V., S.D.L., 

J.B.S., S.R., E.W., E.K. and T.F.: Writing- Reviewing and Editing; E.W., E.K. and T.F.: 

Supervision, Resources, Funding acquisition 
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3. Section B: Investigation of the effect of hyperglycaemia on 

lung 

3.1. Literature review 

3.1.1. Physiology and anatomy of lung – susceptibility to diabetes 

Historically, the lung is not recognized as a major target organ of diabetic injury. 

Mechanistically, the effect of diabetes on lung tissue is multifactorial and not clearly 

understood. Additionally, pulmonary damage is mostly subclinical and thus difficult to 

detect [55]. The pulmonary system is prone to undergo microvascular damage and 

non-enzymatic glycation because of its large alveolar-capillary network and the 

abundance of connective tissue [56]. However, because of its large reserve, 

substantial loss of the microvascular bed can be tolerated without developing 

dyspnoea [57]. As a result, as mentioned above, pulmonary diabetic microangiopathy 

may be under-recognized clinically. The first study to suggest that the lung may be a 

target organ of diabetes was conducted nearly five decades ago [58], and investigated 

the lung function of young patients with type 1 diabetes. The study found a decrease 

in lung elastic recoil which was suggested to be a risk factor for developing chronic 

airflow obstruction. The effects of diabetes on the lung are reviewed in [55, 57, 59-62]. 

Hyperglycemia has been shown to lead to interstitial fibrosis (reviewed in [56]), and 

alveolar-capillary microangiopathy, it is associated with both restrictive and obstructive 

lung function impairment and was shown to contribute to an overproduction of mucus 

and surfactant associated with increased mortality rates [63].   

Increased susceptibility to respiratory infections is frequently observed in the context 

of diabetes. Higher hospitalization and mortality rates were observed in diabetic 

patients with viral or bacterial infections such as influenza [64], COVID-19 [65], and 

others. A systematic review of the association between lung function and Type 2 

diabetes mellitus concluded that systemic and local inflammation may play a major 

role and explain the associations between different conditions, including reduced lung 

function and Type 2 diabetes [57]. Additionally, diabetes significantly increases 

mortality rates in patients with idiopathic pulmonary fibrosis [66]. Furthermore, 

individuals with diabetes are at increased risk of developing further pulmonary 

conditions such as asthma, pulmonary fibrosis, and chronic obstructive pulmonary 
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disease (COPD) [67]. One report documented a fourfold increase in leukotriene B4 

(proinflammatory mediator) in subjects with chronic obstructive pulmonary disease 

(COPD) who also had diabetes, compared with COPD patients and asthmatics without 

diabetes [68].  

 

3.1.2. Pig lung – relevance to study human disease  

The swine lung has become an excellent model for the normal human lung, for 

pathological abnormalities, for the development of therapies [69] and is even a 

promising option for lung xenotransplantation. For example, porcine lungs have been 

used to study lung development [70], lung transplantation [71], pulmonary artery 

hypertension [72], pulmonary vein hypertension [73], asthma [74], COPD [74], cystic 

fibrosis [75] and many other diseases. The morphological structure and distribution of 

the porcine airways are broadly similar to the human lung although they vary according 

to the age and breed of pig (extensive comparison between human and porcine lungs 

can be found in [69, 76]). The lungs of pigs and humans are highly lobulated, with well-

defined pulmonary lobules distinguished by interlobular septae [76]. The porcine lung 

has two lobes on the left side and four lobes on the right side, conversely, humans 

have three right and two left lobes. Similar to other mammalian species pig and human 

lung have extensive interlobular and intralobular connective tissue, which is not true 

for the mice [77]. Anatomical similarities were also observed in the upper respiratory 

tract between humans and pigs [78]. Furthermore, similarities were observed between 

cellular lineages and composition [69]. Since the respiratory tract is constantly 

exposed to pathogens, the normal functioning of defence mechanisms is crucial to 

protect the lung. In this context, it is important that most proteins of the porcine immune 

system share structural and functional similarities with their human counterparts [79]. 
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3.2. Article 3 

This chapter contains a manuscript with the title: 

Multi-omics analysis of diabetic pig lungs reveals molecular derangements underlying 

pulmonary complications of diabetes mellitus 

 

Bachuki Shashikadze, Florian Flenkenthaler, Elisabeth Kemter, Sophie Franzmeier, 

Jan B. Stöckl, Mark Haid, Fabien Riols, Michael Rothe, Lisa Pichl, Simone Renner, 

Andreas Blutke, Eckhard Wolf, Thomas Fröhlich 

 

Author contributions: 

B.S., F.F., E.W., and T.F.: conceptualization; B.S.: Software, Data Curation, Formal 

Analysis, Investigation, Visualization, Writing – Original Draft; J.B.S., E.W. and T.F.: 

Reviewing and Editing. B.S., E.K., S.F., L.P. and A.B.: Investigation; M.R., F.R., M.H., 

Lipidomics measurments; S.R., A.B. and E.W.: Resources. E.W., T.F.: Supervision 

and Funding acquisition. 
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Multi-omics analysis of diabetic pig lungs reveals molecular derangements 

underlying pulmonary complications of diabetes mellitus 

Bachuki Shashikadze1, Florian Flenkenthaler1,2, Elisabeth Kemter2,3,4, Sophie 

Franzmeier5, Jan B. Stöckl1, Mark Haid6, Fabien Riols6, Michael Rothe7, Lisa Pichl5, 
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1Laboratory for Functional Genome Analysis (LAFUGA), Gene Center, LMU Munich, 
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8 Contributed equally  

 

Highlights:  

• Lung proteomes are affected by insulin deficiency and hyperglycemia • Small leucine 

rich proteoglycans are increased in abundance in diabetic lung • Proteins involved in 

immune system processes are reduced in diabetic lung • Eicosanoid metabolism is 

impaired in diabetic lung • Our study gives new insights into pathophysiological effects 

of diabetes in lung 

In brief: 

Data independent acquisition proteomics combined with lipidomics revealed 

alterations in the lipoxygenase metabolism in the diabetic lung from a clinically relevant 

large animal model. We observed a strong reduction of polyunsaturated fatty acid 

lipoxygenase (ALOX15) levels in the diabetic lung. Moreover, targeted lipidomics 

demonstrated reduced levels of inflammatory lipid mediators produced by ALOX15. 

This points to an imbalance in pro- and anti-inflammatory milieu in the diabetic lung 

which may contribute to frequently observed increased prevalence of infections in 

diabetic patients. 
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ABSTRACT 

Growing evidence shows that the lung is an organ prone to injury by diabetes mellitus. 

However, the molecular mechanisms of these pulmonary complications have not yet 

been characterized comprehensively. To systematically study the effects of insulin 

deficiency and hyperglycaemia on lung tissue, we combined proteomics and 

lipidomics with quantitative histomorphological analyses to compare lung tissue 

samples from a clinically relevant pig model for mutant INS gene induced diabetes of 

youth (MIDY) with samples from wild-type (WT) littermate controls. Among others, the 

level of pulmonary surfactant-associated protein A (SFTPA1), a biomarker of lung 

injury, was significantly elevated. Furthermore, key proteins related to humoral 
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immune response and extracellular matrix (ECM) organization were significantly 

altered in abundance. Importantly, a lipoxygenase pathway was dysregulated as 

indicated by a 2.5-fold reduction of polyunsaturated fatty acid lipoxygenase ALOX15 

levels, associated with corresponding changes in the levels of lipids influenced by this 

enzyme. Our multi-omics study points to an involvement of reduced ALOX15 levels 

and an associated lack of eicosanoid switching as mechanisms contributing to a 

proinflammatory milieu in the lungs of subjects suffering from diabetes mellitus. 

Keywords: Diabetes, biobank, insulin deficiency, lipidome, lipoxygenase, lung, pig 

model, proteome 
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ABBREVIATIONS 

12-HETE, 12-hydroxyeicosatetraenoic acid; 14,15-DiHETE, 14,15-

dihydroxyeicosatetraenoic; 14-HDHA, 14-hydroxydocosahexaenoic acid; 5,6-

DiHETE, 5,6-dihydroxyeicosatetraenoic acid; AA, arachidonic acid; AGC, automatic 

gain control; ALOX15, polyunsaturated fatty acid lipoxygenase; APOA4, 

apolipoprotein A4; ASPN, asporin; C6, complement component C6; CES1, carboxylic 

ester hydrolase; CIA, co-inertia analysis; COPD, chronic obstructive pulmonary 

disease; CTGF, connective tissue growth factor; DAB, 3,3’-diaminobenzidine 

tetrahydrochloride dihydrate; DHA, docosahexaenoic acid; DIA, data-independent 

acquisition; ECHDC1, ethylmalonyl-CoA decarboxylase 1; ECM, extracellular matrix; 

EPA, eicosapentaenoic acid; FABP4, fatty acid-binding protein 4; LA, linoleic acid; 

LOOCV, leave-one-out cross-validation; LOX, lipoxygenase; LTA4, leukotriene A4; 

LTA4H, leukotriene A(4) hydrolase; LTB4, leukotriene B4; MIDY, mutant INS gene 

induced diabetes of youth; NCE normalized collision energy; PBS, phosphate-buffered 

saline; PCA, principal component analysis; PUFA, polyunsaturated fatty acid; 

SFTPA1, surfactant-associated protein A; SLRP, small-leucine-rich-proteoglycan; 

STZ, streptozotocin; SULT1E1, oestrogen sulfotransferase; TGFB1, transforming 

growth factor beta 1; WT, wild-type; α-LA, alpha-linolenic acid; γ-LA, gamma-linolenic 

acid. 
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INTRODUCTION 

Diabetes mellitus alongside its associated complications has emerged as a global 

health problem whose prevalence has increased over the past decades. Diabetes 

causes profound long-term molecular effects on multiple tissues and organs. 

Traditionally, the chronic complications of diabetes are classified as macro- and 

microvascular complications [1]. The rich vascularization of the lungs and the 

abundance of connective tissue suggest that it may be affected by diabetic 

microvascular damage [2]. The pathophysiology of pulmonary symptoms in diabetes 

is complex and so far not clearly understood. In addition, pulmonary damage is mostly 

subclinical and therefore difficult to detect [2]. Multiple studies have pointed to various 

pulmonary complications in diabetes (reviewed in [2-4]). In particular, an increased 

susceptibility to respiratory infections is frequently observed in the context of diabetes. 

Since the respiratory tract is constantly exposed to pathogens, normal functioning of 

defence mechanisms is crucial to protect the lung. Higher hospitalization and mortality 

rates were observed in diabetic patients with viral or bacterial infections such as 

influenza [5], COVID-19 [6], and others. Additionally, diabetes significantly increases 

mortality rates in patients with idiopathic pulmonary fibrosis [7]. Furthermore, 

individuals with diabetes are at increased risk of developing further pulmonary 

conditions such as asthma, pulmonary fibrosis, and chronic obstructive pulmonary 

disease (COPD) [8].  

So far, the research focus was mainly on epidemiological associations between 

diabetes and impaired lung function. However, for prevention and intervention 

strategies, understanding the underlying molecular mechanisms is crucial. Several 

rodent models have been established and provided valuable insights into the onset 
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and progression of diabetes [9]. Streptozotocin (STZ)-induced pancreatic injury in 

rodents is commonly used as a model of type 1 diabetes [10]. However, the 

confounding effects of STZ especially on the immune system [11] complicate the 

interpretation of the findings. Furthermore, rodents frequently lack clinical relevance 

due to fundamental physiological differences from humans. We thus investigated lung 

samples from INSC94Y transgenic pigs, a tailored large animal model for mutant INS 

gene induced diabetes of youth (MIDY), characterized by impaired insulin secretion, 

β-cell loss, and chronic hyperglycaemia [12], and lung samples from wild-type (WT) 

littermate controls. Hyperglycaemia alone or the time of exposure to hyperglycaemia 

in MIDY pigs may not be sufficient to induce severe diabetic complications [13]. 

However, MIDY pigs develop diabetes-related alterations in various tissues including 

myocardium [14], retina [15], immune cells [16], liver [17], and adipose tissue [13, 18]. 

Although the full spectrum of complications as observed in humans is not described in 

porcine models, they are becoming increasingly important in diabetes research to 

bridge the gap between proof-of-concept studies in rodents and clinical trials [19, 20]. 

MIDY pigs exhibit a stable diabetic phenotype without further manipulation because of 

a specific clinically relevant impairment of β-cells [12, 21]. The pig is a valuable model 

in the context of respiratory medicine, as porcine and human lungs share many 

anatomic, histological, biochemical, and physiological characteristics [22]. 

Furthermore, functional similarities of the porcine host defence proteins with their 

human counterparts make the pig an excellent model to study the pathogenesis of 

respiratory inflammation [23].   

In the present study, data-independent acquisition-based proteomics and targeted 

analysis of relevant lipid molecules were performed on lung tissue samples from the 
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Munich MIDY pig biobank [24] to systematically address pulmonary changes in 

response to chronic insulin deficiency and hyperglycaemia. Additional 

immunohistochemical and quantitative morphological analyses were carried out to 

localize differentially abundant key molecules in their pathophysiological context.  

 

RESULTS 

Overview of proteome differences 

To investigate the molecular effects of chronic insulin deficiency and hyperglycaemia 

on the lung tissue proteome, we performed a label-free liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) analysis of lung samples from MIDY and WT animals. 

Using a data-independent acquisition (DIA) (Figure 1A), we identified 45,411 distinct 

peptides from 5,465 protein groups with high confidence (false discovery rate < 0.01) 

(Tables S1-2). The dataset has been submitted to the ProteomeXchange Consortium 

via the PRIDE partner repository (PXD038014). Quantitative analysis using MS-

EmpiRe workflow detected 265 proteins changed in abundance between MIDY versus 

WT with Benjamini–Hochberg corrected p-value ≤ 0.05 (Table S3), out of which 61 

proteins were changed in abundance by at least 1.5-fold (Figure 1B).  

The protein with the highest abundance increase (3.6-fold) in MIDY lung was 

ethylmalonyl-CoA decarboxylase 1 (ECHDC1). Likewise, other proteins involved in 

lipid catabolic processes, such as oestrogen sulfotransferase (SULT1E1), fatty acid-

binding protein 4 (FABP4), apolipoprotein A4 (APOA4), and carboxylic ester hydrolase 

(CES1), were elevated. Furthermore, members of the small-leucine-rich proteoglycan 

(SLRP) family were more abundant in MIDY versus WT samples. The most prominent 
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was asporin (ASPN) with a 1.9-fold increase. In addition, SLRP levels were correlated 

significantly (Figure S1). Pulmonary surfactant-associated protein A (SFTPA1) was 

also elevated in MIDY lungs (Benjamini–Hochberg corrected p-value = 0.005).  

One of the most prominently reduced proteins in MIDY lung (2.6-fold) was 

polyunsaturated fatty acid lipoxygenase ALOX15 (ALOX15). Several members of the 

complement and coagulation cascades were also reduced, of which complement 

component C6 (C6) was the most pronounced with a 1.8-fold decrease. A large 

fraction of differentially abundant proteins in MIDY compared to WT pigs were ECM 

proteins. We classified these proteins into the following groups: secreted factors, 

proteoglycans, ECM regulators, ECM glycoproteins, ECM-affiliated proteins, and 

collagens (Figure 1C). Similarly, proteins involved in the biological processes and 

pathways related to insulin homeostasis are visualized in Figure S2. 

Furthermore, to functionally characterize proteome alterations between MIDY versus 

WT, a pre-ranked gene set enrichment analysis using STRING was performed. The 

detailed results of the enrichment analysis are provided in Table S4 and are visualized 

in Figure 1D. Gene sets, like acute-phase response, regulation of humoral immune 

response, blood coagulation, regulation of phagocytosis, platelet degranulation, cell 

killing, and humoral immune response, were enriched among the proteins decreased 

in abundance, whereas proteins related to keratan sulfate biosynthetic process, 

cornification, glycosaminoglycan biosynthetic process, and intermediate filament 

cytoskeleton organization were enriched among the upregulated proteins. An 

enrichment of proteins related to lipid storage, mucopolysaccharide metabolic 

process, and aminoglycan metabolic process was simultaneously found in the sets of 

more and less abundant proteins. 
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Protein localization studies and quantitative stereology 

In lung tissue sections of MIDY and WT pigs, ALOX15 immunoreactivity was present 

in mononuclear cells within alveolar walls and inside the vascular lumina (Figure 2A, 

B). Confirming the significantly reduced ALOX15 protein levels in the MIDY lung tissue 

identified by proteomic analysis, quantitative stereological analysis revealed a 

significantly decreased volume density of ALOX15-positive cells within the lung tissue 

(Figure 2C). The volume density of interstitial connective tissue in the lung tissue 

(excluding air-filled spaces) of MIDY pigs was slightly increased (p-value = 0.19) as 

compared to WT animals (Figure S3).  

Overview of lipidome differences 

To clarify if the markedly reduced levels of ALOX15 in the MIDY animals affect the 

total level of eicosanoids, we used mass spectrometry-based targeted lipidomics and 

compared eicosanoid levels from MIDY and WT lungs. The results are shown in Table 

S5. A global correlation map of all quantified eicosanoids is shown in Figure 3A and in 

Table S6. Hierarchical clustering revealed several clusters of molecules that share the 

same biosynthetic pathway and show a similar regulation trend across animals. 

Hierarchical clustering revealed four homogenous regions, of which one, consisting of 

lipids produced mainly by a lipoxygenase (LOX) pathway, was particularly interesting. 

Magnification of this cluster (Figure 3A, right inset) shows a heatmap of lipids with 

strong correlation to each other, and some of these correlations remained significant 

after adjusting for all pairwise comparisons using the Benjamini-Hochberg method. 

Focusing on the hypothesis of eicosanoid co-regulation in the MIDY lung, we 

visualized highly correlated (|Rho| > 0.8) lipids as a network (Figure 3B, C). The 

community detection algorithm revealed several densely populated sub-networks. To 



Section B: Investigation of the effect of hyperglycaemia on lung 
 79 

  

 

 

visualize whether distinct communities contain lipids that share the same biosynthetic 

pathway, we coloured the nodes according to the substrate (Figure 3B) and enzyme 

(Figure 3C). In agreement with Figure 3A, dense clusters with strong associations 

across biomolecule classes were apparent. Figure 3C further shows a network for the 

selected community with significantly (Rho > 0.8 and Benjamini–Hochberg corrected 

p-value < 0.05) correlated lipids. Figure 3D shows the trend of reduced eicosanoid 

levels in MIDY compared to WT lungs, from the selected cluster (1 in Figure 3A, 2 in 

Figure 3C). Next, a principal component analysis was performed on the entire data set 

(Figure 4A), which indicated moderate clustering of MIDY from the WT animals. 

Furthermore, some of the PUFA precursors in a free state were quantified (Figure 4C, 

Table S8). 

Multi-omics data integration 

For multi-omics data integration co-inertia analysis (CIA) [25] was used. Graphical 

representation of samples (Figure 5A) and variables (Figure 5B) on a lower-

dimensional space allows interpretation of global variance structure and identification 

of the most informative biomolecules across datasets. CIA of proteome (circle) and 

lipidome (square) revealed a significant relationship (RV = 0.78, 500 permutation, p = 

0.041). The corresponding score plot shows the proteins and lipids responsible for 

partitioning MIDY and WT samples on the CIA plot. Although not displaying clear 

clusters, the CIA showed trends towards separation of MIDY and WT samples.  

DISCUSSION  

To reveal biological processes and pathways altered by insulin-deficiency in the lung 

and to identify molecular key drivers of these alterations, a multi-omics analysis 
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combining in-depth data-independent acquisition proteomics, and quantitative 

readouts of relevant lipid molecules was performed.  

The crucial lipid-protein mixture that reduces alveolar surface tension and facilitates 

breathing is pulmonary surfactant [26], which covers the entire alveolar surface of the 

lungs [27]. Defects in the stimulation of pulmonary surfactant production have been 

observed in various medical conditions such as COPD [28] and idiopathic pulmonary 

fibrosis [29]. These defects might also be contributing factors to airway dysfunction in 

diabetes [30]. Surfactant proteins leak from the alveolar space into the bloodstream, 

when the alveolar-capillary barrier is damaged, which makes them useful biomarkers 

for lung injury [31]. We detected a ~50% increase of the pulmonary surfactant-

associated protein A (SFTPA1 alias SP-A) in MIDY compared to WT pig lungs 

(Benjamini-Hochberg-adjusted P-value 0.005). SP-A is the major protein component 

of surfactant and regulates surfactant phospholipid synthesis, secretion, and recycling 

[32]. Insulin is known to inhibit expression of the SP-A in the lung [33, 34], therefore 

increased abundance of SP-A in our study is in line with insulin deficiency in MIDY 

pigs. The clinical relevance of our finding is supported by a randomized population-

based study revealing elevated circulating SP-A levels in the blood of patients with 

glucose intolerance and diabetes [35]. SP-A levels were also elevated in the lung of 

obese diabetic rats compared to lean nondiabetic control [30]. The observed increased 

abundance of SP-A in the MIDY model may reflect the diabetes-associated 

impairment of pulmonary diffusing capacity reported in children and adolescents with 

type 1 diabetes [2]. 

Besides pulmonary surfactant, the composition and function of lung ECM also become 

markedly deranged due to pathological tissue remodelling in diabetes mellitus [36]. 
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Excessive production of ECM components and nonenzymatic glycation of ECM 

proteins due to hyperglycaemia lead to matrix stiffening, remodelling the lung tissue 

structure and promoting pulmonary fibrosis. Secreted factors such as transforming 

growth factor beta 1 (TGFB1) and connective tissue growth factor (CTGF alias CCN2) 

are the notorious pro-fibrotic agents involved in the initiation and progression of 

pulmonary fibrosis [37]. Elevated levels of TGFB1 were found in the lungs of STZ-

induced diabetic rats and were associated with pulmonary fibrosis [38]. However, in 

the MIDY lung, the abundance of TGFB1 was not increased, and CTGF was even 

reduced by 1.7-fold (Benjamini–Hochberg corrected p-value = 0.01). The absence of 

a pro-fibrotic environment in the MIDY lung might be related to the elevated levels of 

small leucine-rich proteoglycans (SLRPs), which modulate the expression and activity 

of TGFB1 and CTGF and could therefore potentially protect the tissue against their 

deleterious effects [39]. Furthermore, SLRP levels were correlated significantly and 

together, SLRPs could counteract the vicious cycle observed previously in the diabetic 

lung, being characterized by elevated production of the pro-fibrotic growth factors and 

increased matrix deposition. In line with this, analysis of histological lung tissue 

sections from MIDY and WT pigs did not reveal evidence of fibrosis in the MIDY lung. 

Levels of different members of SLRP were also elevated in other diabetic conditions 

such as human diabetic nephropathy [40], diabetic foot ulceration [41], type 2 diabetes 

and obesity [42]. In the case-cohort study, decorin – one of the best characterized 

SLRP - was selected as one of the most important biomarkers for type 2 diabetes 

prediction [43]. Furthermore, the occurrence of sterile inflammation, characterized by 

a low-grade inflammatory response, is considered to contribute to pulmonary 

complications in hyperglycaemic conditions. Reduced complement system activity and 

humoral immunity associated with a reduced response of specialized immune cells 
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increase the risk of infections in diabetic patients [44]. In line with this, gene set 

enrichment analysis of proteomics data from the MIDY lung revealed proteins related 

to the regulation of the humoral immune response to be the most overrepresented in 

the set of downregulated proteins (among others, serpin family A members, 

complement and coagulation proteins). In line, a proteomics study of human type 1 

diabetes serum revealed dysregulation of proteins involved in innate immune 

responses and in the activation cascade of complement [45]. Taken together, the 

humoral immune response seems to be compromised in the MIDY lung, potentially 

worsening the defence response.  

A particularly novel and interesting finding of this investigation is a prominent, 2.5-fold 

downregulation of polyunsaturated fatty acid lipoxygenase ALOX15 in the MIDY lung. 

Alterations in ALOX15 regulation have been observed in various cardiovascular, renal, 

neurological, and metabolic disorders (reviewed in [46]). Although ALOX15 

orthologues are known for several decades, their biological role is still under 

discussion. Like other lipoxygenases, ALOX15 is involved in the metabolism of 

polyunsaturated fatty acids (PUFAs) to form biologically active lipid mediators. The 

physiological substrates of ALOX15 are linoleic acid (LA), alpha-linolenic acid (a-LA), 

gamma-linolenic acid (γ-LA), arachidonic acid (AA), eicosapentaenoic acid (EPA), and 

docosahexaenoic acid (DHA). In the lung, ALOX15 products can stimulate or resolve 

inflammation and stimulate tissue repair [47]. A recent review highlighted the 

importance of ALOX15 in the formation of key lipid mediators to terminate 

inflammation during lung cancer in humans [48]. The strong downregulation of 

ALOX15 in the MIDY lung seems to be indicative of a disturbed immune response. 

Besides, leukotriene A(4) hydrolase (LTA4H) was moderately elevated in the MIDY 
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lung. LTA4H converts leukotriene A4 (LTA4) to leukotriene B4 (LTB4) and therefore 

plays an important role in the generation of pro-inflammatory leukotrienes. A shift from 

the leukotriene to the lipoxin production, also known as eicosanoid class switching, is 

necessary to resolve inflammation and to prevent the progression to chronic 

inflammation [49]. The inverse regulation of LTA4H and ALOX15 therefore possibly 

indicates the unbalanced production of pro-inflammatory lipid mediators. This agrees 

with the observed dysregulation of proteins related to humoral immune response in 

the MIDY lung discussed above. Furthermore, the lipidomics dataset showed a trend 

lower levels of lipoxygenase products in the MIDY lung, which is concordant with the 

strongly reduced protein levels of ALOX15. Eicosanoid levels derived from the 

lipoxygenase pathway were strongly correlated suggesting an orchestrated co-

regulation of these molecules. The most pronounced from these molecules were 

downregulation of 14-HDHA and 12-HETE. 12-HETE, which can be produced by 

ALOX15, is known to have pro- and anti-inflammatory effects [50]. 14-HDHA, which 

was reduced by ~2.2-fold, is produced through the ALOX15-catalyzed oxygenation of 

docosahexaenoic acid (DHA) and is the key precursor of maresin, an anti-

inflammatory lipid mediator [50]. Taken together, strongly reduced ALOX15 and 

associated eicosanoid levels reflect imbalanced production of pro- and anti-

inflammatory mediators in the MIDY lung and provide molecular insights into the 

impoverished ability of inflammation resolution as a hallmark of diabetes lung disease.  

In conclusion, this is the first multi-omics characterization of lung tissue in a clinically 

relevant large animal model of insulin-deficient diabetes mellitus. The fact that – for 

logistic reasons - only female pigs could be maintained for two years represents a 

limitation of this study. Another limitation of the study is the relatively small group size, 
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which may explain that some of the findings are trends close to the significance 

threshold. However, combination of multiple layers of molecular information with 

rigorous statistical and bioinformatic approaches revealed novel functional 

consequences of insulin deficiency for the lungs. The generated datasets further 

provide an important resource for future studies on the progression of pulmonary 

complications and other associated comorbidities in diabetes mellitus.  

MATERIALS AND METHODS 

Proteomics 

Sample Preparation 

Frozen lung tissue samples were washed briefly in ice-cold phosphate-buffered saline 

(PBS) supplemented with protease inhibitors (Roche Diagnostics, Mannheim, 

Germany). Samples were snap-frozen in liquid nitrogen and transferred into prechilled 

tubes and cryo-pulverized in a CP02 Automated Dry Pulverizer (Covaris, Woburn, MA, 

USA) using an impact level of five according to the manufacturer’s instructions. 

Powdered tissue was lysed in 8 M urea/0.5 M NH4HCO3 supplemented with protease 

inhibitors (Roche Diagnostics, Mannheim, Germany) by ultrasonicating (18 cycles of 

10 s) using a Sonopuls HD3200 (Bandelin, Berlin, Germany). Pierce 660 nm Protein 

Assay (Thermo Fisher Scientific, Rockford, IL, USA) was used for protein 

quantification. 20 µl of lysate containing 50 µg of protein was processed for digestion. 

Briefly, disulfide bonds were reduced (45 mM dithiothreitol/20 mM tris(2-carboxyethyl) 

phosphine, 30 min, 56°C) and cysteine residues were alkylated (100 mM 

iodoacetamide, 30 min, room temperature), followed by quenching of excess 

iodoacetamide with dithiothreitol (90 mM, 15 min, room temperature). Proteins were 

then digested sequentially, firstly, with Lys-C (FUJIFILM Wako Chemicals Europe 
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GmbH, Neuss, Germany) for 4 h (1:50 enzyme to protein ratio) and subsequently with 

modified porcine trypsin (Promega, Madison, WI, USA) for 16 h at 37°C (1:50 enzyme 

to protein ratio). Peptides were then desalted using a Sep Pak C18 cartridge (Waters, 

Milford, MA) according to the manufacturer’s instructions. The SepPak eluents were 

dried before analysis using a vacuum centrifuge. 

 

Nano-liquid chromatography tandem mass spectrometry analysis 

1 μg of the digest was injected on an UltiMate 3000 nano-LC system coupled online 

to a Q-Exactive HF-X instrument (Thermo Fisher Scientific) operated in the data-

independent acquisition (DIA) mode. Peptides were transferred to a PepMap 100 C18 

trap column (100 µm×2 cm, 5 µM particles, Thermo Fisher Scientific) and separated 

on an analytical column (PepMap RSLC C18, 75 µm×50 cm, 2 µm particles, Thermo 

Fisher Scientific) at 250 nL/min with an 80-min gradient of 5-20% of solvent B followed 

by a 9-min increase to 40%. After gradient, the column was washed with 85% solvent 

B for 9-min, followed by 10-min re-equilibration with 3% solvent B. Solvent A consisted 

of 0.1% formic acid in water and solvent B of 0.1% formic acid in acetonitrile. The Q-

Exactive HF-X instrument was configured to acquire 50 x 12 m/z-wide (in the range of 

400-1000 m/z) precursor isolation window DIA spectra (15,000 resolution, AGC target 

1e6, maximum inject time 20 ms, NCE 27) as described in [51, 52] using a staggered 

window pattern [53] with window placements optimized by Skyline software (v. 21.1) 

[54]. Precursor spectra (in the range of 390-1010 m/z, 60,000 resolution, AGC target 

1e6, max IIT 60 ms, +3H assumed charge state) were interspersed among every 50 

ms/ms spectra. Chromatogram libraries using gas-phase fractionation [55] was built 

using the same LC settings. Six injections of pooled digest were performed with 25 X 



Section B: Investigation of the effect of hyperglycaemia on lung 
 86 

  

 

 

4 m/z-wide DIA (30,000 resolution, AGC target 1e6 maximum inject time 55 ms, NCE 

27, +3H assumed charge state) using a staggered window pattern with window 

placements optimized by Skyline software (v. 21.1) (i.e. 400.43-502.48, 500.48-

602.52, 600.52-702.57, 700.57-802.61, 800.61-902.66, 900.66-1002.70), producing 

300 x 2 m/z-wide windows spanning from 400 to 1000 m/z after deconvolution. Table 

S9 contains the actual windowing schemes. 

 

Identification, quantification and bioinformatics 

Raw data processing was carried out using DIA-NN (v1.8) [56]. Identification was 

based on predicted spectral libraries generated by DIA-NN’s built-in deep-learning-

based spectra and retention time predictor and further constrained by experimental 

data from project-specific gas-phase fractionation-based library (also generated by 

DIA-NN). For all searches, the Sus scrofa protein database (UniProt Reference 

Proteome – Taxonomy 9823 – Proteome ID UP000008227 – last modified June 16, 

2021, 49,792 entries) alongside the MaxQuant contaminants fasta file [57] were used. 

The enzyme for digestion was set to trypsin and one missed cleavage was allowed. 

Only peptides with a charge state of +2, +3, and +4 were considered. Cysteine 

carbamidomethylation was set as a fixed modification. The precursors were filtered at 

1 % false discovery rate. Retention time correction was performed automatically by 

DIA-NN and quantification strategy was set to Robust LC (high accuracy mode). 

Similarly, mass tolerance was determined automatically by DIA-NN as described in 

[56] and was set to 8 ppm and 20 ppm for MS1 and MS2, respectively. The top 6 

fragments (based on their reference library intensities) were used to calculate raw 

intensities for precursors. The “Genes” column was used to count unique proteins (as 
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gene products identified and quantified using proteotypic peptides only). All other 

settings were left default. Table S10 contains detailed description of DIA-NN 

parameters used in this study. DIA-NN’s main output containing precursor level data 

was used for the downstream analysis in R [58] using custom scripts. Briefly, the 

output was filtered at 1% false discovery rate, using experimental-wide q-values for 

protein groups and both experimental-wide and run-specific q-values for precursors. 

Non-proteotypic peptides, peptides with a low signal quality and peptides derived from 

potential contaminants were excluded from further analysis. Precursor intensities for 

different charge states were aggregated to peptide level by taking the sum of 

intensities. Peptide intensities were normalized and proteins with at least two unique 

peptides detected in at least three biological replicates of each condition were tested 

for differential abundance using the MS-EmpiRe algorithm [59]. The STRING pre-

ranked gene set enrichment analysis [60] was used to reveal biological pathways 

associated with differentially abundant proteins between MIDY and WT. Signed log-

transformed p-values were used as ranking metrics and false discovery rate was 

controlled at 5%. To minimize redundancy, significant Gene Ontology (GO) biological 

processes were grouped into similar ontological terms with REVIGO [61] at an allowed 

similarity of 0.7. 

Targeted lipidomics 

Sample preparation for analysis of polyunsaturated fatty acid-derived lipid mediators 

and metabolites  

An antioxidant cocktail consisting of BHT (CAS 128-37-0), Indomethacin (CAS 53-86-

1) and TPPU (CAS 1222780-33-7) was added to 10-30 mg of the thawed tissue 

sample, to protect the sample from oxidation during sample preparation. Additionally, 
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an deuterated internal standard mix consisting of: 14,15-DHET-d11, 15-HETE-d8, 20-

HETE-d6, 8,9, EET-d11, 9,10-DiHOME-d4, 12(13)-EpOME-d4, 13-HODE-d4, PGB2-d4, 

LTB4-d4 100 pg each (Cayman Chemical, Ann Arbor, USA)  was spiked in. Methanol 

and sodium hydroxide were added for protein precipitation and alkaline hydrolysis at 

60 °C for 30 minutes. After solid phase extraction, the eluate was evaporated [62] to 

obtain a solid residue which was dissolved in 100 µL methanol/water. The residues 

were analysed using an Agilent 1290 HPLC system with binary pump, multi-sampler 

and column thermostat with a Zorbax Eclipse plus C-18, 2.1 x 150 mm, 1.8 µm column 

using a gradient solvent system of aqueous acetic acid (0.05%) and acetonitrile / 

methanol 50:50. The flow rate was set at 0.3 mL/min, the injection volume was 20 µL. 

The HPLC was coupled with an Agilent 6495 triple quadrupole mass spectrometer 

(Agilent Technologies, Santa Clara, USA) with electrospray ionization source. 

Analysis was performed with Multiple Reaction Monitoring in negative mode with at 

least two mass transitions for each compound. All oxylipins were individually calibrated 

using authentic standards purchased from Cayman Chemical (Ann Arbor, USA) in 

relation to deuterated. Certified MaxSpec® quality was used if available. If not, the 

uncertified standards have been adapted to MaxSpec® standards of similar 

compounds. 

Sample preparation for analysis of oxylipin precursors 

All compounds were purchased from Cayman Chemicals. 

Preparation of tissue samples and quality controls:  

Porcine lung tissue samples were weighted into homogenization tubes with ceramic 

beads (1.4 mm) (Bertin P000933-LYSK0A tubes). To each 1 mg of frozen porcine lung 

tissue 3 μL of a cooled mixture (4 °C) of ethanol/phosphate buffer (85:15, v/v) were 
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added. Tissue samples were homogenized using a Precellys® 24 homogenizer 

(PEQLAB Biotechnology GmbH, Germany) three times for 30 s at 5,500 rpm and 4 

°C, with 30 s pause intervals to ensure constant temperature. 30 µL (equivalent to 10 

mg) of the lung homogenates were transferred into a 1.5 mL Eppendorf tube. QC pool 

samples were prepared in triplicates by taking out 20 µL from each study sample. The 

pool sample was subsequently mixed and 30 µL were transferred into 1.5 mL 

Eppendorf tubes.  

QC reference samples were prepared in triplicates in 1.5 mL Eppendorf tubes by 

mixing 5 µL of the standard mixture (300 ng/mL) with 45 µL of water. Blank (triplicate) 

and zero (single) samples were prepared by transferring 30 µL of ethanol/phosphate 

buffer (85:15, v/v) into 1.5 mL Eppendorf tubes. Calibrators were prepared in 1.5 mL 

Eppendorf tubes by successive dilutions (factor 3) in water/MeOH (50:50, v/v) of the 

calibration mixture (2000 ng/mL) to reach 9 calibrator points (cal.): 666.67 ng/mL (cal. 

09) to 0.102 ng/mL (cal. 01). 30 µL of each cal. was then transferred to a new 1.5 mL 

Eppendorf tube. 

Every tube was pre-cooled in wet ice before starting sample preparation and kept on 

wet ice all along the extraction procedure.  

For accurate quantification, 10 µL of ISTD mixture (50 ng/mL) were added to the 

samples, except zero sample. 

Extraction procedure: 

For lipid extraction, 150 µL of cold MeOH (-20 °C) were added to the samples followed 

by incubation for 10 min with vortexing every 3 min. Protein precipitation was 

performed by centrifugation of the samples at 10,000 x g for 15 min at 4 °C. The 
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supernatant (around 150 µL) was transferred to a 1 mL NuncTM 96-well polypropylene 

plate (ThermoFisher), and the volume was adjusted with water to reach 1 ml (final 

MeOH concentration of 15%) and mixed up. Solid phase extraction was then 

performed with a Strata-X Micro 96-well plate, 33 µm, 2 mL (Phenomenex) using a 

positive pressure-96 processor (Waters). After SPE plate conditioning with 2 x 0.5 mL 

MeOH and then 2 x 0.5 mL water, 2 x 0.5 mL of each sample were loaded on the SPE 

plate. After rinsing with 2 x 0.5 mL 10% MeOH in water (v/v) the analytes were eluted 

with 2 x 100 µL MeOH into a new 1 mL 96-well plate. Samples were transferred to a 

select-a-vial 96-well plate with 300 µL glass inserts (Analytical Services) and 

evaporated to dryness at 30 °C with nitrogen gas. Analytes were resuspended with 30 

µL 50% MeOH in water (v/v), vortexed, and centrifuged for some seconds at 1000 x g 

before direct injection into the analytical system.  

LC-MS/MS analysis  

All samples were measured with an Exion UHPLC-system coupled to a QTRAP 6500+ 

mass spectrometer (SCIEX, Darmstadt, Germany) operated with Analyst 1.6.3. 

Chromatographic separation was achieved using a Kinetex C18 reversed phase 

column (1.7 μm, 100 × 2.1 mm, Phenomenex) with a SecurityGuard Ultra Cartridge 

C18 (Phenomenex) precolumn, heated at 40 °C. Mobile phases A, water:ACN (70:30, 

v/v) + 100 µL AA, and B, ACN/IPA (50:50, v/v) were used with gradient program with 

an isocratic flow rate of 500 µL/min as follow: 0% B at 0 min, 70% B at 6.5 min, 100% 

B at 7.8 min, 100% B at 9.5 min, and 0% B at 11 min. The autosampler was operated 

at 4 °C with an injection volume of 10 µL of sample.  

The coupled mass spectrometer was equipped with an electrospray ionization (ESI) 

Turbo-VTM source set to negative mode. Source parameters were optimized to the 
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following values: source temperature 500 °C, curtain gas flow 40 psi, ionspray voltage 

–4000 V, ion source gas 1 50 psi, ion source gas 2 40 psi. Metabolites were analyzed 

via scheduled multiple reaction monitoring (sMRM) with nitrogen as collision gas. All 

MRM transitions were optimized for each compound, as well as the source parameters 

such as declustering potential, collision energy, cell exit potential and entrance 

potential. The sMRM detection window was set to 60 s. Acquisition time was about 8.5 

min. 

SciexOS software version 2.2.0.5738 (Sciex) was finally used for peak detection, 

integration and for quantitation of compounds (MQ4 algorithm). For quantification, 

linear calibration curves were generated from extracted calibrator samples for every 

compound via the IS method using the area ratio between the analyte and its ISTD, 

with a weighting factor of 1/x. 

 

Bioinformatics  

Principal component analysis (PCA) was performed to discover natural grouping 

existing in the data. PCA was built on log-transformed data using prcomp function from 

R package stats [58]. To reveal eicosanoid subclasses with a similar regulation 

pattern, correlation analysis with rank-based approach (Spearman correlation) was 

employed. The significance of correlation (p-value) was corrected for all pairwise 

comparisons with Benjamini-Hochberg procedure using R package psych [63]. The 

correlation matrix was first subjected to hierarchical clustering using complete linkage-

clustering as the clustering method and the Spearman correlation as the distance 

measure [64]. The resulting heatmap was partitioned into four different clusters using 

the k-means algorithm. A correlation matrix was also visualized as a network using R 
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package igraph [65]. Community detection was performed using the walktrap 

algorithm which attempts to find densely populated subnetworks by random walks [66]. 

Focusing on similarities between proteomics and lipidomics data, co-inertia analysis 

(CIA) was performed using R package omicade4 [25], to assess global measures for 

the co-variability of two datasets. The similarity between the two datasets was 

evaluated with parameter RV, which is a multivariate extension of the Pearson 

correlation coefficient. The significance of the RV coefficient was assessed with a 

permutation test consisting of 500 iterations.  

Histopathology, immunohistochemistry and quantitative morphological analyses  

For qualitative and quantitative histomorphological analyses, paraffin sections stained 

with haematoxylin and eosin or Masson's trichrome stain (connective tissue stain) 

were examined. Immunohistochemical detection of ALOX15 was performed using 

following antibodies: mouse monoclonal anti ALOX15 (clone OTI7H6, #TATA504358, 

origene), followed by biotinylated goat-anti-mouse secondary antibody (#115-065-

146, Jackson ImmunoResearch) and horseradish peroxidase labelled avidin biotin 

complex (#PK-6100, Vector Laboratories). Immunoreactivity was visualized using 3,3’-

diaminobenzidine tetrahydrochloride dihydrate (DAB). Sections stained with buffer 

instead of the primary antibody were used as negative control. The volume density of 

immunohistochemically ALOX15-positively labelled cells within the lung (VV(ALOX15-

positive cells/lung)) was determined following the principle of Delesse and calculated as the 

sum of cross-sectional areas of ALOX15-positive cell profiles, divided by the sum of 

cross-sectional areas of lung tissue (excluding air-filled spaces) in 48 ± 2 

systematically randomly sampled section areas per case. ALOX15-positive area 

densities were determined by differential point counting, using an automated 
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stereology system (VIS-Visiopharm Integrator SystemTM Version 3.4.1.0 with 

newCASTTM software, Visiopharm A/S, Denmark), as previously described [17, 67]. In 

each case, >100,000 points were counted. The volume density of interstitial 

connective tissue within the lung (VV(interstitial connective tissue/lung)), was determined 

analogously in Masson-trichrome stained lung tissue sections (counting > 10,000 

points per case). All quantitative morphological analyses were performed in a blinded 

manner, i.e., without knowing the affiliation of the examined animals. Statistical 

significance of the difference in the volume density of immunohistochemically 

ALOX15-positively labelled cells and volume density of interstitial connective tissue in 

the lung between MIDY and WT were evaluated using two-sample Mann–Whitney U 

Test.  

Statistical analysis 

In this study, lung tissue samples collected by systematic random sampling [68] from 

two-year-old female MIDY pigs (n=4) and female WT littermates (n=5) were used. 

Tissues were shock-frozen on dry ice and stored at -80°C in the Munich MIDY Pig 

Biobank [24] until analysis. During analysis, all samples were processed in parallel to 

avoid possible bias related to different storage times. Histology and 

immunohistochemistry were performed on lung tissue samples taken from the exactly 

same locations as the proteomic and lipidomic analysis samples. All experiments were 

performed according to the German Animal Welfare Act and approved by the 

Government of Upper Bavaria, following the ARRIVE guidelines and Directive 

2010/63/EU for animal experiments. All statistical analyses were performed in R [58]. 

Samples were analysed with a DIA method with MS1 spectra interspersed every 50 

ms/ms scans. Identification was performed using DIA-NN [56] and its built-in deep 
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learning-based spectra and retention time predictor alongside project specific narrow-

window gas-phase fractionation-based library. A false discovery-rate cut-off of 1% was 

applied on precursor and protein level. MS-EmpiRe workflow [59] followed by a 

Benjamini-Hochberg multiple testing correction was used to reveal differentially 

abundant proteins. Correlation between selected variables was evaluated using 

Spearman correlation and resulting p-values were corrected for all pairwise 

comparisons using Benjamini-Hochberg method.  
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Figure 1. Quantitative proteome analysis of lung tissue from WT and MIDY pigs. 

(A) Experimental design—lung tissue proteome from the MIDY and WT animals were 

analysed using a multi-injection gas-phase fractionation data-independent acquisition 

as described in [51, 56]. (B) Volcano plot visualization of proteome abundance 

changes between MIDY and WT. Protein abundance changes with Benjamini–

Hochberg corrected p-value ≤ 0.05, and fold-change ≥ 1.50 in MIDY lung are coloured 

in red and blue for downregulation and upregulation, respectively. (C) Abundance 

change of proteins that are part of the extracellular matrix according to [70]. The colour 

of the bubble corresponds to the log2 fold change of protein (red downregulation, blue 

upregulation) and the size of the bubble indicates the significance of the protein 

change. (D) Pre-ranked enrichment analysis using STRING with gene sets according 

to gene ontology (GO) biological process databases was used to reveal processes 

enriched in the top (downregulated) or bottom (upregulated) of a ranked list of genes. 

Significantly enriched GO biological processes (false discovery rate < 0.05) were 

summarized with REVIGO by grouping semantically similar ontology terms. Processes 

related to down-regulated proteins (left column), up-regulated proteins (right column), 

and simultaneously related to more and less abundant proteins (middle column) are 

shown. The size of the bubble indicates the corresponding number of the quantified 

proteins (referred genes mapped in the Figure) associated with the pathway, and 

colour the significance of enrichment. Fold enrichment represents the magnitude of 

over-representation. 

 

 

 



Section B: Investigation of the effect of hyperglycaemia on lung 
 98 

  

 

 

 

Figure 2. Immunohistochemical detection of ALOX15 in lung sections of WT (A) 

and MIDY pigs (B). Histological landmarks (alveoli (a), blood vessels (v), bronchioli 

(b)) are indicated. ALOX15-positive cells (dark brown colour) are present within 

alveolar septae (arrowheads) and inside vascular lumina. Paraffin sections. 

Chromogene: DAB, nuclear counterstain: haemalum. Size bar = 100 µm. (C) Volume 

densities of ALOX15-positive cells within the lung of WT and MIDY pigs. Statistical 

significance of the difference was assessed using the Mann-Whitney-U-test. The bar 

diagrams show means and standard deviations. 
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Figure 3. Correlation analysis of eicosanoid levels from WT and MIDY lung. (A) 

Global correlation map of eicosanoid levels on the left with an inset of the selected 

cluster (1) on the right. The correlation was estimated using the non-parametric 

Spearman rank correlation coefficient. Red and blue patches in the correlation map 

indicate positive and negative correlations, respectively. Columns and rows of the 

heatmap are annotated for each lipid, based on the substrates and enzymes involved 

in their production. The regulation column indicates the abundance change of 

eicosanoids in MIDY versus WT. The correlation map was partitioned into 

homogenous regions using the k-means method (k=4). The correlation map on the 

right is labelled with an asterisk according to the significance (p-value) of the 

correlation after multiple testing correction for all pairwise comparisons using the 

Benjamini-Hochberg method. *p < 0.05; **p < 0.01; ***p < 0.001. (B, C) Correlation 

between eicosanoid levels shown as a network. Each node corresponds to a single 

lipid and edges are drawn between highly correlated (|Rho| > 0.8) molecules. Nodes 

with dense connections were grouped using the random walk-based community 

detection algorithm (coloured drawings around the group of nodes). The network with 

nodes coloured based on a substrate (B) and enzyme (C), with an inset of the selected 

community network (2) on the right that was filtered for the significant correlations 

(Benjamini–Hochberg corrected p-value < 0.05). The edge thickness on the right 

cluster (2) corresponds to the magnitude of the correlation (Rho) and the size of the 

node to the number of its adjacent edges. AA, arachidonic acid; DHA, 

docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid; COX, 

cyclooxygenase; CYP, cytochrome P450; LOX, lipoxygenase; NE, non-enzymatic. (D) 

Eicosanoid levels from the selected clusters (1 in Figure 3A, 2 in Figure 3B) in MIDY 
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versus WT. Statistical significance of the difference was assessed using the two-tailed 

Welch’s t-test. The bar diagrams show means and standard deviations. 

 

Figure 4. Eicosanoid levels in lung tissue from WT and MIDY pigs. (A) 

Unsupervised principal component analysis (PCA) based on log transformed lipid 

levels from MIDY and WT animals. The first two principal components explained 

67.4% of the total variance. (B) Volcano plot obtained from the univariate statistics 

showing log2 fold change and two-tailed Welch’s t-test p-value.  (C) PUFA precursor 
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levels in a free state from MIDY and WT lungs. Statistical significance of the difference 

was assessed using the two-tailed Welch’s t-test. The bar diagrams show means and 

standard deviations. 

 

Figure 5. Omics data integration. (A, B) Multiple co-inertia analysis of lipidome and 

proteome data from the WT and MIDY lung showing the first two components in the 

sample (A) and variable (B) space. Circles and squares represent the proteome and 

lipidome data of a given animal, respectively. Short lines in the sample space (A) 

indicate a higher cross-omics correlation. The RV coefficient (RV = 0.78, 500 

permutation, p = 0.04) shows the correlation of two datasets. A RV close to 1 indicates 

a strong correlation. Proteins and lipids with high scores in component 1 and 

component 2 are labelled in a variable space (B). 

 

1. Vithian, K. and S. Hurel, Microvascular complications: pathophysiology and 
management. Clinical medicine (London, England), 2010. 10(5): p. 505-509. 

2. Mameli, C., M. Ghezzi, A. Mari, G. Cammi, M. Macedoni, F.C. Redaelli, V. Calcaterra, 
G. Zuccotti, and E. D'Auria, The Diabetic Lung: Insights into Pulmonary Changes in 
Children and Adolescents with Type 1 Diabetes. Metabolites, 2021. 11(2). 



Section B: Investigation of the effect of hyperglycaemia on lung 
 103 

  

 

 

3. Kolahian, S., V. Leiss, and B. Nurnberg, Diabetic lung disease: fact or fiction? Rev 
Endocr Metab Disord, 2019. 20(3): p. 303-319. 

4. Rajasurya, V., K. Gunasekaran, and S. Surani, Interstitial lung disease and diabetes. 
World J Diabetes, 2020. 11(8): p. 351-357. 

5. Klekotka, R., E. Mizgała, and W. Król, The etiology of lower respiratory tract infections 
in people with diabetes. Advances in Respiratory Medicine, 2015. 83(5): p. 401-408. 

6. Lim, S., J.H. Bae, H.-S. Kwon, and M.A. Nauck, COVID-19 and diabetes mellitus: from 
pathophysiology to clinical management. Nature Reviews Endocrinology, 2021. 17(1): 
p. 11-30. 

7. Hyldgaard, C., O. Hilberg, and E. Bendstrup, How does comorbidity influence survival 
in idiopathic pulmonary fibrosis? Respir Med, 2014. 108(4): p. 647-53. 

8. Ehrlich, S.F., C.P. Quesenberry, Jr., S.K. Van Den Eeden, J. Shan, and A. Ferrara, 
Patients diagnosed with diabetes are at increased risk for asthma, chronic obstructive 
pulmonary disease, pulmonary fibrosis, and pneumonia but not lung cancer. Diabetes 
Care, 2010. 33(1): p. 55-60. 

9. King, A.J.F., The use of animal models in diabetes research. British journal of 
pharmacology, 2012. 166(3): p. 877-894. 

10. Furman, B.L., Streptozotocin-Induced Diabetic Models in Mice and Rats. Current 
Protocols, 2021. 1(4): p. e78. 

11. Muller, Y.D., D. Golshayan, D. Ehirchiou, J.C. Wyss, L. Giovannoni, R. Meier, V. Serre-
Beinier, G. Puga Yung, P. Morel, L.H. Bühler, and J.D. Seebach, Immunosuppressive 
effects of streptozotocin-induced diabetes result in absolute lymphopenia and a 
relative increase of T regulatory cells. Diabetes, 2011. 60(9): p. 2331-40. 

12. Renner, S., C. Braun-Reichhart, A. Blutke, N. Herbach, D. Emrich, E. Streckel, A. 
Wünsch, B. Kessler, M. Kurome, A. Bähr, N. Klymiuk, S. Krebs, O. Puk, H. Nagashima, 
J. Graw, H. Blum, R. Wanke, and E. Wolf, Permanent neonatal diabetes in INS(C94Y) 
transgenic pigs. Diabetes, 2013. 62(5): p. 1505-11. 

13. Renner, S., A. Blutke, S. Clauss, C.A. Deeg, E. Kemter, D. Merkus, R. Wanke, and E. 
Wolf, Porcine models for studying complications and organ crosstalk in diabetes 
mellitus. Cell Tissue Res, 2020. 380(2): p. 341-378. 

14. Hinkel, R., A. Howe, S. Renner, J. Ng, S. Lee, K. Klett, V. Kaczmarek, A. Moretti, K.L. 
Laugwitz, P. Skroblin, M. Mayr, H. Milting, A. Dendorfer, B. Reichart, E. Wolf, and C. 
Kupatt, Diabetes Mellitus-Induced Microvascular Destabilization in the Myocardium. J 
Am Coll Cardiol, 2017. 69(2): p. 131-143. 

15. Kleinwort, K.J.H., B. Amann, S.M. Hauck, S. Hirmer, A. Blutke, S. Renner, P.B. Uhl, K. 
Lutterberg, W. Sekundo, E. Wolf, and C.A. Deeg, Retinopathy with central oedema in 
an INS (C94Y) transgenic pig model of long-term diabetes. Diabetologia, 2017. 60(8): 
p. 1541-1549. 

16. Giese, I.M., M.C. Schilloks, R.L. Degroote, M. Weigand, S. Renner, E. Wolf, S.M. 
Hauck, and C.A. Deeg, Chronic Hyperglycemia Drives Functional Impairment of 
Lymphocytes in Diabetic INS (C94Y) Transgenic Pigs. Front Immunol, 2020. 11: p. 
607473. 

17. Backman, M., F. Flenkenthaler, A. Blutke, M. Dahlhoff, E. Landstrom, S. Renner, J. 
Philippou-Massier, S. Krebs, B. Rathkolb, C. Prehn, M. Grzybek, U. Coskun, M. Rothe, 
J. Adamski, M.H. de Angelis, R. Wanke, T. Frohlich, G.J. Arnold, H. Blum, and E. Wolf, 



Section B: Investigation of the effect of hyperglycaemia on lung 
 104 

  

 

 

Multi-omics insights into functional alterations of the liver in insulin-deficient diabetes 
mellitus. Mol Metab, 2019. 26: p. 30-44. 

18. Flenkenthaler, F., E. Ländström, B. Shashikadze, M. Backman, A. Blutke, J. Philippou-
Massier, S. Renner, M. Hrabe de Angelis, R. Wanke, H. Blum, G.J. Arnold, E. Wolf, 
and T. Fröhlich, Differential Effects of Insulin-Deficient Diabetes Mellitus on Visceral 
vs. Subcutaneous Adipose Tissue-Multi-omics Insights From the Munich MIDY Pig 
Model. Frontiers in medicine, 2021. 8: p. 751277-751277. 

19. Renner, S., B. Dobenecker, A. Blutke, S. Zöls, R. Wanke, M. Ritzmann, and E. Wolf, 
Comparative aspects of rodent and nonrodent animal models for mechanistic and 
translational diabetes research. Theriogenology, 2016. 86(1): p. 406-21. 

20. Kleinert, M., C. Clemmensen, S.M. Hofmann, M.C. Moore, S. Renner, S.C. Woods, P. 
Huypens, J. Beckers, M.H. de Angelis, A. Schürmann, M. Bakhti, M. Klingenspor, M. 
Heiman, A.D. Cherrington, M. Ristow, H. Lickert, E. Wolf, P.J. Havel, T.D. Müller, and 
M.H. Tschöp, Animal models of obesity and diabetes mellitus. Nature reviews. 
Endocrinology, 2018. 14(3): p. 140-162. 

21. Wolf, E., C. Braun-Reichhart, E. Streckel, and S. Renner, Genetically engineered pig 
models for diabetes research. Transgenic research, 2013. 23. 

22. Judge, E.P., J.M. Hughes, J.J. Egan, M. Maguire, E.L. Molloy, and S. O'Dea, Anatomy 
and bronchoscopy of the porcine lung. A model for translational respiratory medicine. 
Am J Respir Cell Mol Biol, 2014. 51(3): p. 334-43. 

23. Rogers, C.S., W.M. Abraham, K.A. Brogden, J.F. Engelhardt, J.T. Fisher, P.B. McCray, 
Jr., G. McLennan, D.K. Meyerholz, E. Namati, L.S. Ostedgaard, R.S. Prather, J.R. 
Sabater, D.A. Stoltz, J. Zabner, and M.J. Welsh, The porcine lung as a potential model 
for cystic fibrosis. Am J Physiol Lung Cell Mol Physiol, 2008. 295(2): p. L240-63. 

24. Blutke, A., S. Renner, F. Flenkenthaler, M. Backman, S. Haesner, E. Kemter, E. 
Ländström, C. Braun-Reichhart, B. Albl, E. Streckel, B. Rathkolb, C. Prehn, A. 
Palladini, M. Grzybek, S. Krebs, S. Bauersachs, A. Bähr, A. Brühschwein, C.A. Deeg, 
E. De Monte, M. Dmochewitz, C. Eberle, D. Emrich, R. Fux, F. Groth, S. Gumbert, A. 
Heitmann, A. Hinrichs, B. Keßler, M. Kurome, M. Leipig-Rudolph, K. Matiasek, H. 
Öztürk, C. Otzdorff, M. Reichenbach, H.D. Reichenbach, A. Rieger, B. Rieseberg, M. 
Rosati, M.N. Saucedo, A. Schleicher, M.R. Schneider, K. Simmet, J. Steinmetz, N. 
Übel, P. Zehetmaier, A. Jung, J. Adamski, Ü. Coskun, M. Hrabě de Angelis, C. Simmet, 
M. Ritzmann, A. Meyer-Lindenberg, H. Blum, G.J. Arnold, T. Fröhlich, R. Wanke, and 
E. Wolf, The Munich MIDY Pig Biobank - A unique resource for studying organ 
crosstalk in diabetes. Molecular metabolism, 2017. 6(8): p. 931-940. 

25. Meng, C., B. Kuster, A.C. Culhane, and A.M. Gholami, A multivariate approach to the 
integration of multi-omics datasets. BMC Bioinformatics, 2014. 15(1): p. 162. 

26. Milad, N. and M.C. Morissette, Revisiting the role of pulmonary surfactant in chronic 
inflammatory lung diseases and environmental exposure. European Respiratory 
Review, 2021. 30(162): p. 210077. 

27. Zuo, Y.Y., R.A.W. Veldhuizen, A.W. Neumann, N.O. Petersen, and F. Possmayer, 
Current perspectives in pulmonary surfactant — Inhibition, enhancement and 
evaluation. Biochimica et Biophysica Acta (BBA) - Biomembranes, 2008. 1778(10): p. 
1947-1977. 

28. Obeidat, M., en, X. Li, S. Burgess, G. Zhou, N. Fishbane, N.N. Hansel, Y. Bossé, P. 
Joubert, K. Hao, D.C. Nickle, M. van den Berge, W. Timens, M.H. Cho, B.D. Hobbs, 
K. de Jong, M. Boezen, R.J. Hung, N. Rafaels, R. Mathias, I. Ruczinski, T.H. Beaty, 
K.C. Barnes, P.D. Paré, and D.D. Sin, Surfactant protein D is a causal risk factor for 



Section B: Investigation of the effect of hyperglycaemia on lung 
 105 

  

 

 

COPD: results of Mendelian randomisation. European Respiratory Journal, 2017. 
50(5): p. 1700657. 

29. Beike, L., C. Wrede, J. Hegermann, E. Lopez-Rodriguez, C. Kloth, J. Gauldie, M. Kolb, 
U.A. Maus, M. Ochs, and L. Knudsen, Surfactant dysfunction and alveolar collapse are 
linked with fibrotic septal wall remodeling in the TGF-β1-induced mouse model of 
pulmonary fibrosis. Laboratory Investigation, 2019. 99(6): p. 830-852. 

30. Foster, D.J., P. Ravikumar, D.J. Bellotto, R.H. Unger, and C.C. Hsia, Fatty diabetic 
lung: altered alveolar structure and surfactant protein expression. Am J Physiol Lung 
Cell Mol Physiol, 2010. 298(3): p. L392-403. 

31. López-Cano, C., A. Ciudin, E. Sánchez, F.J. Tinahones, F. Barbé, M. Dalmases, M. 
García-Ramírez, A. Soto, A.M. Gaeta, S. Pellitero, R. Martí, C. Hernández, R. Simó, 
and A. Lecube, Liraglutide Improves Forced Vital Capacity in Individuals With Type 2 
Diabetes: Data From the Randomized Crossover LIRALUNG Study. Diabetes, 2022. 
71(2): p. 315-320. 

32. Aswani, K. and J. Snyder, Surfactant protein A (SP-A): The alveolus beyond. FASEB 
journal : official publication of the Federation of American Societies for Experimental 
Biology, 2001. 15: p. 59-69. 

33. Rucka, Z., P. Vanhara, I. Koutna, L. Tesarova, M. Potesilova, S. Stejskal, P. Simara, 
J. Dolezel, V. Zvonicek, O. Coufal, and I. Capov, Differential effects of insulin and 
dexamethasone on pulmonary surfactant-associated genes and proteins in A549 and 
H441 cells and lung tissue. Int J Mol Med, 2013. 32(1): p. 211-8. 

34. Miakotina, O.L., K.L. Goss, and J.M. Snyder, Insulin utilizes the PI 3-kinase pathway 
to inhibit SP-A gene expression in lung epithelial cells. Respiratory Research, 2002. 
3(1): p. 26. 

35. Fernández-Real, J.M., B. Chico, M. Shiratori, Y. Nara, H. Takahashi, and W. Ricart, 
Circulating surfactant protein A (SP-A), a marker of lung injury, is associated with 
insulin resistance. Diabetes Care, 2008. 31(5): p. 958-63. 

36. Zhou, Y., J.C. Horowitz, A. Naba, N. Ambalavanan, K. Atabai, J. Balestrini, P.B. 
Bitterman, R.A. Corley, B.S. Ding, A.J. Engler, K.C. Hansen, J.S. Hagood, F. 
Kheradmand, Q.S. Lin, E. Neptune, L. Niklason, L.A. Ortiz, W.C. Parks, D.J. 
Tschumperlin, E.S. White, H.A. Chapman, and V.J. Thannickal, Extracellular matrix in 
lung development, homeostasis and disease. Matrix Biol, 2018. 73: p. 77-104. 

37. Tam, A.Y.Y., A.L. Horwell, S.L. Trinder, K. Khan, S. Xu, V. Ong, C.P. Denton, J.T. 
Norman, A.M. Holmes, G. Bou-Gharios, and D.J. Abraham, Selective deletion of 
connective tissue growth factor attenuates experimentally-induced pulmonary fibrosis 
and pulmonary arterial hypertension. The international journal of biochemistry & cell 
biology, 2021. 134: p. 105961-105961. 

38. Talakatta, G., M. Sarikhani, J. Muhamed, K. Dhanya, B.S. Somashekar, P.A. Mahesh, 
N. Sundaresan, and P.V. Ravindra, Diabetes induces fibrotic changes in the lung 
through the activation of TGF-beta signaling pathways. Sci Rep, 2018. 8(1): p. 11920. 

39. Nastase, M.V., R.V. Iozzo, and L. Schaefer, Key roles for the small leucine-rich 
proteoglycans in renal and pulmonary pathophysiology. Biochim Biophys Acta, 2014. 
1840(8): p. 2460-70. 

40. Schaefer, L., I. Raslik, H.-J. Gröne, E. Schönherr, K. Macakova, J. Ugorcakova, S. 
Budny, R.M. Schaefer, and H. Kresse, Small proteoglycans in human diabetic 
nephropathy: discrepancy between glomerular expression and protein accumulation 



Section B: Investigation of the effect of hyperglycaemia on lung 
 106 

  

 

 

of decorin, biglycan, lumican, and fibromodulin. The FASEB Journal, 2001. 15(3): p. 
559-561. 

41. Theocharidis, G., B.E. Thomas, D. Sarkar, H.L. Mumme, W.J.R. Pilcher, B. Dwivedi, 
T. Sandoval-Schaefer, R.F. Sîrbulescu, A. Kafanas, I. Mezghani, P. Wang, A. Lobao, 
I.S. Vlachos, B. Dash, H.C. Hsia, V. Horsley, S.S. Bhasin, A. Veves, and M. Bhasin, 
Single cell transcriptomic landscape of diabetic foot ulcers. Nature Communications, 
2022. 13(1): p. 181. 

42. Bolton, K., D. Segal, and K. Walder, The small leucine-rich proteoglycan, biglycan, is 
highly expressed in adipose tissue of Psammomys obesus and is associated with 
obesity and type 2 diabetes. Biologics, 2012. 6: p. 67-72. 

43. Thorand, B., A. Zierer, M. Büyüközkan, J. Krumsiek, A. Bauer, F. Schederecker, J. 
Sudduth-Klinger, C. Meisinger, H. Grallert, W. Rathmann, M. Roden, A. Peters, W. 
Koenig, C. Herder, and C. Huth, A Panel of 6 Biomarkers Significantly Improves the 
Prediction of Type 2 Diabetes in the MONICA/KORA Study Population. J Clin 
Endocrinol Metab, 2021. 106(4): p. e1647-e1659. 

44. Muller, L.M., K.J. Gorter, E. Hak, W.L. Goudzwaard, F.G. Schellevis, A.I. Hoepelman, 
and G.E. Rutten, Increased risk of common infections in patients with type 1 and type 
2 diabetes mellitus. Clin Infect Dis, 2005. 41(3): p. 281-8. 

45. Zhang, Q., T.L. Fillmore, A.A. Schepmoes, T.R. Clauss, M.A. Gritsenko, P.W. Mueller, 
M. Rewers, M.A. Atkinson, R.D. Smith, and T.O. Metz, Serum proteomics reveals 
systemic dysregulation of innate immunity in type 1 diabetes. J Exp Med, 2013. 210(1): 
p. 191-203. 

46. Singh, N.K. and G.N. Rao, Emerging role of 12/15-Lipoxygenase (ALOX15) in human 
pathologies. Prog Lipid Res, 2019. 73: p. 28-45. 

47. Abrial, C., S. Grassin-Delyle, H. Salvator, M. Brollo, E. Naline, and P. Devillier, 15-
Lipoxygenases regulate the production of chemokines in human lung macrophages. 
Br J Pharmacol, 2015. 172(17): p. 4319-30. 

48. Tian, R., X. Zuo, J. Jaoude, F. Mao, J. Colby, and I. Shureiqi, ALOX15 as a suppressor 
of inflammation and cancer: Lost in the link. Prostaglandins & other lipid mediators, 
2017. 132: p. 77-83. 

49. Ringholz, F.C., P.J. Buchanan, D.T. Clarke, R.G. Millar, M. McDermott, B. Linnane, 
B.J. Harvey, P. McNally, and V. Urbach, Reduced 15-lipoxygenase 2 and lipoxin 
A4/leukotriene B4 ratio in children with cystic fibrosis. Eur Respir J, 2014. 44(2): p. 
394-404. 

50. Snodgrass, R.G. and B. Brüne, Regulation and Functions of 15-Lipoxygenases in 
Human Macrophages. Front Pharmacol, 2019. 10: p. 719. 

51. Pino, L.K., S.C. Just, M.J. MacCoss, and B.C. Searle, Acquiring and Analyzing Data 
Independent Acquisition Proteomics Experiments without Spectrum Libraries. Mol Cell 
Proteomics, 2020. 19(7): p. 1088-1103. 

52. Shashikadze, B., L. Valla, S.D. Lombardo, C. Prehn, M. Haid, F. Riols, J.B. Stockl, R. 
Elkhateib, S. Renner, B. Rathkolb, J. Menche, M. Hrabe de Angelis, E. Wolf, E. 
Kemter, and T. Frohlich, Maternal hyperglycemia induces alterations in hepatic amino 
acid, glucose and lipid metabolism of neonatal offspring: Multi-omics insights from a 
diabetic pig model. Mol Metab, 2023. 75: p. 101768. 

53. Amodei, D., J. Egertson, B.X. MacLean, R. Johnson, G.E. Merrihew, A. Keller, D. 
Marsh, O. Vitek, P. Mallick, and M.J. MacCoss, Improving Precursor Selectivity in 



Section B: Investigation of the effect of hyperglycaemia on lung 
 107 

  

 

 

Data-Independent Acquisition Using Overlapping Windows. J Am Soc Mass Spectrom, 
2019. 30(4): p. 669-684. 

54. MacLean, B., D.M. Tomazela, N. Shulman, M. Chambers, G.L. Finney, B. Frewen, R. 
Kern, D.L. Tabb, D.C. Liebler, and M.J. MacCoss, Skyline: an open source document 
editor for creating and analyzing targeted proteomics experiments. Bioinformatics, 
2010. 26(7): p. 966-8. 

55. Searle, B.C., L.K. Pino, J.D. Egertson, Y.S. Ting, R.T. Lawrence, B.X. MacLean, J. 
Villén, and M.J. MacCoss, Chromatogram libraries improve peptide detection and 
quantification by data independent acquisition mass spectrometry. Nature 
communications, 2018. 9(1): p. 5128-5128. 

56. Demichev, V., C.B. Messner, S.I. Vernardis, K.S. Lilley, and M. Ralser, DIA-NN: neural 
networks and interference correction enable deep proteome coverage in high 
throughput. Nat Methods, 2020. 17(1): p. 41-44. 

57. Tyanova, S., T. Temu, and J. Cox, The MaxQuant computational platform for mass 
spectrometry-based shotgun proteomics. Nat Protoc, 2016. 11(12): p. 2301-2319. 

58. R Core Team (2021), R: A language and environment for statistical computing. 2021: 
Vienna, Austria. 

59. Ammar, C., M. Gruber, G. Csaba, and R. Zimmer, MS-EmpiRe Utilizes Peptide-level 
Noise Distributions for Ultra-sensitive Detection of Differentially Expressed Proteins. 
Mol Cell Proteomics, 2019. 18(9): p. 1880-1892. 

60. Szklarczyk, D., A.L. Gable, D. Lyon, A. Junge, S. Wyder, J. Huerta-Cepas, M. 
Simonovic, N.T. Doncheva, J.H. Morris, P. Bork, L.J. Jensen, and C.V. Mering, 
STRING v11: protein-protein association networks with increased coverage, 
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids 
Res, 2019. 47(D1): p. D607-d613. 

61. Supek, F., M. Bošnjak, N. Škunca, and T. Šmuc, REVIGO Summarizes and Visualizes 
Long Lists of Gene Ontology Terms. PLOS ONE, 2011. 6(7): p. e21800. 

62. Rivera, J., N. Ward, J. Hodgson, I.B. Puddey, J.R. Falck, and K.D. Croft, Measurement 
of 20-Hydroxyeicosatetraenoic Acid in Human Urine by Gas Chromatography–Mass 
Spectrometry. Clinical Chemistry, 2004. 50(1): p. 224-226. 

63. Revelle, W.R., psych: Procedures for personality and psychological research. 2017. 

64. Gu, Z., R. Eils, and M. Schlesner, Complex heatmaps reveal patterns and correlations 
in multidimensional genomic data. Bioinformatics, 2016. 32(18): p. 2847-9. 

65. Csárdi, G. and T. Nepusz. The igraph software package for complex network research. 
2006. 

66. Pons, P. and M. Latapy, Computing Communities in Large Networks Using Random 
Walks. J. Graph Algorithms Appl., 2006. 10: p. 191-218. 

67. Vyvyan Howard, M.R., Unbiased Stereology: Three-Dimensional Measurement in 
Microscopy Vol. 2nd Edition. 2004, London: Garland Science. 277. 

68. Albl, B., S. Haesner, C. Braun-Reichhart, E. Streckel, S. Renner, F. Seeliger, E. Wolf, 
R. Wanke, and A. Blutke, Tissue Sampling Guides for Porcine Biomedical Models. 
Toxicol Pathol, 2016. 44(3): p. 414-20. 

69. Perez-Riverol, Y., J. Bai, C. Bandla, D. García-Seisdedos, S. Hewapathirana, S. 
Kamatchinathan, D.J. Kundu, A. Prakash, A. Frericks-Zipper, M. Eisenacher, M. 
Walzer, S. Wang, A. Brazma, and J.A. Vizcaíno, The PRIDE database resources in 



Section B: Investigation of the effect of hyperglycaemia on lung 
 108 

  

 

 

2022: a hub for mass spectrometry-based proteomics evidences. Nucleic Acids Res, 
2022. 50(D1): p. D543-d552. 

70. Naba, A., K.R. Clauser, S. Hoersch, H. Liu, S.A. Carr, and R.O. Hynes, The matrisome: 
in silico definition and in vivo characterization by proteomics of normal and tumor 
extracellular matrices. Mol Cell Proteomics, 2012. 11(4): p. M111.014647. 

 

Supplemental data 

Table of Contents 

(Excel) Table S1: Peptides identified and quantified by nano-LC-MS/MS-based DIA 

proteomics 

(Excel) Table S2: Protein groups identified by nano-LC-MS/MS-based DIA proteomics 

(Excel) Table S3: Results of MS-EmpiRe-based quantitative proteomics of MIDY vs. 

WT pigs. Proteins with BH adjusted p-value < 0.05 are shown. Positive log2 fold 

change means more abundant in the MIDY group 

(Excel) Table S4: STRING Functional Enrichment Analysis of MIDY vs. WT. Gene 

Ontology (GO) biological processes with direction "top" are enriched for proteins less 

abundant and with direction "bottom" are  enriched for proteins more abundant  in 

MIDY vs. WT. Processes with "both ends" are simualtanously enriched for proteins 

more and less abundant 

(Excel) Table S5: Results of quantitative targeted lipidomics of MIDY vs. WT pig 

(shown as ng/g tissue) 

(Excel) Table S6: Global correlation matrix of quantified eicosanoid levels. The 

correlations were estimated using the non-parametric Spearman correlation method. 

Color gradient corresponds to the magnitude of the correlation 

(Excel) Table S7: Statistical analysis of targeted lipidomics data. Positive log2 fold 

changes means more abundant in the MIDY group. P-values are calculated using two-

tailed Welch's t-test. Variance importance in projection (VIP) scores are from the 

orthogonal partial least squares discriminant analysis (OPLS-DA) model 

(Excel) Table S8: Window placements optimized by Skyline software (v.21.1) for the 

single-injection DIA runs and gas-phase fractionation (GPF) DIA runs 

(Excel) Table S9: Detailed description of DIA-NN parameters 



Section B: Investigation of the effect of hyperglycaemia on lung 
 109 

  

 

 

 

Supplemental Figures 

 

Figure S1. Multi-scatter plot of small-leucine rich proteoglycan levels in all animals 

with regression line (black solid line) and confidence interval (grey area) (lower 

triangle). Spearman correlation coefficient and the significance of the correlation (p-

value) is shown in the upper triangle. *p < 0.05; **p < 0.01; ***p < 0.001 
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Figure S2. Abundance change of proteins (adjusted p-value < 0.05) related to 

HP:0040214 (abnormal insulin level), HP:0031075 (abnormal response to insulin 

tolerance test), HP:0008283 (fasting hyperinsulinemia), HP:0000855 (insulin 

resistance), HP:0000831 (insulin resistant diabetes mellitus), GO:1900078 (positive 

regulation of cellular response to insulin stimulus), GO:1900076 (regulation of cellular 

response to insulin stimulus), GO:0061178 (regulation of insulin secretion involved in 

cellular response to glucose stimulus), GO:0050796 (regulation of insulin secretion), 

GO:0046626 (regulation of insulin receptor signaling pathway), GO:0035774 (positive 

regulation of insulin secretion involved in cellular response to glucose stimulus), 

GO:0035773 (insulin secretion involved in cellular response to glucose stimulus), 

GO:0032869 (cellular response to insulin stimulus), GO:0032868 (response to 

insulin), GO:0032024 (positive regulation of insulin secretion), GO:0030073 (insulin 

secretion), GO:0008286 (insulin receptor signaling pathway), GO:0005158 (insulin 

receptor binding). The color of the bubble corresponds to the log2 fold change of 

protein (red downregulation, blue upregulation) and the size of the bubble indicates 

the significance of the protein change. AGT, angiotensin 1-10; ANXA1, annexin; 

APRT, adenine phosphoribosyltransferase; CAT, catalase; GNAI2, G protein subunit 

alpha i2; GPD2, glycerol-3-phosphate dehydrogenase; GPLD1, glycosyl-
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phosphatidylinositol-specific phospholipase D; LMNA, prelamin-A/C; LMNB2, lamin 

B2; NNT, proton-translocating NAD(P)(+) transhydrogenase; PCK2, 

phosphoenolpyruvate carboxykinase (GTP); RETN, resistin; SORBS1, sorbin and 

SH3 domain containing 1. 

 

 

Figure S3. Detection and quantification of interstitial connective tissue in the 

WT and MIDY lung. Masson’s trichrome-stained lung sections of MIDY (A) and WT 

(B) pigs. Histological landmarks (alveoli (a), blood vessels (v), and bronchioli (b)) are 

indicated. Connective tissue stains blue. Size bars: 100 µm. (C) Volume densities (in 

%) of interstitial connective tissue in the lung (excluding air-filled alveolar spaces). 

Statistical significance was assessed by the two-sample Mann–Whitney U Test. The 

bar diagrams show means and standard deviations. 
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Bachuki Shashikadze, Florian Flenkenthaler, Elisabeth Kemter, Jan B. Stöckl, 
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