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I. INTRODUCTION 

Diabetes is one of the most common metabolic complications during pregnancy and 

the number of cases is steadily increasing worldwide (Diabetes 2022). Numerous 

studies were enrolled in humans, such as ‘Hyperglycaemia and Adverse Pregnancy 

Outcome’ (HAPO), HAPO Follow-up Study (HAPO FUS), or clinical trials of the 

‘Maternal-Foetal Medicine Units (MFMU) Network’ (Bloom, Belfort et al. 2016, 

Lowe, Scholtens et al. 2019) and complemented by studies in animal models, to 

understand the broad range of adverse short- and long-term outcomes on the 

offspring caused by an aberrant intrauterine environment in diabetic mothers 

(Fetita, Sobngwi et al. 2006, Lowe, Scholtens et al. 2019, Shashikadze, 

Flenkenthaler et al. 2021). Short-term effects on the offspring encompass a higher 

risk of stillbirth, aberrant intrauterine growth, and malformations, but also 

metabolic alterations in new-borns. Epigenetic modifications due to adverse in 

utero environment programs, also named developmental programming, were 

identified to mediate the long-term effects of maternal diabetes in offspring, such 

as increased risk of type 2 diabetes (T2DM), obesity, or cardiovascular disease. 

The key feature of metabolic alterations in new-born offspring of diabetic mothers 

is hyperinsulinemia. The hyperglycaemia-hyperinsulinemia hypothesis - also 

known as Pedersen hypothesis, which was formulated already more than 60 years 

ago - recognized changes of glucose metabolism in babies of diabetic mothers. As 

maternal glucose can pass the placenta but insulin not, maternal hyperglycaemia 

leads also to foetal hyperglycaemia, upon which the foetus responds with increased 

insulin production. Bush et al. showed in children aged 5–10 years that maternal 

gestational glucose concentration negatively affected offspring insulin sensitivity 

and β-cell response (Bush, Chandler-Laney et al. 2011). To understand the 

alterations in β-cells in offspring of diabetic mothers, several studies were 

performed mainly in streptozotocin-induced diabetic rodent models or after high-

fat diet (HFD) feeding. 

Although mouse models for diabetes research are widely developed and studied, 

their physiology, anatomy and pharmacokinetics do not fully reflect the human 

situation, unlike other animal models such as the pig model (Kleinert, Clemmensen 

et al. 2018, Ludwig, Wolf et al. 2020).  
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The pig is one of the most studied models for translational research because of its 

advantages: it is similar in size and physiology of many organs to humans, genetic 

tools are widely available (as for rodents), pharmacokinetics and the pancreas and 

islet architecture are similar to humans (Renner, Dobenecker et al. 2016, Bakhti, 

Bottcher et al. 2019). A former study carried by our institute, demonstrated how 

piglets´ metabolism can be affected when exposed to mild hyperglycaemia in the 

intrauterine life (Renner, Martins et al. 2019).  

In this study, we aim to demonstrate and to clarify the adverse outcomes of the 

severe hyperglycaemic intrauterine environment on the offspring, focusing on the 

β-cells, using a severely diabetic pig model (Renner, Braun-Reichhart et al. 2013). 
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II.      REVIEW OF THE LITERATURE 

1. Maternal diabetes mellitus and effects on offspring: what 

is known in humans?  

In recent years, the number of babies that have developed in a hyperglycaemic 

intrauterine environment is increasing. In 2021, it was estimated that 16.7% of 

alive-born babies were from mothers that showed hyperglycaemia during 

pregnancy (Diabetes 2022). The increase of affected offspring, which were exposed 

to maternal hyperglycaemia during their foetal life, could be in line with the 

increasing number of (pre-)diabetic women worldwide. Women with 

hyperglycaemia during pregnancy could be suffering from pre-existing diabetes 

mellitus (PGDM), when the mother had type 1 or type 2 diabetes (T1DM and 

T2DM) prior the pregnancy, or they can be affected by gestational diabetes mellitus 

(GDM) that spontaneously develops during the pregnancy and usually occurs 

during the 5th month of pregnancy. Obesity, high maternal age, and the absence of 

physical activity could be some of the risk factors that contribute to the increasing 

cases of maternal diabetes. Poorly managed PGDM with elevated blood sugar 

levels before conception and in the first trimester can lead to major birth defects in 

5–10% of pregnancies and spontaneous abortions in 15–20% of pregnancies (Reece 

2012).  

That the intrauterine environment has an important role on the health and in disease 

susceptibility in offspring in post-natal life was already recognized 60 years ago by 

Pedersen. In his studies on babies that were born from diabetic mothers, he 

recognized that these babies were hyperglycaemic and showed hyperinsulinemia at 

birth. He summarized his findings in the “Pedersen´s Hypothesis”. Up to date, 

numerous studies were enrolled in humans, such as ‘Hyperglycaemia and Adverse 

Pregnancy Outcome’ (HAPO), HAPO Follow-up Study (HAPO FUS), or clinical 

trials of the ‘Maternal-Foetal Medicine Units (MFMU) Network’ to understand the 

broad range of adverse short- and long-term outcomes on the offspring caused by 

an aberrant intrauterine environment in diabetic mothers (Fetita, Sobngwi et al. 

2006, Lowe, Scholtens et al. 2019) (reviewed in: (Shashikadze, Flenkenthaler et al. 

2021)). 
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1.1. The concept of the “Pedersen´s Hypothesis” 

Pedersen (1967) studied the birth weight, length, organ size, and state of maturity 

of infants born to mothers with PGDM and observed increased adipose tissue and 

overweight (macrosomia) (Pedersen 1954). He suggested that the high maternal 

glucose levels increase the transplacental passage of nutrients to the foetus, 

resulting in macrosomia. The foetus responds to maternal hyperglycaemia by 

hyperinsulinemia that reduces blood glucose levels but may lead to enhanced 

infant’s growth. Greco et al. (Greco, Vimercati et al. (2003) found that the 

gestational age when macrosomia can first be diagnosed is around week 24 of 

pregnancy when a significant difference in abdominal circumference between 

macrosomic offspring and offspring of normal birth weight could be observed. The 

foetuses then maintained their growth profile throughout pregnancy.  

 

1.2. Impact of aberrant intrauterine environment beyond maternal 

glucose levels on offspring health 

Globally, around 8 million babies, constituting 6% of all births, face complications 

from congenital defects by early school age, with roughly half of these issues 

identified immediately post-birth. Annually, at least 3.3 million children under the 

age of 5 succumb to severe birth defects, with congenital heart defects and neural 

tube defects being the primary culprits (Murphy, Xu et al. 2013, Walani and 

Biermann 2017). 

Offspring born to mothers with PGDM experience birth defects in 5–10% of live 

births, with an estimated 8,000 such cases recorded in the United States in 2010 

(Correa, Gilboa et al. 2012). Elevated levels of maternal glycated haemoglobin 

(HbA1c), indicating hyperglycaemia, particularly in the first trimester, are 

associated with increased rates of birth defects, spontaneous abortions, stillbirths, 

and other pregnancy complications (Burlina, Dalfra et al. 2019). 

More than half of all perinatal deaths stem from major congenital malformations in 

infants of diabetic mothers (Greene 2001). Diabetic embryopathy can affect various 

organ systems during development, with neural tube defects and cardiovascular 

malformations being the most prevalent and severe anomalies linked to diabetic 

pregnancies. Clinical studies have identified atrioventricular septal (AVS) defects, 

hypoplastic left heart syndrome, and persistent truncus arteriosus as the most 

common cardiac malformations (Martinez-Frias 1994, Correa, Gilboa et al. 2008, 
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Corrigan, Brazil et al. 2009). Aberrations in maternal/foetal fuel metabolism, 

including hyperglycaemia, hyperketonaemia, and disrupted metabolism of 

arachidonic acid, myoinositol, and prostaglandins, along with heightened oxidative 

stress, contribute to embryonic developmental changes (Reece, Homko et al. 1998, 

Ornoy, Zaken et al. 1999). Elevated glucose levels during critical morphogenesis 

periods emerge as the primary teratogen in diabetic pregnancies. Another possible 

mechanism is diabetes-induced hypoxia, likely due to hyperglycaemia (Ornoy, 

Tsadok et al. 2009). Epigenetic modifications due to adverse in utero environment 

programs, also named as developmental programming, were identified to mediate 

the long-term effects of maternal diabetes in offspring, such increased risk of 

T2DM, obesity, or cardiovascular disease. 

Diabetic embryopathy exhibits a phenotype of incomplete penetrance, meaning not 

all individuals exposed to the diabetic environment manifest birth defects. 

However, the precise way how maternal metabolic alterations lead to 

developmental defects, particularly targeting specific tissues, remains uncertain 

(Greene 2001). 

A wide variety of prenatal and postnatal factors were assumed that may influence 

the growth of the offspring of diabetic mothers, and include the severity and onset 

of diabetes, the degree of diabetic control, and the mode of treatment of the mother. 

 

1.3. Macrosomia vs. low birth weight in offspring of diabetic mothers 

Maternal hyperglycaemia and elevated plasma amino acid concentrations have also 

been linked with foetal macrosomia. Greco et al. (Greco, Vimercati et al. 2003) 

discovered that macrosomia could first be detected using ultrasound around week 

24 of gestation, evidenced by a notable difference in abdominal circumference 

between macrosomic and normal birth weight offspring. Lampl and Jeanty (Lampl 

and Jeanty 2004) compared intrauterine growth between 37 foetuses of diabetic 

mothers and 29 foetuses of non-diabetic, non-smoking mothers, revealing 

asymmetric growth patterns in fetuses of diabetic mothers across various stages of 

pregnancy, affecting the head, limbs, and abdomen differently. Scholl and 

colleagues (Scholl, Sowers et al. 2001) investigated the impact of maternal blood 

glucose levels in non-diabetic women on their offspring's birth weight, noting a 200 

g increase in weight with blood glucose levels exceeding 130 mg/dL, while 

maternal hypoglycaemia was associated with reduced birth weight in term infants. 
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These studies collectively underscore the correlation between hyperglycaemia and 

increased foetal weight, highlighting the critical importance of optimal glycaemic 

control during pregnancy.  

Beside macrosomia, another effect of maternal diabetes on the newborn can also be 

a low birth weight (LBW) (Petersen, Pedersen et al. 1988). In the era before insulin 

therapy, most infants born to diabetic mothers were of low birth weight (LBW), 

either due to maternal starvation—an approach used to lower serum glucose levels 

and prevent intrauterine foetal death—or because of severe diabetic complications 

leading to placental damage. Since the advent of insulin treatment, LBW in infants 

of mothers with PGDM typically indicates severe diabetic vascular complications 

and is increasingly observed in women with PGDM and comorbid conditions such 

as hypertension, renal disease, or in malformed infants (Kliegman and Gross 1985, 

Kitzmiller and Combs 1996, Biesenbach, Grafinger et al. 2000). 

Like macrosomia, LBW serves as a risk factor for various diseases including 

hypertension, cardiovascular diseases, and diabetes (Barker 1997, Eriksson, Forsen 

et al. 2000, Ornoy 2011, Ornoy, Livshitz et al. 2011). With improved treatment for 

PGDM and better pregnancy outcomes, more LBW infants are being born to 

mothers with diabetic complications, potentially subjecting the offspring to the 

complications associated with LBW.  

The studies indicated that low birth weight was related to T2DM in adulthood; 

however, the mechanism by which low birth weight increases the risk of T2DM 

remains unclear. Some research has suggested that it may be a compensatory 

adaptation to an adverse intrauterine environment during foetal development. The 

smaller foetus and structural and functional change of important organs lead to 

insulin resistance and abnormal islet development, which could cause diabetes in 

adults (Mi, Fang et al. 2017).  

 

1.4. Maternal diabetes affects the offspring’s insulin secretion in 

adulthood  

After delivery, children born from mothers with maternal diabetes show 

hypoglycaemia, due to an excess of insulin secretion (hyperinsulinemia) (Fetita, 

Sobngwi et al. 2006).  
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In fact, several studies have shown how the predisposition of an individual to 

develop metabolic diseases, linked to the dysfunction of pancreatic β-cells, begins 

in intrauterine life (Dorner and Plagemann 1994, Reusens and Remacle 2001, 

Vaiserman and Lushchak 2019). These situations can disrupt the maternal-foetal 

environment and this causes adaptive changes during the organogenesis, leading to 

a decreased β-cell mass and reduced insulin secretion (Vaiserman and Lushchak 

2019). 

Beyond mere associations with body weight, offspring exposed to diabetes during 

pregnancy face an elevated risk of metabolic diseases. Indigenous communities, 

characterized by higher rates of pregnancies complicated by diabetes, have served 

as focal points for studies revealing correlations between maternal diabetes during 

pregnancy and increased occurrences of childhood obesity and early-onset T2DM, 

notably observed in Pima Indian populations in Arizona (Pettitt, Knowler et al. 

1987, Pettitt, Aleck et al. 1988). Recent investigations have further underscored 

these findings, revealing a positive correlation not only between maternal diabetes 

but also third-trimester glucose tolerance and higher offspring birth weight, along 

with an increased incidence of youth-onset T2DM in the Pima Indians (Franks, 

Looker et al. 2006). In a ground-breaking study, Dabelea et al. (Dabelea, Hanson et 

al. 2000) identified a heightened risk of T2DM in offspring exposed to maternal 

diabetes during pregnancy compared to siblings from previous pregnancies not 

exposed to diabetes, with an odds ratio for T2DM of 3.7.  

In Canada, the Manitoba First Nations people have demonstrated a significant link 

between gestational diabetes mellitus (GDM) and the onset of obesity, non-

alcoholic fatty liver disease, hypertension, renal, and cardiac conditions later in life 

(Sellers, Dean et al. 2016). Notably, maternal pre-existing T2DM throughout 

pregnancy increased the risk of childhood onset T2DM by 14 times (Young, 

Martens et al. 2002), while exposure to GDM elevated a child's risk of developing 

youth-onset T2DM by four times compared to children not exposed to diabetes 

during gestation. While Indigenous communities exhibit higher rates of pregnancies 

complicated by diabetes, studies involving primarily Caucasians also confirm the 

positive association between maternal diabetes exposure and adverse metabolic 

health outcomes. Offspring of mothers with GDM displayed higher fasting blood 

glucose levels during adolescence, although insulin levels did not differ 

significantly (Patel, Fraser et al. 2012). Moreover, these offspring had an eight-fold 

increased risk of developing T2DM later in life (Clausen, Mathiesen et al. 2008). 
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Evidence of insulin resistance and impaired pancreatic β-cell function was evident 

in offspring as young as age 7 born to mothers with diabetes during pregnancy, 

including both GDM and pre-pregnancy T1DM, as well as in adult offspring 

(Kelstrup, Damm et al. 2013). The comprehensive SEARCH for Diabetes in Youth 

study supported these findings, revealing that maternal diabetes exposure 

(encompassing pre-existing T1DM and T2DM along with GDM) or maternal 

obesity accounted for 47% of the risk of developing T2D before 22 years of age in 

offspring (Dabelea, Mayer-Davis et al. 2008).  

Sibling studies suggested that the heightened body mass index (BMI) and risk of 

T2D in offspring exposed to diabetes during pregnancy were unlikely to be 

attributed to shared lifestyle factors or genetic polymorphisms, but rather to 

intrauterine exposure to diabetes.  

Many studies focused on the epigenetic programming pattern that change in 

children exposed to maternal diabetes, compared to babies raised in a 

normoglycemic environment, that lasts also in adulthood (Shashikadze, 

Flenkenthaler et al. 2021). Many alterations were associated with DNA methylation 

in genes involved in metabolic functions of the babies´ genome, such as the leptin 

gene, adiponectin, lipoprotein lipase (Bouchard, Hivert et al. 2012, Houde, St-

Pierre et al. 2014, Lesseur, Armstrong et al. 2014). Finally, other studies were 

conducted looking at the proteome of the cord blood cells of offspring born from 

diabetic mothers, where several proteins were associated with abnormalities in 

glucose and lipid metabolism (Shashikadze, Flenkenthaler et al. 2021). 

 

2. Models to study the effect of maternal diabetes 

Despite this pathological situation can cause several problems to the offspring´s 

health, with short-term and long-term consequences, many studies have been 

conducted on maternal diabetes and its effect on the mother, as most of them are 

conducted in a retrospective way. For this reason, the molecular mechanisms how 

maternal diabetes affects the offspring’s health are still unknown, especially how 

maternal diabetes influences the health of the offspring’s β-cells of the islets of 

Langerhans remains unclear. Due to ethical reasons, studies in humans are limited 

to clinical observations (such as macrosomia and body weight at birth (LeMay-

Nedjelski, Butcher et al. 2020)) or readily available biological samples such as 

placenta or fluid samples from offspring and mothers, such as blood (peripheral and 
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umbilical cord), milk, urine, or amniotic fluid (Ruchat, Houde et al. 2013, Yuksel, 

Oncul et al. 2014, Ma, Tutino et al. 2015, Wawrusiewicz-Kurylonek, Telejko et al. 

2015, de Souza, Hara et al. 2016, Powe 2017, Carrasco-Wong, Moller et al. 2020, 

Lee, Barr et al. 2020, Peila, Gazzolo et al. 2020); different human studies refer to 

clinical trials carried in close groups (such as families and/or small populations) 

(Thomas, Balkau et al. 1994, Damm, Houshmand-Oeregaard et al. 2016, Mandy 

and Nyirenda 2018), or they are based on the lifestyle of the mother and how to 

improve the outcome of the future babies (Barua and Junaid 2015) (Zhang and 

Rawal 2017, Peters and Brazeau 2019). 

However, these data and biological samples are not suitable to address the question 

of what happens in situ at the molecular and physiological level to the pancreatic 

islets of offspring from diabetic mothers. For this reason, various animal models 

have been developed to carry out more specific and targeted studies on the islets of 

Langerhans. The most widely used models are murine models, due to their vast 

benefits from a practical point of view: excellent characterization of genetically 

modified and pharmacologically induced models (e.g. with streptozotocin) for the 

study of maternal diabetes, possibility of having a considerable amount of data in a 

short time, reduced gestation times, excellent cost-benefit ratio (Brelje, Scharp et 

al. 1993, Dorner and Plagemann 1994, Dunn and Bale 2009, Ding, Wang et al. 

2012, Szlapinski, King et al. 2019, Zhu, Chen et al. 2019). Nevertheless, rodent 

models have certain limitations for human translational medicine from an 

anatomical, physiological, and metabolic point of view.  

 

2.1. Methods used on rodents to mimic the diabetes in human 

Several animal models have been developed for studying diabetes mellitus 

(reviewed in (Kleinert, Clemmensen et al. 2018)) and various methods are used to 

induce hyperglycaemia, before or during pregnancy, aiming to replicate aspects of 

PGDM or GDM (Renner, Dobenecker et al. 2016, Lin, Cheng et al. 2020). Early 

methods like pancreatectomy, involving surgical removal of the pancreas, have 

been largely replaced by less invasive techniques such as chemical ablation of β-

cells (using streptozotocin or alloxan), diet-induced diabetes, and genetic 

engineering. Pancreatomy is not used anymore because it involves the partial or 

total removal of the pancreas by surgery, depending on the different degree of 
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diabetes, but it anyway remains an invasive procedure, generating a high degree of 

inflammation with high post-surgical mortality rates (Pasek and Gannon 2013). 

The utilization of animal models, particularly rodents, is essential for understanding 

the mechanisms underlying human birth defects associated with diabetes during 

pregnancy. Various mouse strains are commonly employed in research focusing on 

diabetic pregnancy, including those genetically predisposed to diabetes, chemically 

induced to mimic diabetic characteristics, and those administered exogenous 

glucose to induce hyperglycaemia (Grupe and Scherneck 2023). In these animal 

models of diabetic embryopathy, elevated glucose levels are adequate to induce 

dysmorphism in embryos, either through direct injection of glucose into pregnant 

dams or in whole embryo culture (Grupe and Scherneck 2023). While some studies 

have investigated heart defects induced by diabetes, neural tube defects are the 

primary structural abnormalities assessed due to their detectability during mid-

gestation and later stages. It is noteworthy that only a fraction of embryos in diabetic 

pregnancies exhibit defects, and despite significant maternal hyperglycaemia, some 

pregnancies yield normal offspring (Agarwal, Morriseau et al. 2018). This 

phenomenon underscores the complexity of diabetic embryopathy and the need for 

further research to elucidate its underlying mechanisms. The variability in outcomes 

of diabetic pregnancies among outbred mouse strains may stem from genetic 

disparities among individual dams (Pani, Horal et al. 2002). Conversely, 

distinctions observed in inbred strains are attributed to non-genetic factors 

contributing to pathogenesis. Consequently, it has been suggested that 

malformations observed in human diabetic pregnancies may be influenced at the 

epigenetic level, involving mechanisms such as DNA methylation, chromatin 

modification (e.g., histone methylation and acetylation), transcriptional regulation 

(e.g., production of microRNAs, RNA stability, protein synthesis, and localization), 

and oxidative stress (Zangen, Ryu et al. 2006, Salbaum and Kappen 2011). 

Experiments conducted in animal models of diabetic pregnancies have revealed that 

hyperglycaemia triggers oxidative stress within the developing cells and tissues of 

the embryo and foetus (Morgan, Relaix et al. 2008, Ornoy, Tsadok et al. 2009, 

Zhao, Yang et al. 2009, Cao, Zhao et al. 2012). As maternal glucose concentration 

rises, so does the concentration of reactive oxygen species (ROS) within the embryo 

and foetus. Elevated ROS levels diminish the natural antioxidant capacity of foetal 

cells, leading to at least three biomolecular events that contribute to birth defects: 

membrane alterations, mitochondrial dysfunction, and the initiation of abnormal 
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programmed cell death (apoptosis) (Reece, Ma et al. 2002, Ornoy, Tsadok et al. 

2009). Evidence illustrating how maternal hyperglycaemia triggers these events 

leading to birth defects has been elucidated in animal models, particularly through 

the induction of type 1 diabetes by administering streptozotocin (STZ), a compound 

targeting and destroying pancreatic β-cells.  

The pancreas, in fact, is an organ which is very sensitive to external changes during 

organogenesis, especially if they relate to inadequate nutritional status, and can 

cause structural or functional changes in pancreatic tissue. Indeed, in mouse 

models, a caloric deficiency in the nutritional status of mothers can cause a 

reduction in β-cell mass (Tarry-Adkins and Ozanne 2011). 

Examination of murine embryos from diabetic dams has uncovered that elevated 

glucose levels induce membrane alterations, manifested by changes in the yolk sac, 

premature aging, abnormal morphology of the endoplasmic reticulum, and 

prevention of neural tube closure (Reece, Pinter et al. 1985, Reece, Ma et al. 2002, 

Cao, Zhao et al. 2012). Furthermore, researchers have observed that maternal 

glucose excess leads to increased oxidative phosphorylation in the mitochondria, 

resulting in the accumulation of reactive oxygen species (ROS) that can damage 

foetal tissues and cells (Wang, Ratchford et al. 2009). Studies investigating the 

expression levels of pro-apoptotic proteins in murine models of diabetic pregnancy 

have demonstrated that maternal hyperglycaemia can trigger abnormal cell death 

signalling pathways within the developing embryo, potentially leading to 

malformations or foetal death (Yang, Zhao et al. 2007). 

Transgenic rodents are largely used for creating specific diabetic models. This is, 

nowadays, the most reliable way to mimic the human diabetes using animal models 

(Otani, Tanaka et al. 1991, Yoshioka, Kayo et al. 1997) (King 2012). More recent 

studies also suggest how these rodent models can be used for the study of the 

maternal diabetes, even showing a gender effect as it is seen in human studies 

(Grasemann, Devlin et al. 2012). Other animal models were focusing on the β-cell 

expansion during pregnancy in the mother, a physiological mechanism that occur 

during normoglycemic pregnancies (Plank, Frist et al. 2011) (Demirci, Ernst et al. 

2012). Even if these studies were fundamental to understand the pathophysiology 

of the maternal status during the pregnancy, they do not give a clear overview of 

what happens in the offspring.  
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2.2. The pig as a model for diabetes research 

As mentioned above, in contemporary biomedical research, the utilization of 

porcine models is gaining momentum, with notable advantages highlighted over 

traditional murine models in the study of diabetes pathophysiology and therapeutic 

interventions (Wolf, Braun-Reichhart et al. 2014) (Renner, Blutke et al. 2020).  

Unlike murine models, which possess inherent physiological and anatomical 

differences from humans, porcine models exhibit greater similarities in size, 

pharmacokinetics and pancreas architecture, rending them more reflective of 

human physiology (Rees and Alcolado 2005, Graham and Schuurman 2015, 

Kleinert, Clemmensen et al. 2018, Ludwig, Wolf et al. 2020).  

Porcine models offer several advantages. Their physiological resemblance to 

humans, coupled with the availability of genetic tools akin to those in rodent 

models, facilitates comprehensive investigations into diabetes aetiology and 

treatment (Dufrane and Gianello 2012, Hoang, Matsunari et al. 2014, Renner, 

Dobenecker et al. 2016, Bakhti, Bottcher et al. 2019). Furthermore, the economic 

feasibility of utilizing mini pigs mitigates the high costs associated with larger 

animal models like non-human primates (Kleinert, Clemmensen et al. 2018).   

Moreover, the pig represents a valid model thanks to the architecture and 

morphology of its pancreatic islets, and for this reason, a large usage of this animal 

is in the development of new therapeutic approaches such as xenotransplantation of 

the Langerhans islets (Dufrane and Gianello 2012).  

Pigs have a shorter gestational cycle than other large animals and can give birth to 

up to 15 offspring (depending on the species and the individual physiology of the 

animal). They have a similar circadian rhythm as humans, unlike rodents, and 

similar eating habits to humans. The gastrointestinal tract is similar between pigs 

and humans (Renner, Dobenecker et al. 2016). Porcine insulin differs from human 

insulin only in one amino acid, as porcine insulin was used to treat diabetes in 

humans before recombinant human insulin was synthesized.  

Moreover, thanks to the possibility of surgical intervention and genetic 

modification, the pig model is one of the most promising models for diabetes 

research. Furthermore, pigs are possible future donors of Langerhans islets for the 

treatment of T1DM (Klymiuk, van Buerck et al. 2012).  

Just as with rodents, there are several methods for the development of diabetic pig 

models. Generally, it is possible to induce diabetes in these animals by several 

methods: partial or total pancreatomy by surgery, pharmacological induction, using 
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streptozotocin (STZ) or alloxan, which are two selective toxic substances for β-cells 

(Wilson, Dhall et al. 1986, Grussner, Nakhleh et al. 1993, King 2012). Other 

methods are induction through diet or genetic modification.  

Although, as in rodents, induction of diabetes by high-fat diets is still widely used, 

it has disadvantages: it is very expensive (prices are higher compared with rodents), 

does not always result in significant hyperglycaemia (Feng, Yang et al. 2015) and 

is often used in conjunction with STZ to develop diabetes (Koopmans, Mroz et al. 

2006). 

For this reason, more and more diabetic models with genetic modification are being 

developed. Two different models with permanent diabetes have been developed, 

the INSC94Y and INSC93S models (Renner, Braun-Reichhart et al. 2013, Renner, 

Martins et al. 2019).  

Mutations in the insulin gene result in the accumulation of misfolded pro-insulin, 

which causes endoplasmic reticulum (ER) stress that leads to β-cell apoptosis. In 

particular, INSC94Y pigs are characterized by impaired insulin secretion that 

increases blood glucose levels and decreases β-cell mass and growth in the 

transgenic diabetic pig (Renner, Braun-Reichhart et al. 2013). INSC93S pigs show 

lower expression of the mutated protein than the INSC94Y transgenic pigs and 

therefore also lower hyperinsulinemia and hyperglycaemia. This model was used 

to study the effects of maternal diabetes on offspring, showing that litters born to 

INSC93S sows showed impaired glucose tolerance and insulin resistance compared 

to piglets born to non-diabetic mothers (Renner, Martins et al. 2019).  

In addition, to study β-cell growth and function, a pig model expressing a green 

fluorescent protein (eGFP) was developed and this reporter gene was inserted under 

the control of the insulin promoter, demonstrating that its presence within the 

insulin gene does not affect insulin secretion (Kemter, Cohrs et al. 2017). 

 

3. The sow´s placenta and insulin absorption: similarities and 

differences with human 

In mammalian biology, the placenta plays a pivotal role as the interface between 

the mother and the foetus, orchestrating foetal development by efficiently 

transporting essential nutrients and oxygen into the offspring's bloodstream. 

Throughout a typical pregnancy, the mother's metabolism adapts in a series of ways 
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to ensure an ample supply of nutrients not just for herself but also for the growing 

baby. The foetus’s growth correlates directly with the availability of maternal 

nutrients and how these traverses the placenta into the foetal bloodstream. This 

exchange of nutrients in mammals occurs via a complex mechanism that maintains 

a selective barrier between the mother's and foetus’s blood circulation (Brett, 

Ferraro et al. 2014). Several factors govern this exchange, including morphological 

aspects such as the type of placenta, vascular system, and molecular components 

like transporter distribution (as reviewed in (Fowden, Forhead et al. 2008)), along 

with the capacity and availability of nutrients. 

The most informative way to delineate placental function is through the histological 

structure, particularly evident in human and rodent placentas. 

In humans and rodents, the placenta is haemochorial, denoting an invasive type 

where the haemochorion is degraded and the maternal circulation directly contacts 

the trophoblast cells. Notably, the human haemochorion features a single layer of 

trophoblast cells (syncytiotrophoblast), while rodents possess three trophoblast 

layers (syncytiotrophoblast II, syncytiotrophoblast I, and cytotrophoblast). The 

syncytiotrophoblast serves as the primary barrier regulating nutrient supply from 

the mother to the developing foetus, expressing numerous nutrient transporters 

(Brett, Ferraro et al. 2014). This barrier comprises two polarized membranes: the 

microvillus membrane (MVM), interfacing with the maternal blood circulation, and 

the basal membrane (BM), in contact with the foetal circulation (Brett, Ferraro et 

al. 2014, Blundell, Tess et al. 2016). 

The expression of nutrient transporters in the syncytiotrophoblast is intricately 

regulated by various factors stemming from the foetus, mother, and placenta. The 

type and quantity of each transporter largely depend on the nutrients, amino acids, 

and hormones released by both the mother and the foetus. Notably, crucial maternal 

influences on trophoblast transporters encompass hormones and nutrients from the 

maternal circulation (Lager and Powell 2012). Particularly, the MVM plays a 

significant role in expressing transporters for various maternal hormones, such as 

insulin receptors (IRs), insulin like grow factor receptors (IGF1R and IGF2R), 

NNAT, which is an activator of the PI3-AKT pathway that promotes the expression 

of GLUT-1, and leptin receptors. Throughout pregnancy, the MVM consistently 

expresses transporters for amino acids, fatty acids, and glucose (Sferruzzi-Perri, 

Owens et al. 2011). 
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In contrast, the porcine placenta is defined as epitheliochorial, representing a non-

invasive type composed of six layers that maintain the separation between maternal 

and foetal blood circulation. These layers are the maternal endothelial vessels, 

connective tissue, intact endometrial epithelium on the maternal side and 

trophoblast epithelium on the foetal side, connective tissue, and foetal endothelial 

vessels(Furukawa, Kuroda et al. 2014). The pig placenta is complete during the 

60th-70th day of gestation, when the uterine-placental interface develops several 

folding and maturate the areolae, to maximize the exchange surface between the 

mother and foetus. As well as in human and rodents, also in pigs there are studies 

and findings of the presence of IRs, NNAT, IGF1 and IGF2 in the trophectoderm, 

which suggest that pigs use the same pathways to control and lead the developing 

of the foetus (Fiorimanti, Cristofolini et al. 2022). 

 

3.1. Physiological mode of glucose transition between mother and foetus: 

the GLUT family 

In humans, maternal glucose serves as the primary energy source for foetal 

development and is transported across the placenta through facilitated diffusion 

facilitated by transporters expressed on the placental surface throughout pregnancy 

(Illsley 2000, Baumann, Deborde et al. 2002, Ruiz-Palacios, Ruiz-Alcaraz et al. 

2017). These transporters belong to the GLUT protein family, acting independently 

of insulin, although insulin receptors (IRs) have been observed on the placenta, 

activating signalling pathways for this hormone (Desoye, Hofmann et al. 1992) and 

contributing to placental nutrient metabolism (Hiden, Maier et al. 2006). Given 

minimal gluconeogenesis in the foetus, maternal glucose becomes pivotal for foetal 

energy needs, thus highlighting the significance of GLUT receptors (Hay 1991, 

Kalhan and Parimi 2000). 

The human placenta exhibits different isoforms of GLUT transporters: GLUT-1, 3, 

4, 8, 9, 10, and 12. These isoforms are distributed across various sites along the 

placental layers, with their expression changing throughout gestation. Among these 

isoforms, GLUT-1 stands out as the predominant glucose transporter throughout 

pregnancy, showing ubiquitous expression across all placental compartments and 

high specificity for glucose (Sibiak, Ozegowska et al. 2022). 

In human, the asymmetrical distribution of GLUT-1 within the placenta is 

significant in regulating glucose distribution. It is notably more represented in the 
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microvillus membrane (MVM) on the maternal side than in the basal membrane 

(BM) on the foetal side, indicating a higher degree of glucose transport selection. 

The foetal bloodstream's adequate glucose maintenance relies on the gradient 

established between the MVM and BM. This gradient facilitates glucose influx to 

the foetus, constituting approximately one-third of the total processed glucose by 

the placenta. This selective mechanism orchestrated by the MVM and BM ensures 

sufficient glucose reaches the growing foetus, crucial for its development (Illsley 

and Baumann 2020). 

In pigs, glucose passes through the endometrial epithelium using GLUT-1 and then 

through GLUT-3 to foetal blood via the chorioallantois. GLUT-1 and GLUT-3 

stand out as the predominant glucose transporter isoforms in pig placenta, similar 

to humans and mice. However, unlike humans and mice, where GLUT-1 is more 

abundant in the MVM throughout pregnancy, in pigs, its expression decreases 

during pregnancy, replaced by GLUT-3 (Mathew 2020). 

Notably, in humans and rodents, GLUT-3 is predominantly expressed in the 

syncytiotrophoblast, displaying its highest expression during early gestation, and 

decreasing throughout pregnancy. In pigs, it serves as the primary glucose 

transporter from the trophectoderm to the chorion throughout pregnancy, primarily 

present in the areolae where significant nutrient exchange between mother and 

foetus is higher (Wright, Miles et al. 2016, Mathew 2020).  

The reason for this difference may lie in the fact that GLUT-1 handles the basal 

glucose uptake, while GLUT-3 is a high-affinity and high-capacity transporter, that 

usually increased during hypoxia status in human. This suggests that despite having 

a more efficient placenta compared to humans and mice, pig placentas develop folds 

and areolae to maximize nutrient transport between mother and foetus. Moreover, 

it mostly exposes GLUT-3 in the areolae, to increase the glucose uptake that fuel to 

the foetus (Friess, Sinowatz et al. 1981, Mathew 2020, Almeida and Dias 2022). 

In fact, despite the different placenta types, it was calculated that the amount of 

glucose that fuel from the mother to the foetus during the pregnancy, is around the 

50-70% of the total glucose circulating. Moreover, it seems that, in human and 

rodents, the mother utilizes the 30-50% of glucose during the pregnancy, while in 

pigs, maternal bloodstream glucose uses the 40-70% of (Pere 2003).  

Recent studies conducted in pigs (Almeida and Dias 2022, Johnson, Seo et al. 2023) 

show that the trophectoderm utilizes glucose via the aerobic glycolytic pathway and 

its metabolic intermediates like the formate, obtained from the conversion of the 
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serine via the 1C metabolic pathway, are used for the novo synthesis of amino acid 

and nucleotides. This synthesis of ATP, amino acid and nucleotides is fundamental 

for the support of the pregnancy and conceptus elongation, hormone synthesis and 

foetus development. 

 

3.2. Placental alterations during maternal diabetes 

Studies show altered molecular pathways in placentae of diabetic mothers, 

indicating reduced protein expression of insulin signalling components, 

independently of disease control. DM primes the placenta to overstimulate insulin 

signalling in response to sustained hyperglycaemia, affecting glucose uptake and 

contributing to a hyperglycaemic state (reviewed: (Bedell, Hutson et al. 2021)). 

The Insulin-like Growth Factor (IGF) axis, comprising IGF1, IGF2, and their 

receptors, shares similarities with insulin signalling and plays a crucial role in 

intrauterine development. IGF1 exhibits hypoglycaemic effects, while IGF2 has 

hyperglycaemic potential (LeRoith and Yakar 2007), and both are expressed in the 

placenta. Dysregulated IGF signalling contributes to excessive foetal growth, a 

common complication in GDM pregnancies, alongside increased glucose 

transporters favouring heightened placental and foetal glucose uptake. 

Alterations in serum components of the IGF axis in GDM patients, such as 

increased maternal IGF1 levels and decreased IGFBPs, indicate activated IGF1 

signalling in GDM placentae. Increased phosphorylation patterns of IGF1R in 

placentae from metabolic uncontrolled GDM and T2DM mothers support persistent 

activation of IGF1 signalling in GDM placentae, potentially contributing to 

macrosomia in new-borns. The same was observed in pigs, where the foetal glucose 

and IGF1 mRNA concentrations were increased in foetal tissue by maternal 

diabetes (166% and 34%). The foetal tissues where it was increased were skeletal 

muscle, liver, heart, kidney, and placenta and depressed in adipose tissue and brain 

(Ramsay, Wolverton et al. 1994).  

Overall, dysregulated insulin and IGF signalling pathways contribute to altered 

placental functioning in GDM pregnancies, impacting glucose uptake, 

inflammatory responses, insulin resistance, and ultimately foetal growth (Olmos-

Ortiz, Flores-Espinosa et al. 2021). 

It was observed, in hyperglycaemic intrauterine environment, an increment of the 

GLUT-1 transporter at the BM level, leading to an increase of foetal glucose level 
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that potentially stimulate the β-cell maturity in response to high glucose level in the 

foetal circulation (Illsley and Baumann 2020). Several studies have also observed 

that in sows made diabetic during pregnancy to study gestational diabetes, the 

adipose tissue of piglets born to diabetic mothers was greater (Hausman, Kasser et 

al. 1982), suggesting that diabetic pregnancy in pigs stimulates de novo synthesis 

of fatty acids, glucose uptake within the foetus and lipogenesis in adipose tissue 

(Ezekwe and Martin 1980, Kasser, Martin et al. 1981). In line with this, recent 

studies in vitro using human trophoblast cell line indicated affections in high 

glucose conditions and they indicate that high glucose leads to increased placental 

triglyceride levels, indicating decreased placental β-oxidation in a subset of women 

with DM and obesity, which could lead to an increase in lipid transfer and 

potentially excessive foetal growth (Hulme, Nicolaou et al. 2019). 

 

 

 

4. Maternal diabetes affects offspring in a sex-dependent 

manner  

As previously mentioned, it is demonstrated that the human offspring born from 

obese and hyperglycaemic mothers, have short-term and long-term consequences, 

and, regarding the long-term consequences, they have higher risk to develop obesity 

and insulin resistance compared to offspring born from normoglycemic mothers. 

Moreover, recent studies have shown that exposure to a hyperglycaemic 

intrauterine environment can have varying consequences depending on the sex of 

the offspring (Casasnovas, Damron et al. 2021).  

For instance, offspring of obese dams developed sex-differences in glucose 

intolerance and insulin secretion. Indeed, the prevalence of prediabetic syndromes 

such as impaired fasting glucose is more prevalent in men, whereas impaired 

glucose tolerance is more prevalent in women (Mauvais-Jarvis 2015). Whether 

foetal exposure to maternal diabetes predisposes to alterations in insulin secretion 

in a sexually dimorphic manner is unknown (Gautier, Fetita et al. 2018). However, 

there are fundamental aspects of the control of glucose homeostasis that are 

regulated differently in males and females (Mauvais-Jarvis 2015, Joshi, Azuma et 
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al. 2020, Akhaphong, Gregg et al. 2021). Most of the studies in vivo, conducted in 

mice, demonstrated how male offspring are more affected than females (Mauvais-

Jarvis 2015, Nicholas, Nagao et al. 2020, Casasnovas, Damron et al. 2021, Zhu, 

Luo et al. 2021). Females showed increased insulin secretion and mitochondrial 

respiration, reduced markers of apoptosis, and higher oestrogen receptor 

expression. Conversely, males may respond to these signals in a way that minimizes 

the risk of neonatal hypoglycaemia and maximizes neonatal survival. They display, 

in fact, compromised mitochondrial respiration and a reduced number of insulin 

granules in β-cells. This mechanism becomes a problem in later life due to the onset 

of obesity and insulin resistance in these male offspring (Nicholas, Nagao et al. 

2020).  

The intervention of sexual hormones in the insulin secretion is not new and it is 

highly demonstrated in humans as well. Healthy women have increased insulin 

secretion for a given glucose load compared to healthy man after a meal. In addition, 

the disposition index, which reflects insulin secretion for a given level of insulin 

action, is higher in women than in men, supporting greater insulin secretion in 

women (Gannon, Kulkarni et al. 2018). In human pancreas biopsies, one study of 

19 individuals found that females have an average of 6% more β-cells than males. 

This is supported by an imaging study using radiolabelled exendin, which binds to 

the GLP-1 receptor on β-cells, where females showed increased absorbance 

compared to males. This difference was also confirmed when individuals were 

exposed to maternal diabetes during intrauterine life. In fact, exposure to 

hyperglycaemia during pregnancy predisposes both sexes to develop metabolic 

diseases early in life. Women, however, seem particularly susceptible to developing 

increased adiposity and impaired glucose homeostasis. The male placenta is 

particularly vulnerable to damage caused by adverse nutritional states, and this may 

underlie some of the metabolic phenotypes observed in adulthood (reviewed in: 

(Dearden, Bouret et al. 2018)). One of the proofs that the incidence of diabetes and 

metabolic diseases are associated with the different steroid hormones secreted by 

females and males, is that there is evidence of sex different in manifesting the 

diabetes in the population. 

For instance, the prevalence of T2DM is higher in adolescent females compared to 

males, potentially due to greater insulin resistance in females during puberty, when 

offspring was expose to maternal diabetes (Dearden, Bouret et al. 2018). However, 
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in middle age, T2DM is more common in men, possibly due to differences in fat 

distribution, with women having more subcutaneous fat and improved insulin 

sensitivity (Dearden, Bouret et al. 2018). 

 

Moreover, even if it was not associated directly with exposure to maternal diabetes, 

several are the proof of the intervention of sexual hormones in the insulin secretion. 

Interestingly, islet transplants performed with female donor islets showed improved 

clinical outcomes compared with islets obtained from male donors (Marchese, 

Rodeghier et al. 2015). This is probably true because in women, the ovarian islet 

axis influences β-cell biology during reproductive years and at menopause. 

Prolactin and lactogen mediate their actions on β-cell proliferation through HGF, 

serotonin, and/or osteoprotegerin pathways (Karnik, Chen et al. 2007, Kim, 

Toyofuku et al. 2010, Allan 2014, De Jesus and Kulkarni 2014).  

The deficit of oestrogen during menopause also increases the risk of T2DM. Studies 

such as the Women's Health Initiative in 2004 confirmed the anti-diabetic effects 

of oestrogen, showing a decrease in diabetes incidence in women undergoing 

hormonal replacement therapy (HRT). Other studies have similarly demonstrated a 

reduction in diabetes incidence with HRT in postmenopausal women (Merino and 

Garcia-Arevalo 2021). While, studied confirmed that testosterone deficiency 

predisposes to hyperglycaemia and diabetes in man (Navarro, Allard et al. 2015, 

Mauvais-Jarvis 2016, Dimitriadis, Randeva et al. 2018). 

 

5. Pancreas and β-cell development 

5.1. Differences in islet architecture between mice, pigs, and humans 

The interaction among endocrine cells forming the islets of Langerhans plays a 

crucial role in their function, influenced by homotypic and heterotypic cell-cell 

contacts within the organ, as proposed by Steinberg's differential adhesion 

hypothesis (Steinberg 1963, Steinberg 2007). Studies show varying structures of 

these islets across species, indicating that the spatial arrangement of α-, β-, and δ- 

cells contributes significantly to their function and may differ among models 

(Hoang, Matsunari et al. 2014). 

The arrangement of cells within the islets of Langerhans is still a source of 

controversy in the scientific community, indeed, earlier morphological analyses 
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suggested a random distribution of different cell types within the islets, 

predominantly with β- and α-cells in heterotypic contact (Cabrera, Berman et al. 

2006). 

In mice, islets display a shell-core structure, with β-cells centralized and other 

endocrine cells positioned in the outer layer. Conversely, in pig and human islets, 

cells are not only located towards the periphery but also within the core, suggesting 

more diverse heterotypic cell interactions. 

Three-dimensional reconstructions of murine and human islets revealed a core of 

β-cells surrounded by α-cells and non-penetrating blood vessels in murine islets, 

potentially forming an epithelium that facilitates diverse cell contacts and paracrine 

signalling (Arrojo e Drigo, Ali et al. 2015). 

Comparing cell fractions, human β-cells demonstrate lower fractions than murine 

cells (Pβ 0.62-0.78 vs Pβ 0.91-0.94 respectively), while pig islets show intermediate 

characteristics between mouse and human islets (Pβ 0.87-0.91) (Kim, Miller et al. 

2009, Arrojo e Drigo, Ali et al. 2015).  

Regarding cell contacts, mouse islets exhibit more β-β contacts compared to pig 

and human islets, which feature more β-α contacts. This difference in cell contacts 

may influence islet organization. 

To understand these cell interactions, the researchers proposed a model that 

depicted pancreatic islets as dynamic structures. They used two parameters: 

1. Cell-attraction (J): This represents the energy required to break contact 

between two different cells (in this case, β- and α-cells). It quantified the 

strength of attraction between cells. 

2. Motility (T): This factor represents the energy causing fluctuations and 

dissociating contacts between cells. 

When comparing the relative strengths of attraction between different cell types 

within pancreatic islets, the study found that these attractions were quite similar and 

didn't surpass the motility factor (T). Specifically, the difference between the 

attractions of β-β cells and β-α cells remained within the range dictated by the 

motility factor (Jββ - Jαβ< T). 

This similarity in the relative strengths of attraction between different cell types, 

not exceeding the energy threshold for cell dissociation (T), seems to be a 

significant factor influencing the organizational differences observed in pancreatic 

islets across species. Particularly, the study noted that this difference in the strength 

of attraction (J) is markedly lower in human islets, resembling pig islets, while it's 
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higher in mouse islets. This difference might contribute to the varying arrangements 

and organization seen in pancreatic islets between species (Hoang, Matsunari et al. 

2014). 

Different studies have focused on the size of the islets and which of them were more 

similar to humans by diameter. A review published by Huang et al (Huang, 

Harrington et al. 2018) aimed to summarize what is known about the islets´ 

diameter in an inter-species prospective. Notably, except for one study that shows 

strong similarities between pig and human islets (declaring that human and pig 

islets measure around 50µm) compared to mice (approximately 116µm) (Kim, 

Miller et al. 2009), the range of diameters result relatively similar across species, 

including similarities between humans, mice and pigs. Specifically, adults pig islets 

can reach average diameter of 154 ±8 (Lembert, Wesche et al. 2003, Dufrane, 

Goebbels et al. 2005), while humans of 108 ±6 (Kilimnik, Jo et al. 2012, Wang, 

Danielson et al. 2013, Ramachandran, Huang et al. 2015).  

Differences in the number and location of islets are evident between species (Saito, 

Iwama et al. 1978), with mice displaying a more significant disparity in islet 

numbers between the head and tail regions of the pancreas compared to humans 

(Rahier, Wallon et al. 1979). Additionally, while mouse islets are primarily 

interlobular, larger mammals show intralobular positioning. This variation might 

stem from embryonic development, where smaller lobules merge to form larger 

lobules, thereby affecting the initial placement of islets (Murakami, Fujita et al. 

1993, Murakami, Hitomi et al. 1997, Merkwitz, Blaschuk et al. 2013). While in 

pigs, the differences in the islets’ cytoarchitecture between the lobes were 

negligible (Nagaya, Hayashi et al. 2019).  

 

5.2. Islet maturation and proliferation 

Due to ethical reasons, knowledge about the maturation of islets and β-cells during 

the human pregnancies are limited. For these reasons, these observations are taken 

considering the maturation and proliferation pathways involved in hyperglycaemic 

situations as well as T2DM in human. 

The PI3K-AKT/PKB pathway stands as a key regulator in managing the function 

and growth of β-cells, impacting insulin secretion and the expression of crucial 

genes associated with cell proliferation. In individuals with T2DM, there's often a 
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noticeable reduction in AKT2 and PI3K expression within islet cells. This decrease 

suggests a potential correlation with the progression of the disease (Camaya, 

Donnelly et al. 2022). 

The activation of the AKT/PKB pathway occurs via insulin, growth factors, 

incretins, and glucose. These stimuli play a pivotal role in engaging the IRS2 

receptors, which are fundamental in preserving the mass of β-cells. Studies 

conducted on mice lacking IRS2 receptors revealed reduced proliferation among β-

cells, coupled with an inadequate response to external insulin stimulation. 

Conversely, boosting the expression of IRS2 receptors in β-cells has shown to spur 

proliferation and decrease cell death, especially in high glucose conditions observed 

in humans (Mackenzie and Elliott 2014, Camaya, Donnelly et al. 2022). 

After a period of prolonged fasting followed by refeeding, the islet's genetic activity 

undergoes changes. This transition triggers the activation of genes associated with 

β-cell identity while simultaneously invoking markers linked to pluripotency or 

immaturity (Talchai, Xuan et al. 2012, Liu, Javaheri et al. 2017). 

Glucose plays a crucial role in upregulating MAFA, a transcriptional activator 

specific to β-cells that controls insulin gene expression. This influence suggests 

MAFA's involvement in the function, development, and potentially the onset of 

diabetes within β-cells (Zhang, Moriguchi et al. 2005, Nasteska, Fine et al. 2021). 

The maturity level of β-cells, as indicated by PDX1 and MAFA levels, significantly 

influences islet function. An increase in mature β-cells (PDX1HIGH/MAFAHIGH) can 

lead to islet failure due to disruptions in ionic fluxes, metabolism, and cellular 

connectivity. Conversely, a decrease in less mature β-cells (PDX1LOW/MAFALOW) 

results in altered calcium fluxes within the islet, causing broader changes in β-cell 

function that affect responses to glucose levels and insulin secretion (Nasteska, Fine 

et al. 2021). 

About pigs, new studies (Nagaya, Hayashi et al. 2019, Kim, Whitener et al. 2020) 

aim to understand pig pancreas development as a complementary experimental 

system to investigate the development and maturation of pancreatic islets, noting 

differences between humans, mice, and pigs. Using an integrated approach, genetic 

and phenotypic analysis was conducted at the foetal and postnatal stages of pig 



II. Review of the literature     24 

pancreas development, revealing many similarities in the formation and regulation 

of β-, α-, and δ-cells in pig pancreatic islets compared to humans. Notably, features 

absent in mice are highlighted. Specifically, the genetic regulation similarity 

between pigs and humans, revealing an unexpected dynamic in gene regulation and 

the presence of native intra-islet GLP-1 signalling, is underscored. Similarities in 

gene expressions of β- and α-cells during development between pigs and humans, 

including genes like MAFA and PDX1, are highlighted as particularly significant. 

It is noted that both MAFA and PDX1 are expressed in both β- and α-cells in pigs, 

as also observed in human islets, emphasizing a parallelism in the development of 

these cells across species. Specifically, MAFA shows increased expression in foetal 

stages of pig β-cells, continuing into postnatal stages. While in humans, MAFA 

expression begins in foetal stages and increases after birth, foetal regulation remains 

unreported. These findings indicate similarities in the expression of crucial genes 

like MAFA and PDX1 between pigs and humans during pancreas development, 

suggesting that pigs could be a reliable animal model to study human islet function 

and genes related to their regulation. 

Moreover, there are similarities between pigs and humans that surpass those 

between pigs and mice during pancreatic islet development and genetic regulation. 

While pigs exhibit many similarities to human systems, these are absent in mice. 

Specifically, genetic regulation in the pig's pancreas seems more akin to humans 

than that of mice. For instance, the dynamic gene regulation and presence of native 

intra-islet GLP-1 signalling observed in pigs and humans stand as significant 

differences from mice.  GLP1R is known to be highly expressed in human β-cells 

and involved in β-cell function and like human, GLP1R mRNA was highly 

expressed in pig β-cells, moreover, as in humans (Dai, Hang et al. 2017), GLP1R is 

expressed in pig β-cells but not α-cells, and this expression increases from foetal to 

neonatal stages. These details emphasize variations in the genetic regulation of 

pancreatic islet development across different animal models. 

While mice are commonly used as a model for studying human diseases, especially 

diabetes, the findings highlight crucial differences between mice and pigs in genetic 

regulation and pancreatic islet development. This suggests that, for certain specific 

aspects, pigs might be a more representative model of human processes compared 

to mice. 
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5.3. β-cell dedifferentiation as a mechanism of failure in hyperglycaemic 

environment  

In situations of constant glucotoxicity, such as exposure to maternal 

hyperglycaemia in utero, the decline in β-cell functionality primarily results from 

apoptosis mechanisms and a loss of differentiation, leading to a gradual decrease in 

β-cell mass over time (Bensellam, Jonas et al. 2018). Recent findings suggest that 

β-cell dedifferentiation contributes more significantly to β-cell dysfunction in the 

early or middle stages of diabetes development, rather than an increase in β-cell 

death (Khin, Lee et al. 2021). Several studies aimed to clarify this topic, using omics 

techniques (such as transcriptome or proteome) to build a clear map of what is 

happening during the passage from the pre-diabetic to the diabetic condition. What 

is clear is that, one major aspect of glucotoxicity is the downregulation of β-cell-

enriched genes, particularly INS, mediated by alterations in key transcription factors 

like PDX1 and MAFA (Guo, Dai et al. 2013). This downregulation of INS gene 

expression is linked to oxidative stress and ER stress, among other mechanisms 

(Hollien and Weissman 2006). Additionally, glucotoxicity affects the expression of 

other genes involved in maintaining β-cell phenotype, such as Nkx6.1, Hnf1α, and 

Glut2, further contributing to β-cell dedifferentiation. The complex network of 

transcription factors and regulatory elements involved in β-cell identity 

maintenance is disrupted under conditions of glucotoxicity. These studies were 

confirmed using murine models that show a loss of β-cell identity in chronic 

hyperglycaemia (Jonas, Sharma et al. 1999). Moreover, in diabetic mice and rats 

with partial pancreatectomy, β-cell dedifferentiation was observed as the decrease 

in the differentiation markers such as insulin, PDX1, and MAFA (Tellez, Vilaseca 

et al. 2016, Neelankal John, Morahan et al. 2017). In addition, the expression of 

pancreatic progenitor-associated transcription factors such as NGN3 and SRY-Box 

9 was upregulated in β-cells of middle-aged Wistar rats following partial 

pancreatectomy (Neelankal John, Morahan et al. 2017).  

In recent years, there has been significant interest in FOXO1 as a potential 

transcription factor that connects metabolic stress to the dedifferentiation of β-cells 

in T2DM. FOXO1 serves as a versatile transcription factor with both adaptive and 

detrimental roles in β-cells depending on the circumstances. Studies have 

demonstrated that under oxidative stress, FOXO1 moves into the nucleus and 
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stimulates the expression of Neurod1 and MafA genes (Kitamura, Kitamura et al. 

2005). Additionally, in transgenic mouse models, FOXO1 has been implicated in 

compensatory mechanisms in β-cells during insulin resistance by enhancing β-cell 

proliferation, mass, function, and the expression of antioxidant genes (Zhang, Kim 

et al. 2016). Intriguingly, the deletion of Foxo1 specifically in β-cells led to β-cell 

dedifferentiation in aging male mice and multiparous female mice, accompanied by 

the upregulation of markers associated with progenitor and pluripotency states 

(Talchai, Xuan et al. 2012). Throughout the dedifferentiation, obviously, several 

transcription factors typically expressed in progenitor cells at the embryonic stage 

and repressed in adult β-cells were upregulated in β-cells of various diabetic animal 

models, including neurogenin 3 (NeuroG3), nanog homeobox (NANOG), octamer-

binding transcription factor 4 (OCT4 also known as POU5F1) (Talchai, Xuan et al. 

2012, Wang, York et al. 2014). Lineage trancing studies confirmed that these 

dedifferentiated cells originate from cells that expressed insulin and also suggested 

their trans differentiation in other islet non-β-cells, including α-cells (Talchai, Xuan 

et al. 2012).  

The proposed mechanisms that can lead to β-cell dedifferentiation are several, but 

two major causes have been highlighted in recent studies, which are ROS 

production and ER stress. 

 

5.3.1. Major causes of the β-cell dedifferentiation: ROS production 

Oxidative stress is the consequence of an imbalance between cellular antioxidants 

and production of reactive oxygen species (ROS) (Robertson, Harmon et al. 2003, 

Wu, Nicholson et al. 2004). β-cells are particularly sensitive to ROS because of the 

relatively low presence of antioxidant enzymes. Thus, high ROS levels in β-cells 

accelerate their dedifferentiation and loss of function. In fact, in immortalised β-

cells exposed to high glucose to mimic the glucotoxicity, an increased ROS 

production but a decreased insulin secretion was observed and attributed to MAFA 

downregulation (Guo, Dai et al. 2013, Fu, Cui et al. 2017). ROS are produced in 

different subcellular locations (e.g., mitochondria, peroxisomes, and ER) during 

cellular metabolism (Guo, Dai et al. 2013). High glucose and palmitate levels 

activate pathways that increase ROS production, impairing β-cell metabolic 
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functions. ROS-induced oxidative stress is implicated in β-cell dedifferentiation 

and functional failure, with potential involvement of inflammatory pathways.  

The absence of catalase enzyme in β-cell peroxisomes results in the accumulation 

of hydrogen peroxide (H2O2), contributing to oxidative stress induced by palmitate. 

Additionally, high levels of glucose and palmitate activate NADPH oxidase, 

leading to increased cellular superoxide levels (Morgan, Oliveira-Emilio et al. 

2007, Ly, Xu et al. 2017). Mitochondria, being the primary site of ROS generation, 

are crucial for glucose metabolism and insulin secretion in pancreatic β-cells. Any 

defects in mitochondrial function compromise the metabolic activities of β-cells 

(Supale, Li et al. 2012). Long-term consumption of oscillating glucose (LOsG) in 

rodents’ triggers ROS stress in β-cells, resulting in dedifferentiation and functional 

decline by disrupting the FOXO1-thioredoxin interacting protein pathway (Lai, 

Teodoro et al. 2007). 

However, it is unclear whether ROS induces β-cell dedifferentiation without an 

intermediate role of inflammatory cytokines. 

 

5.3.2. Major causes of the β-cell dedifferentiation: ER stress 

The ER has the crucial role in folding and synthesizing proteins and, as previously 

written, pancreatic β-cells are highly specialised cells that secrete high doses of 

insulin with every glucose stimulus. When an error occurs, misfolded or unfolded 

proteins accumulate in the ER, leading to ER stress. To cope with this massive load 

by the ER, β-cells use compensatory mechanisms to prevent the formation of 

misfolded proteins, called unfolded protein response (UPR). This compensatory 

response is triggered by 3 sensors located on the ER membrane, which are 

pancreatic ER kinase (PERK, also known as EIF2AK3), inositol 

endoribonuclease/kinase 1 (IRE1, also known as ERN1) and activating 

transcription factor 6 (ATF6). PERK causes the attenuation of protein translation 

to reduce the load on the ER by increasing the expression of transcripts such as 

ATF4. This transcription factor upregulates the expression of antioxidant genes but 

also pro-apoptotic genes such as Ddit3, which contributes to β-cell death after 

prolonged ER stress (Schroder and Kaufman 2005, Lai, Teodoro et al. 2007, 
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Karunakaran, Kim et al. 2012, Schwarz and Blower 2016). In pancreatic β-cells, 

where insulin production is highly dependent on ER function, ER stress occurs 

under conditions of increased insulin demand, such as in diabetes. The adaptive 

UPR response is crucial for maintaining β-cell differentiation and function. Failure 

of this response is associated with dedifferentiation and loss of β-cell function. 

Inside pancreatic β-cells, the production and release of insulin rely on the capacity 

of the ER. It's widely known that almost half of the total protein synthesis in these 

cells is dedicated to insulin. When someone has diabetes, the need for insulin rises, 

leading to increased synthesis of proinsulin and causing stress on the ER, in fact, 

many studies demonstrated that the chronic exposure to high glucose can activate 

the ER stress in β-cells (Herbert and Laybutt 2016). In response, the UPR is 

activated as a protective mechanism. This response is crucial for preserving the 

specialized characteristics of β-cells. However, if the UPR fails to adapt in β-cell 

ER, it's associated with the dedifferentiation of β-cells and the impairment of their 

function (Herbert and Laybutt 2016), although it is not clear how it works, although 

hypoxia and inflammatory signalling have been implicated in the inactivation of 

UPR in β-cells under diabetic conditions (Kupsco and Schlenk 2015). 

In general, the ER-mediated oxidative stress and the inflammation can be associated 

to the β-cell dedifferentiation. Further studies need to clarify the crosstalk between 

the ER and mitochondria (Khin, Lee et al. 2021), although it can be assumed that 

hypoxia and inflammation in the loss of adaptive UPR under chronic 

hyperglycaemia. Under chronic hyperglycaemia, the acceleration of mitochondrial 

metabolism and the stimulation of ATP consuming cellular processes, increases β-

cell O2 consumption. On the other hand, chronic hyperglycaemia negatively affects 

islet vasculature thereby resulting in reduced O2 supply. These events lead to β-cell 

hypoxia and activation of downstream PKR and DDIT3. Activation of these 

effectors plays an important role in the inhibition of the UPR under hypoxia 

(Bensellam, Jonas et al. 2018).  
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6. Regulation of the insulin secretion and techniques to study 

Physiological insulin secretion is characterized by an inter-prandial and nocturnal 

basal flow that is overlaid by secretory peaks in response to meals. The main 

regulator of insulin secretion is glucose (Park, Gautier et al. 2021). 

In relative fasting period, the insulin plasma level is maintained at value of around 

10 µU/mL, whereas, in conjunction with meals reaches values between 50 and 120 

µU/mL. Under conditions of total fasting or during prolonged exercise, this value 

decreases by 50%; while, after a normal meal, the plasma insulin level increases 3 

to 10 times, with an observable peak 30-60 minutes after the start of the meal 

(Casella, Soricelli et al. 2016). Several in vitro methods exist to study insulin 

secretion in response to glucose and the presence of secretagogues or inhibitors of 

secretion. 

6.1. Biorep Perifusion System 

On a physiological level, cells are continuously subjected to environmental 

changes, as a result of which they generate responses in relation to the stimuli they 

receive. In pancreatic tissue, the vascular system is designed to dynamically flush 

the pancreatic islets through a dense capillary network. In fact, although the total β-

cell mass represents less than 5% of the entire pancreatic parenchyma, more than 

15% of the total pancreatic blood volume is irrigated daily (Lifson, Lassa et al. 

1985). This massive perfusion makes us realize how greedy the pancreatic islets are 

for metabolites. In fact, β-cells are continuously subjected to respond to different 

blood glucose concentrations in different time intervals, adjusting an insulin 

response proportional to blood glucose levels. This process mediates the control of 

blood glucose homeostasis. To date, there is no artificial endocrine pancreas model 

capable of mimicking what happens in pancreatic tissue, however, thanks to the 

Biorep Perifusion system (Biorep Technologies) it is possible to reproduce in vitro 

the microfluidic dynamics that characterize the responses that occur physiologically 

in vivo. This system allows the islets of Langerhans to be sprayed with different 

solutions containing varying concentrations of glucose and/or secretagogues in a 

temperature-controlled environment (37°C) according to timings set by the 

operator.  

This system is used by many laboratories research laboratories to assess the insulin 

secretion of the islets or pseudo-islets in response to different stimuli (such as may 

be different glucose concentrations, the presence of secretagogues the presence of 
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drugs or secretion inhibitors) or to assess the goodness of the islets before they go 

for transplantation (Cabrera, Jacques-Silva et al. 2008, Whitticar, Strahler et al. 

2016, Teraoku and Lenzen 2017). The protocol of all these works involves 

perfusing the islets with solutions at different glucose concentrations to assess the 

response of insulin secretion which must be proportional to the amount of glucose 

in the solution (Bentsi-Barnes, Doyle et al. 2011). The cells are, therefore, perfused 

with a solution that is called 'stimulus', which is the solution that has the 

concentration of glucose we want to analyse or molecules to be study such as 

secretagogues, drugs or inhibitors. Subsequently, the cells are perfused with an 

aqueous solution of KCl (potassium chloride) a membrane depolarizing membrane, 

which promotes the release of all the insulin granules present in the cells. 

 

6.2. Study of insulin secretion on porcine pancreatic tissue slices 

Although the Biorep Perifusion System is the most accurate way to study the GSIS 

in vitro, the use of islets of Langerhans as samples has certain limitations.  

For instance, separation of the islets of Langerhans from the surrounding tissue 

causes a loss in terms of studying the islets in their natural habitat. In addition, the 

isolation procedure involves physical and mechanical stress that can induce changes 

in the physiology of the cells, and the separation of the exocrine cells from the 

endocrine cells does not allow organ-specific studies on the interaction between the 

two compartments (endocrine and exocrine) (Bhagat, Singh et al. 2000, Ahn, Xu et 

al. 2007, Negi, Jetha et al. 2012, Irving-Rodgers, Choong et al. 2014). It is essential 

that this aspect is not lost, especially in this study, where we want to verify the state 

of β-cells influenced by the external environment, which in our case is the 

intrauterine environment. Furthermore, this less invasive procedure allows 

paracrine and autocrine interactions to be preserved (Marciniak, Cohrs et al. 2014). 

Last but not least, the freshly isolated islets cannot be used immediately for the 

GSIS experiment but need a resting time some days (Borg, Weigelt et al. 2014, Jun, 

Lee et al. 2019, Alcazar, Alvarez et al. 2020). Because of these stresses, using 

Langerhans islets in vitro may not reflect what happens in vivo.  

The study conducted by the University of Dresden also assessed, using in situ 

imaging studies, that islet innervation, calcium dynamics, endocrine and exocrine 

tissue morphology were intact using the less invasive procedure of producing tissue 

slices (Marciniak, Cohrs et al. 2014). For these reasons, we used the Biorep 
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Perifusion System for pancreatic tissue slices, as described in (Panzer, Cohrs et al. 

2020) and published from University of Dresden. In this study, we adapted the 

protocol, that was established for murine pancreas, for the porcine pancreas (see 

materials and methods). 
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III. ANIMALS, MATERIALS AND METHODS 

1. Animals 

In this study, INSC94Y transgenic and the INS-eGFP transgenic pig lines were used. 

The INSC94Y pig line harbours a mutant INS p.C94Y transgene leading to permanent 

neonatal diabetes due to mutant misfolded insulin expression and represents a large 

animal model for the human disease MIDY (mutant INS gene induced diabetes of 

youth) (Renner, Braun-Reichhart et al. 2013). INS-eGFP transgenic pigs express an 

eGFP reporter gene selectively in the β-cells (Kemter, Cohrs et al. 2017), enabling 

β-cell sampling to be flow cytometry. To reduce the genetic variance, the sows used 

for the project, were themselves littermates of a wild-type (WT) mother and an 

INSC94Y/INS-eGFP dual transgenic boar. Moreover, for the project, the sows were 

mated with the same WT boar or an INS-eGFP transgenic boar (Renner, Braun-

Reichhart et al. 2013, Kemter, Cohrs et al. 2017). 

Blood glucose levels of diabetic INSC94Y and INSC94Y/INS-eGFP breeding sows 

were kept by daily insulin treatment in the range of 100-150 mg/dL when non-

pregnant and for the first three weeks after insemination. When pregnancy was 

confirmed by ultrasound analysis at embryonic day E21/E22, daily insulin 

treatment was adapted within one week for maintaining a fasting blood glucose 

level at 300 mg/dL. Blood glucose concentrations were measured every day and 

animals were treated with a combination of long-acting and short-acting insulin 

(Lantus® and Novorapid®). 

 

2. Materials 

2.1. Chemicals 

 

Agarose UltraPure Invitrogen, Karlsruhe 

Bromophenol Blue Roth, Karlsruhe 

Ethanol Roth, Karlsruhe 

Glucosteril 50% Glucose solution B. Braun, Melsungen 

HCl (Hydrochloric acid)  Roth, Karlsruhe 
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MgCl (Magnesium chloride) Fluka Chemie, Schweiz 

NaCl (Sodium chloride) Sigma-Aldrich, St. Louis 

KCl (potassium chloride) Sigma-Aldrich, St. Louis 

Na2HPO4*2H2O (sodium hydrogen Phosphate) Sigma-Aldrich, St. Louis 

MgSO4 (Magnesium sulfate) Sigma-Aldrich, St. Louis 

CaCl2*2H2O (Calcium chloride) Sigma-Aldrich, St. Louis 

KH2PO4 (Potassium dihydrogen phosphate) Sigma-Aldrich, St. Louis 

Hepes Sigma-Aldrich, St. Louis 

NaHCO3 (sodium hydrogen carbonate) Sigma-Aldrich, St. Louis 

MgCl2*6H2O (magnesium chloride hexahydrate) Sigma-Aldrich, St. Louis 

Glucose Sigma-Aldrich, St. Louis 

RBS  50x (83462-1L) Merck, Darmstadt 

Aprotinin (A3428) US-Biological Life 

Science 

Paraformaldehyde VWR, Darmstad 

BSA (Bovine Serum Albumin) Sigma-Aldrich, St. Louis 

Agarose low-melting Roth, Karlsruhe 

Paraformaldehyde (#86148) Sigma-Aldrich, St. Louis 

 

2.2. Perifusion materials 

Dow Corning High-Vacuum silicone grease 

(Z273554-1EA) 

Sigma-Aldrich, St. Louis 

Chamber platform (P-5) Warner Instruments, 

Holliston 

Cell culture chamber (RC-20H) Warner Instruments, 

Holliston 

Glass cover slip (CS-15-R) Warner Instruments, 

Holliston 

Polyethylene Tubing (PE-160/10) Warner Instruments, 

Holliston 

2 stop tubing with connectors (PERI-TUBSET) Biorep Technologies, 

Miami 
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Tubing (PERI-TUB-040) Biorep Technologies, 

Miami 

PERI-NOZZLE Biorep Technologies, 

Miami 

Periclips Biorep Technologies, 

Miami 

Y connectors with 200 series barb (Peri – FITTING 

-3) 

Biorep Technologies, 

Miami 

 

2.3. Consumables 

Cell culture dish Corning Inc., Somerville 

Cell culture plates Corning Inc., Somerville 

Aiguilles injection B. Braun, Melsungen 

Cotton tipped applicators D&D Medical Equipment 

Steril surgical blades (BB522) B. Braun, Melsungen 

Adhesive tape Tesa, Beiersdorf 

CBAS® Heparin Coated Clear PU Cath 7Fr  B. Braun, Melsungen 

Combitips® plus (2.5 mL, 10 mL) Eppendorf, Hamburg 

Cover slips (24x40 mm) Corning Inc., Somerville 

Discofix® 3-way stop-cock with connection line 

(10 cm) 

B. Braun, Melsungen 

Disposable syringes (2, 5, 10, 20 mL) Henry Schein® Vet 

GmbH, Hamburg 

Neolus® hypodermic needles (30 G) B. Braun, Melsungen 

Falcon® centrifuge tubes (15, 50 mL) Biologix, Shandong 

FreeStyle Precision® glucose stripes  FreeStyle, Abbott 

Hypodermic needles (18 G, 20 G) B. Braun, Melsungen 

Monovette® blood collection system (Plasma, 

EDTA, 9 mL) 

Sarstedt, Nümbrecht 

Original Perfusor® Line (50 cm)  B. Braun, Melsungen 

Original Perfusor® syringes (50 mL)  B. Braun, Melsungen 

Parafilm® M American Can Company, 

USA 
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PCR reaction tubes (0.2 mL) Applied Biosystems 

Pipette tips with filter Eppendorf, Hamburg 

SafeGrip® latex gloves SLG, Munich 

Scalpel blade sterile No.36 B. Braun, Melsungen 

Sempermed® supreme latex OP gloves Sempermed, USA 

Star Frost® microscope slides 3-way-stopcock 

Variostop® 

Engelbrecht, Edermünde 

Surgicryl suture B. Braun, Melsungen 

Uni-Link embedding cassettes EngelBrecht, Edermünde 

 

2.4. Devices 

Biorep Perifusion System (Peri 4.2) Biorep Technologies, 

Miami 

Vibratome (VT1200S) Leica, Wetzlar 

Tecan Reader Tecan™, Männerdorf 

ART-Micra D-8 tissue-homogenizer AU 480 

analyzer 

ART, Müllheim 

FreeStyle Precision® neo glucometer FreeStyle, Abbott 

HM 315 microtome Microm, Walldorf 

inoLab® pH meter 7110 WTW™ Fisher Scientific, 

Schwerte 

Incubator 60 °C Thermo Scientific, 

Waltham 

Mastercycler® gradient Eppendorf, Hamburg 

Microwave B. Braun, Melsungen 

Multichannel pipette mLine® (300 μl) 

Multipipette® plus 

Eppendorf, Hamburg 

Pipettes (1000 μl, 200 μl, 100 μl, 10 μl, 2 μl) Gilson Inc., USA 

Power Pac 300 gel electrophoresis unit Bio-Rad, Berkeley 

Tecan infinite M200Pro ELISA reader  Tecan™, Männerdorf 

Thermomixer 5436 Thermo Scientific, 

Waltham 

Plates shaker Roth, Karlsruhe 
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AU480 auto analyzer Beckman-Coulter 

Elisa Reader (680) Bio-Rad, Berkeley 

Tissue processor Epredia™ Excelsior™ Thermo Scientific, 

Waltham 

Axio Scan.Z1 slide scanner  Zeiss, Jena, Germany 

 

2.5. Drugs 

Cloprostenol (Estrumate-Schwein®) Intervet, Unterschleißheim 

Ketamine 10% (Ursotamin®) Serumwerke Bernburg, 

Bernburg  

Azaperone (Stresnil®) Jansen Pharmaceutical, 

Beerse 

Fentanyl (Fentadon®) Dechra, Northwich 

Insulin (Novorapid®) Novo Nordisk, Bagsværd 

Insulin (Lantus®) Sanofi, Paris  

 

 

2.6. Kits 

Cisbio HTRF® insulin assay Cisbio Bioassays S.A.S., Codolet 

Mercodia Insulin ultra sensitive ELISA  Mercodia, Uppsala 

NexttecTM Genomic DNA Isolation Kit 

from Tissue and Cells 

Nexttec GmbH, Leverkusen 

 

  

2.7. Software 

Graph Pad Prism® version 5.02 GraphPad Software Inc., USA  

QuPath © Copyright 2019-2024, QuPath docs 

authors. Revision 6ba1235b 

Perseus statistical analysis Copyright © Max-Planck-Institute of 

Biochemistry 
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2.8. Buffers and solutions 

 

2.8.1. Solutions for perifusion system 

 

Krebs 

  Chemical MW 1x final 

concentration 

[mM] 

g/L (4-fold) 

  

Solution 

1A:                             

4x 

NaCl 58.44 137 32.0 

KCl 74.56 5.36 1.6 

Na2HPO4 *2 

H2O 

177.99 0.34 0.2 

MgSO4 120.38 0.81 0.4 

CaCl2 * 2 H2O 147 1.26 0.7 

KH2PO4 136 0.44 0.2 

    H20 to 1L 

Solution 1B 

(60mM 

K+):                             

4x 

NaCl 58.44 82.8 19.35 

KCl 74.56 59.56 17.8 

Na2HPO4 *2 

H2O 

177.99 0.34 0.24 

MgSO4 120.38 0.81 0.4 

CaCl2 * 2 H2O 147 1.26 0.7 

KH2PO4 136 0.44 0.2 

    H20 to 1L 

Solution 2: 

Hepes 

Bicarbonate 

(4x) 

Hepes 238.31 10 9.5 

NaHCO3 84.01 4.17 1.4 

    H20 to 1L 

 

For 1x solution 1A+2: combine ¼ solution 1A + ¼ solution 2 + ½ ddH2O 

For 1x solution 1B+2: combine ¼ solution 1B + ¼ solution 2 + ½ ddH2O (this 

solution is used for the KCl stimulus. 

 

 

ECS 

Chemical MW 1x final 

concentration 

[mM] 

g/L (4-

fold) 

NaCl 58.44 125 31.25 

KCl 74.55 2.5 2.5 

NaH2PO4*H2O 119.98 1.25 1.25 

MgCl2*H2O 203.3 1 1 



III. Animals, Materials and Methods    38 

 

 

 

 

 

 

 

 

 

 

2.8.2. Fixatives and other solutions 

4% PFA 

Reactive To 1 L 

Paraformaldehyde 40 g 

10 x PBS 100 mL 

ddH2O Add until 0.9 L 

5 M NaOH 100 µL 

Adjust pH 

ddH2O Add until 1L 

 

Dissolve at 50°C in water bath (shaking occasionally); cool down when everything 

is dissolved, and the pH is adjusted at 7.35-7.4. After it the PFA was filtered and 

stored at 4%. 

 

10x PBS 

Reactive MW g/mol g/ L 

NaCl 55.44 79.5 

Na2HPO4 141.96 11.5 

KCl 74.55 2.0 

KH2PO4 136.08 2.0 

ddH2O  950 mL 

Adjust pH 7.35-7.4 

ddH2O  Add until 1L 

 

CaCl2 110.98 2 2 

NaHCO3 84.007 26 26 

Hepes 238.31 10 10 

Glucose 180.16 3 3 

ddH2O     to 1L 

Set to pH 7.4 
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2.8.3. Buffer for PCR 

dNTP-mix 

2 mM dATP, dCTP, dGTP, dTTP  

Mixed in distilled water  

Aliquoted and stored at -20 °C  

 

TAE buffer (50×) 

242 g 2 M Tris 

100 mL 0.5 M EDTA (pH 8.0) 

57 mL glacial acetic acid 

1000 mL distilled water 

Filtrated and autoclaved for storage 

Before usage diluted to single concentration  

 

3. Methods 

The schematic Figure 1 shows the methods and strategy applied in this thesis work. 

All animal experiments were carried out in compliance with the German Animal 

Welfare Act and Directive 2010/63/EU on the protection of animals used for 

scientific purposes and approved by the appropriate local authority (Regierung von 

Oberbayern). Parent pigs had free access to tap water. Non-diabetic breeding pigs 

were fed twice per day, whereas diabetic pigs were fed once per day timely 

coordinated with daily glucose measurement and insulin treatment. Animals were 

kept in groups if feasible. Enrichment materials such as toys were always available. 
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3.1. Reproduction management of the sows 

Healthy (WT) (n=5) and INSC94Y (MIDY) transgenic sows (n=6) aged 9 ± 0.84 

months were artificially inseminated with semen from the same healthy boar. 

Pregnancy was confirmed by ultrasonography 21 days after insemination. Starting 

at pregnancy day 113, pregnant sows were monitored for signs of birth. Birth was 

hormonally induced at E115 if not occurring spontaneously by a single 

intramuscular injection of cloprostenol (Estrumate®, 0.175 mg per animal). 

Farrowing took place between 24 to 36 hours after birth induction. 

 

3.2. Oral glucose tolerance test (OGTT) of new-born piglets 

OGTT was performed in neonatal piglets (PNG: n= 39, and PHG: n= 13). Shortly 

after birth before first milk intake, piglets were separated from the mother, weighed, 

and then placed in a rescue deck with a red heating lamp. After a recovery period 

Figure 1: Methods used in this work. The normo- and hyperglycaemic sows 

were mated with the same healthy boar and analysis are conducted on healthy 

piglets from healthy mothers (PNG) and hyperglycaemic mothers (PHG).  
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of 30 min after birth, OGTT was performed by application of a glucose bolus [4 

mL per kg body weight (BW) of a 50% glucose solution (B. Braun)] via a gastric 

tube. This procedure is suitable in piglets that are not yet able to digest a meal, 

taking advantage of the suckling reflex. Before glucose application at time point 

(TP) 0, and then at TP 15, 30, 45, 60, 90 and 120 minutes after oral glucose 

application, blood glucose concentration was measured by ear vein puncture using 

a glucometer (FreeStyle-Freedom Lite). Moreover, 1mL EDTA blood samples were 

collected from the jugular vein at TP 0, 30, 60 and 120 minutes, immediately put 

on wet ice, centrifuged at 2800 rpm for 20 minutes at 4°C, aliquoted and stored at 

-80°C. 

 

3.3. Blood sampling from the sows 

The piglets’ clinical analysis has to be compared to the sows’ clinical analysis to 

exclude the possibility of detecting maternal parameters in the bloodstream of 

newborn piglets. Therefore, blood samples were taken also from the sows from the 

ear vein during the delivery (healthy: n= 4, and INSC94Y: n=4). While giving birth, 

the sows lie on their side, and we took advantage of this moment to collect blood 

from the ear vein, using a tourniquet, and to obtain samples of EDTA, serum, and 

Li-Hep for backup storage.  

 

3.4. Clinical-chemical analysis of blood samples 

Table 1: Clinical-chemical parameters 

 Biomarker 

Carbohydrate metabolism Insulin 

Glucose 

Lactate 

LDL 

ALT 

Lipid metabolism Cholesterol 

HDL 

LDL 

Lipase 
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NEFA 

Triglycerids 

Bilirubin 

Total Protein 

Electrolytes Na 

Cl 

 

Clinical-chemical parameters (Table 1) were determined from EDTA plasma both 

of TP0 of new-born piglets (PNG: n= 47, and PHG: n=14) and of samples of the 

mothers during the delivery using an AU480 auto analyser (Beckman-Coulter) and 

adapted reagent kits from Beckman-Coulter, Randox or Wako Chemicals. Optical 

density was measured with a photometric lamp. Clinical-chemical analyses except 

for insulin were performed by Dr. Birgit Rathkolb, Helmholtz Munich. 

 

3.5. Ultrasensitive Insulin-ELISA immunoassay (Mercodia®) 

The measurement and evaluation of plasma insulin concentration of the OGTT was 

performed with the insulin-ELISA immunoassay (Mercodia®). This solid-phase 

immunoassay is based on the sandwich technique in which two monoclonal 

antibodies are directed against two different antigens located on the insulin 

molecule. During incubation, the insulin contained in the sample reacts with a 

peroxidase-conjugated anti-insulin antibody and a well-bound anti-insulin 

antibody. A manual wash step, in which unbound antibodies are removed, is 

performed with 300 µL of wash solution. The conjugate bond is detected with TMB 

(tetramethylbenzidine) the reaction is stopped by adding an acid solution that 

provides a colorimetric scale that is read using a spectroscope. The reading is made 

at 450 nm using the Elisa Reader (Model 680 Bio-Rad). Each sample was pipetted 

in duplicate, and the background was subtracted. The final data was obtained with 

the mean of the 4PL Plot calculation. 

 

3.6. Identification of piglets’ genotype using polymerase chain reaction 

(PCR) 

Tail punches were obtained and stored at -20 °C. Genomic DNA was isolated using 

the “nexttecTM Genomic DNA Isolation Kit from Tissue and Cells” (nexttec 
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GmbH, Leverkusen) according to the manufacturer’s instructions. Briefly, samples 

were cut in small pieces and incubated with an appropriate lysis buffer. Samples 

were incubated 1 h to overnight at 60°C in a thermomixer. Lysates were then 

purified using nexttecTM clean columns to elute purified DNA. 

Next, genotyping was performed by polymerase chain reaction (PCR). The specific 

primers used are listened in Table 2. 

Table 2: primer sequence for the PCR reaction 

 

Beside the construct specific genotyping PCR, an additional PCR for amplification 

of a part of the neomycin resistance cassette which is present in both transgene 

expression cassettes was performed.  

PCR components were mixed on ice to a final volume of 20 µL in 0.2-mL reaction 

tubes. Genomic DNA from WT pigs served as negative control and from 

INSC94Y/INS-eGFP dual transgenic pigs were used as positive control and distilled 

water was used as a non-template control. Details from master mix ingredients and 

PCR conditions are listed in Table 3:  

Table 3: Master mix components per PCR reaction 

Master Mix components INSC94Y µL INS-eGFP µL neo µL 

H2O 13 7.65 7.65 

dNTP 2 1 1 

10X Coral 2 2 2 

MgCl2 1 4 4 

Q-Sol / 1.25 1.25 

Primer (f) (10µM) 0.4 2 2 

Primer (r) (10µM) 0.4 1 1 

HotStar-Taq 0.2 0.1 0.1 

19 µl of the master mix were put in the 0.2 µL reaction tubes, and 1 µl of template 

or control were added. Details of PCR reaction conditions are listened in Table 4 & 

5. 

  Sequence 

INSC94Y transgene 
C94Y_21_f 5’-CTC TGCAGCTCATGTGGATCAG-3’ 

neokanF 5’- GAC AAT AGC AGG CAT GCT G -3’ 

INS-eGFP transgene 
INS-GFP_2_for   5’-TCGTTAAGACTCTAATGACCTC-3’ 

INS-GFP_5_rev 5’-ATGAACTTCAGGGTCAGCTTGCC-3’ 

Neomycin resistance 

cassette (neo) 

neo_1_for 5’-ACAACAGACAATCGGCTGCTCTG-3’ 

neo_2_rev 5’-TGCTCTTCGTCCAGATCATCCTG-3’ 
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Table 4: PCR reaction conditions for INSC94Y 

Denaturation 95°C 5 min  

Denaturation 94°C 30 sec 

35 x Annealing 58°C 30 sec 

Elongation 72°C 30 sec 

Final Elongation 72°C 5 min  

Termination 4°C 5 min  

 

 

Table 5: PCR reaction conditions for INSeGFP and neo 

Denaturation 94°C 5 min  

Denaturation 94°C 30 sec 

35 x Annealing 60°C 30 sec 

Elongation 72°C 1 min 20 sec 

Final Elongation 72°C 10 min  

Termination 4°C 5 min  

 

An agarose gel electrophoresis was run to visualize the final PCR products. 

Therefore, a 1.5% agarose gel was prepared by heating 1 x TAE buffer with 1 g/100 

mL universal agarose in the microwave. After cooling down to about 55 °C, the gel 

was decanted into an electrophoresis chamber (OWL Inc., USA) for 

polymerization. Samples were mixed with 2.5 µL 10× DNA loading buffer and 

pipetted individually into the slot chambers of the gel. Six µL of Gene RulerTM 100 

bp DNA molecular weight marker (MBI Fermentas) was included for the 

determination of DNA fragment sizes. An electric field with a voltage of 130 V was 

applied for 30 minutes. After separation DNA samples were visualized under 

ultraviolet (UV) light. 

 

3.7. Necropsy 

After the body weight measurement, PHG and PNG piglets undergone necropsy at 

an age of three days, or when flow cytometry for scRNAseq study or in situ tissue 

slice perifusion was performed, also at day 1 or 2 after birth. They were first 

anaesthetized with ketamine 10% (20 mg/kg BW) and azaperone (2 mg/kg BW), 

for analgesic use 0.5 ml fentanyl. Once the piglet was properly sedated, 9 ml EDTA, 
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Li-Heparin and a 9 ml serum blood samples were taken from the left jugular vein. 

Afterwards, euthanasia took place. Euthanasia and blood sampling were performed 

by veterinarians. Heparin and EDTA vials were placed on ice and serum at RT for 

20 minutes. They were than centrifugated at 2800 rpm for 20 minutes at 4°C. The 

supernatant was collected in 1.5-mL tubes and placed in -80°C. Organs were 

dissected and weighed to the nearest mg. Tissue samples were collected as 

described previously (Albl, Haesner et al. 2016) and routinely fixed in 4% PBS-

buffered paraformaldehyde or modified oyoy solution for 2 days prior paraffin 

embedding or frozen immediately on dry ice and stored at −80 °C for molecular 

profiling. 

 

3.8. Sampling of the pancreas 

The pancreas was processed as first organ immediately after the necropsy. First the 

part attached to the spleen was recognized and it was separated removing the 

mesenterium, using surgical scissors (right before the splenic artery). To have a 

clearer view, the intestine was put on the right side, in this way the part attached to 

the left kidney is visible and it can be separated concentrically from the peritoneum, 

following the natural way, it can be removed from the intestine and the stomach. 

Make sure not to injure the left adrenal gland which is in between the back and the 

pancreas. Once most of the left part has been removed, the intestine was put on the 

other side and the pancreas could be removed from the rest of the stomach and the 

duodenal part became therefore well visible. After removal of the rest of the 

pancreas from the intestine, the last part is the link to the duodenal duct, and it was 

carefully separated with the point of the scissors. After the pancreas was completely 

removed from the intestine, it was cleaned from connective tissue, fat and lymph 

nodes and it was weighed. 
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3.8.1.1. Processing of the pancreas 

After recognizing the 

different parts of the pancreas 

(Fig. 2), the sampling was 

performed according to the 

following procedure: Cut a 

small piece of pancreas from 

the splenic part and the 

duodenal part and put them 

directly in the cassettes for 

Methacarn. Afterwards, cut a 

piece from the duodenal a 

splenic part and cut it into 

smaller pieces, and execute 

the frozen shock on dry ice and put them in the 2-mL tubes. Put the rest of the 

pancreas in a separated falcon with PFA and complete the cut afterwards under 

chemical flow. After 2 hours in PFA on ice, the process of the pancreas can start. 

Under the flow: the pancreas is cut in parallel lamellae to obtain random systematic 

samples. The piglet pancreas’ length is around 7 cm, start from the splenic part and 

with a scalpel obtain pieces 0.5 cm long and alternate between the cassette for the 

paraffin embedding and for the sucrose gradient embedding. 

The cassettes with the organs are placed in a container filled up with fresh 4% PFA 

and they rest on a shaker on ice for 48 hours. The ice was constantly checked and 

replaced in case of thawing, to guarantee the constant temperature. 

 

3.8.2. Sampling of the other organs 

After the preparation of the pancreas, all the other organs for the establishment of a 

Biobank were processed. The organs taken during the autopsy are listed in the Table 

6. All the organs were cut in small pieces, shock-frozen on dry ice and put in 2-mL 

tubes. Big pieces of the organs are put in PFA and Methacarn. The brain is cut in 

half and the entire left lobe is put in the 4%PFA and the right half of the 

hypothalamus is native fixed in tissue Tek. 

Figure 2: Piglet’s pancreas anatomy. The splenic 

part is the part closest to the spleen, which 

corresponds to the ‘tail’ of the human pancreas 

anatomy. While the duodenal part of the porcine 

pancreas corresponds to the ‘head’ of the human 

pancreas. 

Splenic part 

Duodenal part 

Body 
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Table 6: organ list collected during the dissection 

Organ System Organ/ 

Tissue 

Site PFA Methacarn native 

-80° 

Hepatobiliary and 

Pancreatic 

Pancreas Spleen part + + + 

Duodenal part + + + 

Liver Left lobe + + + 

Endocrine Adrenal 

gland 

/ + + + 

Thyroid 

Gland 

/ + + + 

Cardiovascular Heart Left Ventricle + + + 

Left Atrium + + + 

Random + + - 

Respiratory Lungs Left + + + 

Nervous Brain Left part + - - 

Hypothalamus 

(right) 

- - + 

Urinary Kidney Cortex + + + 

Medulla + + + 

Immune and hematopoietic Thymus / + + + 

Spleen / + + + 

Musculoskeletal Muscle Longissimus + + + 

Bicep + + + 

Soleus + + + 

Integument Skin / + + + 

Adipose 

tissue  

Subcutaneous + + + 

Visceral + + + 

Fluids Serum / + + + 

Plasma EDTA + + + 

Li-Heparin + + + 

Urine / + + + 
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3.9. Immunofluorescence staining and stereological quantification of 

endocrine cell volume ratio 

3.9.1. Processing of fixated tissue  

After 48 hours on the shaker, the cassettes with the fixated tissue were routinely 

processed in a carousel tissue processor (Thermo Scientific Epredia™ Excelsior™). 

Following paraffin embedding with the TBS 88 Paraffin Embedding System, 3 µm 

thick slides from 4% PFA-fixed paraffin embedded tissues from different part of 

the pancreas were cut with a HM 315 microtome, mounted on glass slides and 

stored at 37 °C until immunofluorescence staining. 

3.9.2. Immunofluorescence (IF) staining 

Paraffin sections were deparaffinized and rehydrated through a descending alcohol 

row according to Table 7.  

Table 7: Deparaffinization and rehydration of paraffin sections 

Deparaffinization  Xylene  2× 20 min  

Rehydration  

Ethanol 100 %  2× 5 min  

Ethanol 96 %  2× 5 min  

Ethanol 70 %  5 min  

Washing  aq. dest.  2× 1 min  

 

The antigen-retrieval was performed using Tris EDTA buffer/ 0.05% Tween pH 

9.0, boiled at the max temperature in the microwave and 19 minutes of sub-boiling 

(320 watt). After the permeabilization in PBS/ 0.1% Triton X100 for 10 minutes, 

the slides were washed 3 times in PBS for 5 minutes and the blocking was 

performed using 5% donkey serum (in PBS/Tween 0.05%) for 1h at RT. 

Afterwards, the sections were incubated with the primary Abs overnight at 4°C. 

The day after, after 10 minutes (2x5 minutes) washing in PBS/Tween 20 0.1%, they 

were incubated with the secondary Abs for 1h at RT in the dark. Slides were washed 

with PBS/Tween 20 0.1% and stained with DAPI for 10 minutes at RT. Finally, 

they were incubated with the Vector True View (Autofluorescence Quenching Kit 

#SP-8400) for 5 minutes to reduce the auto-fluorescence and mounted with 
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Mounting Vectashield Vibrance (#M-1700) after 10 minutes (2x5 minutes) washing 

in PBS. 

 

Table 8: Abs list for the proliferation markers staining 

Target 1st Ab 2nd Ab 

Insulin 1:2000     mouse IgG2 -anti-

insulin (#66198-1-Ig, 

proteintech) 

1 :1000 Alexa Fluor plus 488-

conjug. AffiniPure donkey-anti 

-mouse IgG (H+L) (#A32766, 

Invitrogen) 

Glucagon 1:3000 guinea pig-anti-

Glucagon (#M182, 

TAKARA) 

1:500   AF647 donkey-anti-

guinea pig IgG (H+L) (#706-

605-148, Jackson 

ImmunoResearch) 

 

3.9.3. Image acquisition and digital image analysis 

Whole tissue sections were scanned by an Axio Scan.Z1 slide scanner (Zeiss, Jena, 

Germany) using a 20x/0.8NA Plan-Apochromat (a 0.55 mm) objective at the Core 

Facility Pathology & Tissue Analytics at the Helmholtz Center Munich.  

The assessment of biomarkers by digital image analysis was conducted using the 

open-source software QuPath. First, pixel classifiers for detection of tissue and 

islets were trained using a training image. After the recognition of the tissue area 

and three types of islets classifiers (depending on the strength of the fluorescence 

signals), the tissue area and islets were automatically identified based on detection 

and machine learning. After the tissue and the islets recognition, the “endocrine and 

exocrine tissue” settings were automatically generated, and all the detections were 

put in hierarchy. Then, object classifiers were applied for specific detection of α 

cells and β cells. These object classifiers were obtained by intense training using 

training images and at least 500 positive and negative events for each object 

classifier. Various details, including the entire tissue section information, exocrine 

and endocrine areas, the number of islets per section, and the total count of α cells 

and β cells, and combinations thereof, were obtained. The analysis and pixel 

classifier identification for the islets was done considering different part of several 

images (ROI) for creating the training picture and the identification was done 

considering the big islets as well as the single cells.  
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For tissue detection, the Pixel classification → Create thresholder command was 

utilized. After applying the fill hole’s function, the tissue was manually inspected 

for artefacts. Subsequently, the proper islets pixel classifier was downloaded → 

consider object > then 12 cm2 and split → annotation → fill holes. Also in this case, 

the islets were manually adjusted where necessary. After the hierarchy, the cell 

detection was performed based on the DAPI, first it was set on islets and then on 

the exocrine tissue. The cells were recognized as areas of staining above the 

background level, applying optimized nucleus threshold, segmentation parameters 

(Median filter radius and Sigma), and cell expansion. The cell detection was 

optimized for each slide to have the best match for the identification of the cellular 

nucleus. The main parameter setting was the following, although it was changed 

several times for the no-fitting slides: 0.344; 6; Median filter: 0.5; Sigma: 0.9; 

Minimum object size: 8; Maximum object size: 200; background: 150; cell size: 

2.45 um. Finally, smoothed features were incorporated to derive new measurements 

considering the cell features within a 25μm range. For endocrine cell detection, 

different classifier was created for the best fitting match of the different hormones. 

The main object classifier used for the hormonal staining, were obtained using a 

training image with several ROI. To adjust the classifier where it was not fitting, 

other slides with the same or similar intensity of fluorescence, were considered in 

the previous training analysis, using the “point” options to distinguish first the 

positive cells and the ignore cells and then, these points were saved and used 

together to improve the object classifier. Cell mean intensity thresholds. Finally, 

after the identification of the best object classifier for each slide, a composite 

classifier was created and applied, after that, the distance to annotation 2D was 

established. Annotation measurements were exported, providing information on 

islet size, cell composition, and the number of positive cells. 

 

 

3.10. In situ dynamic glucose stimulation insulin secretion (GSIS) on 

pancreatic tissue slices 

Dynamic glucose stimulation insulin secretion was assessed in situ on living 

porcine pancreatic tissue slices of newborn PHG or PNG at an age of 2 to 3 days, 
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with a modified protocol adapted from that developed by Speier et al (Marciniak, 

Cohrs et al. 2014).  

 

3.10.1. Pancreas processing and vibratome slices 

Immediately after euthanasia and exsanguination, 37 °C warm 1.75% low-melting 

agarose (#39346-81-1, Carl Roth) supplemented with 25 KIU/mL (kallikrein 

inactivator unit per ml) aprotinin (#A2300-05, US Biological Life Science) were 

applied into the splenic pancreas lobe by exogenous G27 needle injection. After 

hardening of agarose on wet ice, small pieces of approx. 1-1.5 mm3 of the splenic 

lobe were cut and embedded in 2.5% low-melting agarose. Subsequently, 150 µm 

thick vibratome tissue slices were obtained using the vibratome settings thickness 

150 µm, amplitude 1.0, and feed 0.1 mm/sec (Leica VT1200S).  

Before beginning the vibratome procedure, it's crucial to ensure the razor blade is 

securely inserted into the cutting unit to prevent any unexpected movements that 

could pose a risk of injury. Once the blade is properly in place, the vibratome can 

be switched on using the switch located at the right rear end of the unit. This action 

prompts the vibratome to move to its initial position. Next, the calibration unit 

should be attached to the vibratome, with the cable connected to the unit at the left 

rear end. Following the flashing buttons on the control unit, the calibration process 

involves pressing the "Down" button to initiate movement of the cutting unit 

forward and downward. Subsequently, the flashing "Run/Stop" key is pressed to 

commence vibration. Once numbers appear on the display, adjustments should be 

made until the left number reads "0", indicating optimal calibration. This 

adjustment process involves loosening and tightening screws as necessary. Upon 

successful calibration, the calibration unit can be removed, and the white tray 

attached to the vibratome. Carefully insert the black tray afterward. Tissue pieces 

should then be prepared in a 6 cm cell culture dish, cutting cuboids with a scalpel 

and detaching agarose from the dish edges. Individual agarose blocks can be 

removed and placed onto the black sample plate, followed by trimming with the 

scalpel to leave a narrow edge around the tissue piece (Figure 3). To ensure smooth 

slicing, the sample plate is held against the razor blade, and a thin layer of glue is 

applied to the plate before placing the agarose blocks onto the surface. Additional 

glue can be applied to the edges of the blocks for better adhesion. After a brief 
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waiting period, the sample plate is placed in the black tub and filled with 3 mM 

ECS. Simultaneously, a 6 cm cell culture dish is filled with 6 mL KRBH buffer for 

slice acquisition. Slicing is initiated by moving the sample table upwards until the 

razor blade is fully immersed in the buffer, setting the start and end positions 

accordingly. Continuous slicing between these positions is facilitated by activating 

the "AUTO/MAN" and "SINGLE/CONT" buttons. Adjustments to cutting 

parameters can be made as necessary before slicing commences. The process can 

be paused or resumed using the "Pause" button, with slicing completed by pressing 

"Run/Stop". After discarding the initial slices, subsequent slices are transferred into 

the 6cm cell culture dish with KRBH buffer until the desired number is achieved. 

Additional dishes may be prepared if more than 40 slices are required. 

 

3.10.2. Samples equilibration and perifusion experiment 

After an equilibration and resting time of the slices for 2 hours on an orbital shaker 

at room temperature (RT) in Krebs-Ringer buffer (KRB) (137 mM NaCl, 5.36 mM 

KCl, 0.34 mM Na2HPO4, 0.81 mM MgSO4, 4.17 mM NaHCO3, 1.26 mM CaCl2, 

Figure 3: Pancreas assessment for vibratome cutting. The 

pancreas is perfused with a 1.75% agarose solution and aprotinin. 

It is cut in small paces (1-2 cm), and it is immersed in a 2.5% 

agarose solution that solidified after few minutes. Small squared 

are cut and they are glue on the magnetic disc for the vibratome 

cutting.  
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0.44 mM KH2PO4, 10 mM HEPES, 0.1% BSA, pH 7.3) supplemented with 3 mM 

glucose and aprotinin (25 KIU/ mL), 2-3 slices were placed each into a closed 

perfusion chamber (#64-0223 and #64-0281 [P-5], Warner Instruments) and 

connected to a perifusion system with automated tray handling (#PERI4-02-230-

FA, Biorep Technologies). For the preparation of the perifusion system, the 

cassettes are clipped onto the pump, and unnecessary channels are blocked with 

dead-end tubings to prevent air from entering the system. The column holder can 

be disassembled if necessary, and connectors are used to attach the perifusion 

tubings to the output channels. The solutions are then placed into the tube/flask 

holder unit, matching the protocol requirements, and the tubings are inserted into 

the buffers to ensure they are properly filled. Unused channels are clamped, and the 

system is primed to remove air and fill the tubings with solution. Vacuum grease is 

applied to the bottom of the perifusion chamber, and a coverslip is placed on top, 

ensuring the chamber walls remain dry. Slices are then inserted into the chamber, 

and excess buffer is removed before sealing the chamber with another coverslip and 

locking ring. To connect the perifusion chambers to the system, they are transferred 

one by one and connected to the inflow and outflow tubings. The protocol is started, 

and the system is monitored to ensure proper filling of the chambers without air 

bubbles. 

In fact, before the start of the experiment, pre-priming and priming of all tubes is 

always carried out; this procedure is important for two reasons: 

1. It eliminates all air bubbles that could affect the flow of solutions, which must be 

homogeneous and arrive simultaneously in all samples to allow real monitoring of 

all solutions minute by minute. 

2. The solution used for pre-priming and priming is a Krebs salt solution (pH 7-7.4) 

containing BSA (Bovine Serum Albumin - Sigma-).  Albumin is a protein that is 

'sticky' for plastic and is responsible for saturating all tube sites to which cytokines 

might bind. 

The other components of this saline solution are calcium chloride, magnesium 

chloride, potassium chloride, sodium chloride and HEPES (all products are from 

Sigma). 
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The entire system is maintained at a constant temperature of 37°C except for the 

mechanical arm, which houses the plate, which is maintained at a temperature of 

4°C and the eluate is collected in 96-well plates that are changed manually. 

 

Tissue slices were perfused at a flow rate of 100 μL/minute, and samples were 

collected in 96-well plates with a 120-second interval. Slices were flushed for 60 

minutes with 3 mM glucose KRB containing aprotinin (25 KIU/mL) to wash out 

accumulated hormones and enzymes from the tissue. Then, slices were perfused 

with KRB buffer with 3 mM glucose for 10 minutes, followed by 30 minutes in 

16.7 mM glucose, 30 minutes with 3 mM glucose, 20 minutes with 16.7 mM and 

60 mM KCL, and, after that, 10 minutes in 3 mM glucose. All solutions were 

supplemented with aprotinin (25 KIU/ mL). After perifusion, tissue slices were 

gently removed from the chambers and transferred to 500 µl glacial acid EtOH. All 

A B C 

D E 
F 

Figure 4: Preparation and mounting of the chambers using the pancreatic 

tissue slices. A: different compartment of the chamber. B: glass where to 

place the tissue slices. The wet part must be only the glass, the surrounding 

must be dry to avoid leakage problems. C: placement of the slides on the 

glass. D-E: the slides are nicely spread on the glass surface, and they are 

closed using another glass. F: closing of the entire chamber. 
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samples were frozen at -20°C until assayed for insulin content using an ultra-

sensitive insulin HTRF assay (#62IN2PEG, CISBIO/Perkin Elmer). 

3.10.3. HTRF assay for determination of insulin of tissue slice GSIS 

HTRF (Homogeneous Time Resolved Fluorescence) is a no-wash technology. It 

combines standard FRET technology with time-resolved measurement of 

fluorescence, eliminating short-lived background fluorescence. For a sandwich 

assay, two antibodies that recognize a protein of interest are used, with one antibody 

coupled to a donor, and the other with the acceptor. If the 2 antibodies recognize 

the analyte, the donor will emit fluorescence upon excitation and the energy will be 

transferred to the nearby acceptor, giving specific acceptor fluorescence. The donor 

fluorescence is also measured and a ratio with the acceptor fluorescence is applied. 

First add your analyte or sample to your microplate, then add the detection reagents: 

Anti-analyte conjugated donor and acceptor conjugated antibody. Incubate 2 hours 

(up to overnight for some assays). The assay is then ready to be read on an HTRF 

compatible or certified microplate reader. The emission of light by the acceptor will 

be proportional to the level of interaction. 

 

3.11. scRNA sequencing on porcine β-cells 

3.11.1. Generation of scRNA-seq samples from pigs 

3 PHG piglets are compared with 3 PNG piglets at day one post-natal. scRNA-seq 

experiments were performed in cooperation with the scRNA-seq unit at the Institute 

of Diabetes and Regeneration Research (head: Prof. Heiko Lickert) at the 

Helmholtz Center Munich. 

 

3.11.2. Flow cytometry 

Pancreas of piglets harbouring the INS-eGFP transgene were cut in small pieces and 

collagenase digested as described elsewhere (Kemter, Muller et al. 2021). For flow 

cytometry, isolates were further digested with TrypLE (#12605, Life Technologies) 

to obtain a single-cell suspension, that was finally resuspended in 1-2 mL flow 

cytometry buffer (2% FCS, 2 mM EDTA in PBS), and passed through 40-µm cell 

strainer caps of FACS tubes. GFP positive cells were sorted using FACS-Aria III 
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(FACSDiva software v.6.1.3, BD Bioscience) with a 100-µm nozzle. For all 

experiments, single cells were gated according to their FSC-A (front scatter area) 

and SSC-A (side scatter area). Singlets were gated dependent on the FSC-W (front 

scatter width) and FSC-H (front scatter height), and dead cells were excluded using 

7-AAD (#00-6993-50, eBioscience). 

 

3.11.3. Single-cell sequencing 

The cell suspensions were immediately used for single-cell RNA-seq library 

preparation with a target recovery of 10,000 cells. Libraries were prepared using 

the Chromium Single Cell 3ʹ Reagent Kits v3.1 (10X Genomics, PN-1000121) 

according to the manufacturer’s instructions. Libraries were pooled and sequenced 

according to 10X Genomics’ recommendations on an Illumina NovaSeq6000 

system with a target read depth of 50,000 reads/cell.  

 

3.11.4. Improved genome annotation for Sus scrofa 

As for Sus scrofa the gene annotation was incomplete for certain genes of interest, 

Beiki et al. (Beiki 2019) generated an annotation for the pig genome by the 

integration of poly(A) selected single-molecule long-read isoform sequencing (Iso-

seq) and Illumina (short read) RNA sequencing (RNA-seq). A new annotation was 

created by combining the latest Ensembl annotation (version 101) and the 

transcripts generated by Beiki et al. The data provided in the gtf from Beiki et al. 

(iso-seq annotation) from https://github.com/hamidbeiki/Porcine-PacBio was 

downloaded and annotate with the transcripts with gffcompare (Pertea and Pertea 

2020) using the annotation from Ensembl version 101 as reference. In the next step, 

“pseudogene” and “processed_pseudogene” biotypes genes were removed from the 

Ensembl annotation and the associated same strand transcripts from the iso-seq 

annotation were added to the Ensembl annotation. Furthermore, the gene bodies 

were extended if the added transcripts required it. In case a transcript was added to 

a gene, the suffix -iso was added to the respective gene ID. Additionally, an 

“extension gene” downstream of the gene body was added, where its length was 

defined by the maximum possible region of 1-10kb (in 1kb steps) that does not 

overlap with any other same strand gene. The extension genes were named by 

https://github.com/hamidbeiki/Porcine-PacBio
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adding the suffix -ext’x’kb to the name of the original genes, whereby ‘x’ stands 

for the integer length of the addition from 1-10. 

In the end, the final gene counts were obtained by summing the -iso and -ext’x’kb 

versions of each gene.  

 

3.11.5. Pre-processing of droplet-based scRNA-seq data 

Preprocessing was performed using Python 3.9 and the Scanpy package (Wolf, 

Angerer et al. 2018) as described below. All samples were processed separately, 

and filtering thresholds were chosen individually for each sample. 

3.11.5.1. Data preparation 

The raw data obtained from the Cell Ranger pipeline was pre-filtered by using the 

scanpy pp.filter_cells and pp.filter_genes function, to remove cells with less than 1 

count and genes detected in less than 1 cell.  

3.11.5.2. Ambient gene detection 

The R package DropletUtils (Lun, Riesenfeld et al. 2019) was used in R 4.3 for the 

detection of ambient genes. The p-value cutoff for ambient genes was set to 0.00065 

after visual inspection. 

3.11.5.3. Empty Droplets 

To identify empty droplets, again the R package DropletUtils was used in R 4.3. 

The output obtained from DropletUtils was then combined with the barcodes 

available from the filtered matrix provided by the Cell Ranger pipeline. The 

intersection of barcodes between these two methods were then used for downstream 

analysis. 

3.11.5.4. Quality Control 

Quality control and further cell filtering was done according to published best 

practice guidelines (Luecken and Theis 2019). In brief, cells with very low or high 

number of counts were excluded, as well as cells with very low numbers of genes. 

In addition, cells with a high fraction of mitochondrial genes were excluded. For 

the exact values of the values, see Data and Code Availability and the provided 

notebooks. 
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3.11.5.5. Doublet detection 

For the doublet detection a total of 5 different programs were used. In this process, 

each cell received a score between 0 and 5, depending on how many of the programs 

used identified it as a doublet. The programs used in this step were Scrublet 

(Wolock, Lopez et al. 2019) and DoubletDetection in python and scDblFinder 

(Germain, Lun et al. 2021), scds (Bais and Kostka 2020) and DoubletFinder 

(McGinnis, Murrow et al. 2019) in R. At this step, identified putative doublets were 

not removed. 

3.11.5.6. Concatenation and normalization 

The samples were then concatenated and only genes that were present in all samples 

were kept. The concatenated object was normalized in order to account for 

differences in sequencing depth using the scran package in R (Lun, Bach et al. 

2016). Subsequently, the values were log-transformed (log(expr+ 1)). 

 

3.11.5.7. Integration 

Samples were integrated using scvi-tools (Gayoso, Lopez et al. 2022). First, the top 

4000 highly variable genes (HVGs) were identified using Scanpy, using 

flavor=”seurat” and the individual samples as batches. Potential ambient genes (see 

“Ambient gene detection”) were excluded from the HVGs. Next, a scvi model was 

trained on the filtered HVGs with the following options: batch_key = “sample”, 

layer = “raw_counts”, 20 latent dimensions and 256 hidden layers, gene-batch as 

dispersion, zinb as gene_likelihood and a normal latent_distribution. 

3.11.5.8. Single-cell manifolds and visualization 

In order to obtain a Uniform Manifold Approximation and Projection (UMAP) 

(Becht, McInnes et al. 2018), a neighbourhood graph of the individual cells was 

computed using the pp.neighbors function in the implementation of scanpy, with 

the parameters n_neighbors=25, n_pcs = 20 and metric=correlation‘. Then the 

UMAP was calculated with Scanpy using the default parameters and min_dist=0.2. 

3.11.5.9. Doublet Removal 

To exclude potential doublets from further analysis, high-resolution leiden 

clustering (Becht, McInnes et al. 2018), as implemented in Scanpy, was performed 
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(resolution = 2), and the resulting clusters where more than 70 percent of the cells 

were identified as doublets by at least one method, and more than 30 percent were 

identified as doublets by at least 2 methods were excluded from the further analysis. 

Next, from all remaining cells the cells identified as doublets by 3 or more methods 

were excluded as well. Afterwards, the UMAP was recalculated using the scanpy 

standard parameters. 

3.11.5.10. Clustering and Cell Type annotation 

Clustree (Zappia and Oshlack 2018) was used in R to visualize and compare 

different leiden clustering resolutions. A resolution of 1.3 was chosen for the 

annotation. Cycling cells were identified scoring genes associated with the S and 

G2M phase of the cell cycle respectively using the Scanpy implementation (Satija, 

Farrell et al. 2015). Cell types were annotated based on known marker genes (see 

supplementary table) which were scored using the scanpy function tl.score_genes. 

The clusters were then labeled based on the marker gene score.  

3.11.5.11. Differential gene expression between offspring of healthy and 

diabetic mom 

Differential gene expression between the samples deriving from the offspring of a 

healthy mother were compared to the samples deriving from the offspring of a 

diabetic mother using Delegate which is a wrapper for edgeR.  

 

3.12. Holistic proteomic analysis by LC/MS-MS 

The analysis was processed by Lafuga laboratory, from Bachuki Shashikadze and 

Dr. Thomas Froelich. 

3.12.1. Sample processing and LC/MS-MS 

Fresh frozen (FF) tissue samples (pancreas spleen and duodenum side) were 

pulverized using cryoPREP Automated Dry Pulverizer from Covaris. Proteins were 

extracted using 8 M urea/50 mM ammonium bicarbonate buffer with the aid of 

ultrasonication. Protein concentration was determined using the Thermo Pierce 660 

nm assay and 50 µg lysate was digested with Lys-C/trypsin.  

For proteome analysis a Q Exactive HF-X mass spectrometer equipped with an 

UltiMate 3000 nano-LC system (Thermo Scientific) was used. Peptides were 

transferred to a PepMap 100 C18 trap column (100 µm×2 cm, 5 µM particles, 
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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%. 

Solvent A consisted of 0.1% formic acid in water and solvent B of 0.1% formic 

acid in acetonitrile. After gradient, the column was washed with 85% solvent B in 

9-min, followed by 10-min re-equilibration with 3% solvent B. Spectra were 

acquired using one survey scan at a resolution of 60000 from 350 to 1600 m/z 

followed by MS/MS scans of the 15 most intense peaks at a resolution of 15,000.  

 

3.12.2. Data analysis 

The analysis was processed by Lafuga laboratory, from Bachuki Shashikadze and 

Dr. Thomas Fröhlich.  

For protein identification (FDR < 1%) and label-free quantification, MaxQuant (v. 

1.6.1.0) (Tyanova, Temu et al. 2016) and the NCBI RefSeq Sus scrofa database (v. 

3-13-2018) was used. Reverse peptides, common contaminants and identifications 

only by site were excluded from further analyses. Proteins having at least two 

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

differential abundance using the MSEmpiRe algorithm (Ammar, Gruber et al. 

2019). To handle missing values, imputation was performed using the DEP 

package. Proteins with a Benjamini–Hochberg (BH)-corrected P-value <0.05 and a 

fold-change ≥1.5 were regarded as significant. Data visualization was performed 

with the tidyverse package collection in R (Tabelow, Clayden et al. 2011). 

Heatmaps were built with distance method “Euclidean” and column dendrogram 

method “average” using the Complexheatmap R package (Gu, Eils et al. 2016). 

Principal component analysis was performed using covariance matrix in R. Pre-

ranked gene set enrichment analysis (GSEA) was performed using STRING 

(Szklarczyk, Morris et al. 2017). Signed (based on fold-change direction) and log-

transformed p-values were used as ranking metrics and FDR stringency was set to 

5 %. For the redundancy minimization significant Gene Ontology (GO) biological 

processes were grouped into similar ontological terms using REVIGO (Supek, 

Bosnjak et al. 2011) at an allowed similarity of 0.7. 
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3.13. Statistical analysis 

All data are presented as means ± standard error of the mean (SEM). Glucose and 

insulin levels during OGTT were evaluated by ANOVA (Linear Mixed Models; 

SAS 8.2) taking the fixed effects of Group (diabetic vs. healthy mother), Sow 

(nested within Group), Gender (of the piglet), Time (relative to glucose 

administration), the interactions Group*Gender, Group*Time, and 

Group*Gender*Time as well as the random effect of the individual piglet into 

account. p values < 0.05 were considered significant. 

Statistical differences regarding clinical-chemical parameters were evaluated by 

analysis of variance (General Linear Models; SAS 8.2) taking the fixed effects of 

Group (PHG vs PNG), Gender (females and males) and the interaction 

Group*Gender into account. Body weight, absolute and relative organ weights were 

statistically evaluated by analysis of variance (PROC GLM; SAS 8.2) taking the 

fixed effect of Group (PHG vs PNG) into account. Differences between two groups 

regarding quantitative-stereological analyses, expression levels and areas under the 

glucose/insulin curve were evaluated by Mann-Whitney-U test in combination with 

an exact test procedure (SPSS 21.0). Area under the curve (AUC) for insulin and 

glucose were calculated using Graph Pad Prism® software (version 5.02). P values 

less than 0.05 were considered to be significant. 

scRNAseq data genes of the volcano plot were considered significant passing 

thresholds of 0.5 and 13.0. 

Stereological statistical analysis was conducted using the T. test: two-tailed 

distribution; two-sample equal variance (homoscedastic). P values less than 0.05 

were significant. 
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IV. RESULTS 

1. First observation during the pregnancy and immediately 

after the birth 

1.1. General aspects 

This study aimed to investigate the effect of maternal diabetes in non-diabetic 

offspring with the focus on glucose metabolism and β-cell function. For this 

purpose, as a translational model for human research, we used a non-obese 

genetically diabetic (INSC94Y transgenic) pig model characterized by severe 

hyperglycaemia (Renner, Braun-Reichhart et al. 2013). The pre-gestational diabetes 

in this model therefore also covers the impact of intrauterine hyperglycaemia in first 

trimester where organogenesis take place. In this study, the serum clinical 

parameters of OGTT from newborn WT piglets born to hyperglycaemic mothers 

(PHG) were compared to the profiles of WT controls born to normoglycemic 

mothers (PNG). In addition, beside in situ study of glucose stimulated insulin 

response on insulin secretion of live pancreatic tissue slices, holistic scRNAseq 

studies on β-cells and proteomic analysis of pancreas complemented to understand 

the pathophysiology of the impact of maternal hyperglycaemia on β-cell health in 

neonatal offspring. 

 

1.2. Pregnancy rate between healthy vs hyperglycaemic sows 

Pregnancy rate during mating, for cycling healthy sows, had an average of 56%, 

while INSC94Y animals showed an average of the 33% compared to the total amount 

of inseminated sows (Table 9). These results show the first average conception rate 

which is less (-59%) in INSC94Y mothers compared to the control group. 

Table 9: Pregnancy rate 

CONDITION N. INSEMINATED N. CONCEIVED CONCEPTION 

RATE 

DIABETIC 33 11 33% 

HEALTHY 18 10 56% 
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1.3. Hyperglycaemia caused reduced litter size, increases the number of 

stillborn and occasionally malformations in offspring 

Litter size from non-diabetic mother ranged from 8 to 14 piglets (mean 11.6), 

whereas INSC94Y sows gave birth between 7 to 12 piglets (mean 8.4). In contrast to 

1 stillborn piglet (1.7% of all PNG born) in the PNG group, 6 piglets of the PHG 

group died pre- or perinatal (14.3% of PHG born), thereof one was mumificated. 

Malformations were observed in 7 piglets of the PHG group and in none of the PNG 

group (Table 10). In further analysis, INSC94Y transgenic piglets were excluded and 

restricted to non- INSC94Y transgenic piglets in the PHG group. 

 

Table 10: PHG piglets' born from diabetic mothers exhibiting malformations 

Piglet Genotype Piglet gender Malformation 

and/or pathological 

signs 

Destiny of the piglet 

WT male Several distinct 

malformations all 

over the body 

(specially nose and 

legs not completely 

formed) 

Euthanized day 0 

INSC94Y /INS-

eGFP 

female One of the ears 

missing 

Dissection 3 months old 

INS-eGFP male Hints legs problems Dissection 3 days 

INS-eGFP male Frontal legs problems Dissection 3 days 

WT female Cataract both eyes Euthanized day 2 

WT male one kidney was 

missing 

Euthanized day 2 

INSC94Y female No anus present Euthanized day 0 

Healthy (n=9) Mix  Restrictive 

cardiomyopathy 

Euthanized respecting the 

autopsy schedule 
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1.4. Pre-gestational diabetes led to reduced birth weight in offspring 

Monitoring of birth weight, clinical and clinical-chemical analysis, and OGTT were 

performed in offspring of 5 litters each from non-diabetic and from diabetic sows. 

C 

B 

A 

Figure 5: A: body weight at birth (g).  the results show that PHG group (red) 

has a lower body weight at birth compared to PNG group (blue). A gender effect 

is not visible. B: body weight 3 days after the birth. PHG group has low body 

weight compared to PNG group. C: Organs weight absolute (red) and relative 

to the body weight (clear). The relative diagrams show that the organs weight is 

higher in the PHG group compared to PNG. 
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Birth weights were distinctly decreased in new-borns of the PHG group compared 

to the PNG group (Fig. 5a), without showing a gender effect (Group p= 0.0067; Sex 

p= 0.6202; Group x Sex p= 0.7506). This was still evident looking at 3-day old 

piglets (Group p= 0.0003; Sex p= 0.5661; Group x Sex p= 0.7774) (Fig. 5b).  

Moreover, in PHG 3 days old piglets, the absolute weight of the organs was smaller 

compared to the age-matched PNG piglets (Table 11; Fig. 5c). 

 

Table 11: percentage of the absolute and relative organs weight of the PHG 

piglets compared to PNG group 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Organ Relative 

% 

(related 

to 100) 

Difference 

in % 

(relative) 

Absolute 

% 

(related 

to 100) 

Difference 

in % 

(absolute) 

Pancreas 129 +29% 82 -18% 

Liver 118 +18% 81 -19% 

Brain 121 +21% 88 -12% 

Kidneys 111 +11% 78 -22% 

Heart 115 +15% 79 -21% 

Spleen 127 +27% 90 -10% 

Lungs 110 +10% 76 -24% 

Adrenal 

Glands 

127 +27% 90 -10% 

Thyroid 

Gland 

96 -4% 69 -31% 
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2. Phenotypic characterization of the glucose metabolism in 

PHG piglets  

2.1. Piglets born from diabetic mothers exhibited hyperglycaemia, 

hyperinsulinemia and altered glucose and insulin metabolism with 

gender effect upon OGTT 

Basal blood glucose and insulin concentrations were distinctly higher in new-born 

piglets 30 min after birth of the PHG group compared to the PNG group (Fig. 6a. 

6c). Of note, a gender effect was observed. Compared to sex-matched offspring of 

normoglycemic mothers which did not show a gender effect on basal glucose levels, 

male piglets for diabetic mother exhibited 2.4-fold higher glucose levels whereas 

these of females were 1.8-fold higher (PHG males n=5, Glc 113.2±15.6 mg/dl; 

females n=9, Glc 81.5 ±15.6 mg/dl vs. PNG males n=26, Glc 46.7±21.3 mg/dl; 

females n=22, Glc 45.3±22.6 mg/dl, p<0.0001) (Fig 6a). Further, at TP 120 the 

glucose level in PHG males was still 2.3-fold higher (Fig. 6a), as well as PHG 

females presented a 2-fold higher glucose level compared to PNG female offspring 

(PHG males n=5, Glc 296 ±49.7 mg/dl; females n=9, Glc 221.4 ±41.3 mg/dl vs. 

PNG males n=26, Glc 130.6 ±67 mg/dl; females n=22, Glc 116.5 ±50.3 mg/dl, 

p<0.0001). The area under the curve (AUC) diagram (Fig.6b) confirmed the higher 

glucose secretion of the PHG offspring compared to the PNG, with a gender effect 

present only in the PHG group, where PHG males have a 1.6-fold higher glucose 

secretion, compared to the PNG group and the PHG females has a 1.4-fold higher 

glucose secretion compared to the sex-matched group  (PHG males, AUC Glc 

24240 ±5253 mg/dl; females, AUC Glc 20739 ±2426 mg/dl vs. PNG males, AUC 

Glc 15248 ±5011 mg/dl; females, AUC Glc 14359 ±4072 mg/dl; p<0.0001).  

The insulin graph (Fig. 6c) shows that at birth, PHG offspring had higher basal 

insulin levels than PNG offspring, where males PHG show a 9-fold higher insulin 

secretion compared to the control males group and the PHG females with a 5-fold 

insulin secretion compared to the PNG females (PHG males n=5, Ins 4.493 ±2.377 

mU/L; females n=9, Ins 3.273 ±1.941 mU/L vs. PNG males n=26, Ins 0.497 ±0.461 

mU/L; females n=22, Ins 0.642 ±0.915 mU/L, p= 0.0267). Of note, a gender effect 

of insulin levels during the whole OGTT was observed in offspring of diabetic 

mothers. The Matsuda index (Fig. 6e), that indicates the insulin sensibility of the 

whole organism, is lower in the PHG group compared to the PNG, without showing 
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a clear gender effect. Moreover, the HOMA-IR that is used as an index to indicate 

the insulin resistance, was higher in the PHG group (Fig. 6f). 

 

 

Figure 6: a. Blood glucose level (BGC) during the time in PNG females (blue-dots line), 

PNG males (blue-square line), PHG females (red-dots line) and PHG males (red-square 

line); b. glucose AUC (area under the curve); c. plasma insulin level; d. AUC insulin; e. 

Matsuda index; f. HOMA-IR. 
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2.2. Clinical-Chemical Parameters 

Further biomarkers, related to the glucose metabolism, were analysed using the 

plasma samples at TP0. 18 parameters were considering for the analysis: albumin 

(1.4-fold higher secretion PHG vs PNG females - p=0.0042; PHG males 1.5-fold 

secretion compared to PNG males - p=0.0122), total protein, triglycerides (2-fold 

higher secretion PHG vs PNG females - p<0.0001; PHG males 1.9-fold secretion 

compared to PNG males - p<0.0001), lactate (1.7-fold higher secretion PHG vs 

PNG females; PHG males 2.4-fold secretion compared to PNG males - p= 0.0001 

females and males), urea (PHG females 1.4-fold higher than PNG females; PHG 

males 1.5-fold higher than PNG males - p= 0.0001 females and males), uric acid 

(PHG females 1.7-fold higher than PNG fem ales - p=0.0135; PHG males 1.6-fold 

higher than PNG males - p=0.4885), lipase (PHG females 1.4-fold higher than PNG 

females - p=0.0330; PHG males 1.7-fold higher than PNG males - p=0.0157) and 

bilirubin 2, show a significant differentiation between the PHG and PNG offspring 

(Table 12). The piglets´ biomarkers were compared to the mother´s ones during the 

delivery (Table 13). Looking at the matched biomarkers in the sows’ bloodstream, 

none of them was significantly altered.  

 

Table 12: Clinical-chemical parameters in blood serum of neonatal piglets 

developed in mothers with normal (PNG) or high (PHG) blood glucose levels. 

SE= Standard Error. 

Parameter 

[unit] 

PNG 

(17 f, 20 m) 

PHG 

(10 f, 4 m) 

Analysis of variance 

 Sex mean SE Sex mean SE Group Sex GS 

TG f 

m 

7.98 

8.29 

0.41 

0.48 

f 

m 

17.21 

16.47 

1.84 

0.45 
<0.0001 n.s. n.s. 

Chol f 

m 

27.60 

39.18 

5.63 

1.67 

f 

m 

30.08 

26.05 

2.86 

3.29 
n.s. n.s. n.s. 

Lact f 

m 

3.05 

3.38 

0.35 

0.24 

f 

m 

6.74 

9.41 

0.78 

1.79 
<0.0001 0.0588 0.0163 

HDLchol f 

m 

12.22 

14.21 

1.35 

0.69 

f 

m 

14.92 

11.95 

2.00 

1.67 
n.s. n.s. n.s. 

Gluc f 54.99 4.45 f 119.95 18.83 <0.0001 n.s. n.s. 
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m 50.68 5.48 m 134.40 17.71 

Lipase f 

m 

8.78 

8.88 

0.81 

0.61 

f 

m 

12.87 

14.57 

1.51 

1.31 
<0.0001 n.s. n.s. 

TG_HDLchol f 

m 

0.713 

0.652 

0.055 

0.082 

f 

m 

1.313 

1.459 

0.201 

0.192 
<0.0001 n.s. n.s. 

TG_Gluc f 

m 

0.164 

0.180 

0.015 

0.013 

f 

m 

0.150 

0.130 

0.010 

0.020 
n.s. n.s. n.s. 

Crea f 

m 

1.247 

1.312 

0.102 

0.067 

f 

m 

1.330 

1.257 

0.240 

0.252 
n.s. n.s. n.s. 

Urea f 

m 

22.96 

22.57 

0.49 

0.79 

f 

m 

31.96 

34.42 

1.96 

5.01 
<0.0001 n.s. n.s. 

Albumin f 

m 

0.634 

0.682 

0.056 

0.023 

f 

m 

0.975 

0.995 

0.075 

0.167 
<0.0001 n.s. n.s. 

Tprot f 

m 

1.728 

1.695 

0.071 

0.063 

f 

m 

2.138 

2.100 

0.143 

0.139 
0.0006 n.s. n.s. 

LDH f 

m 

334.89 

500.36 

129.76 

23.73 

f 

m 

525.60 

356.57 

94.27 

70.93 
n.s. n.s. n.s. 

AST f 

m 

38.30 

53.49 

9.95 

4.79 

f 

m 

55.52 

24.72 

11.45 

7.40 
n.s. 0.0384 n.s. 

Bilirubin f 

m 

0.097 

0.177 

0.068 

0.006 

f 

m 

0.191 

0.172 

0.025 

0.053 
n.s. n.s. n.s. 

Uric acid f 

m 

0.218 

0.247 

0.015 

0.012 

f 

m 

0.414 

0.340 

0.087 

0.054 
0.0015 n.s. n.s. 

Na f 

m 

123.49 

121.98 

1.82 

2.07 

f 

m 

118.21 

123.52 

2.20 

2.52 
n.s. n.s. n.s. 

Cl f 

m 

84.19 

82.03 

0.98 

1.37 

f 

m 

78.96 

80.50 

1.77 

1.93 
0.0679 n.s. n.s. 
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Table 13: Clinical-chemical parameters in blood serum of sows during the 

delivery.  

Parameter 

[unit] 

Healthy 

(n= 4) 

INSC94Y 

(n= 4) 

Analysis of 

variance 

 mean SE mean SE Group 

TG 27.625 7.313 37.225 7.313 n.s. 

Chol 30.675 3.096 40.875 3.096 n.s. 

Lact 2.3225 0.771 2.320 0.771 n.s. 

HDLchol 16.725 0.849 21.025 0.849 0.0117 

Gluc 99.325 23.3 422.425 23.3 <0.0001 

Lipase 4.2 2.460 8.625 2.460 n.s. 

Bili - D 0.1525 0.047 0.0625 0.047 n.s. 

Bili - T 0.4525 0.1335 0.2275 0.1335 n.s. 

Crea 3.355 0.152 2.2575 0.152 0.0022 

Urea 33.175 4.645 26.675 4.645 n.s. 

Albumin 4.0275 0.124 3.4675 0.124 0.0188 

Tprot 7.1275 0,224 7.2775 0.224 n.s. 

LDH 965.325 349 596.375 349 n.s. 

AST 93.9 27.78 39.775 27.78 n.s. 

ALT 42.725 6.834 38.425 6.834 n.s. 

 

 

2.3. Dynamic GSIS assay with pancreatic tissue slices showed an 

impaired insulin secretion in PHG offspring 

In dynamic glucose stimulation insulin secretin (d-GSIS), the pancreatic slices were 

stimulated with high glucose (16.7mM) and high glucose and KCl (16.7mM +KCl) 

and an insulin response is evident in all the 4 groups. A minimum number of 4 

piglets (PNG f=4; PHG f=4; PNG m=4; PHG m=5) from at least 3 different litters 

were considered in the analysis for each group, in order to estimate the 

reproducibility of the assay. At basal level (3 mM Glucose) (Fig.7a, 7c), the PNG 
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group starts from a low insulin secretion (PNG males = 0.0209 ±0.0127 ng/ml; PNG 

females = 0.0092 ±0.006 ng/ml), while 16.7mM Glucose stimulated insulin 

secretion was 0.027 ±0.03 in the female group and 0.065 ±0.035 in males (average 

secretion ± SD), demonstrate that, when expose to a higher amount of glucose, a 

physiological insulin release, where the first and the second waves of the insulin 

granules are high recognizable. Whereas the PHG groups were not able to 

orchestrate an adequate insulin response. In fact, at the basal (3mM glucose) 

concentration, PHG group (both female and male), started from a higher insulin 

level compared to the PNG group; PHG females showed a 5.9-fold higher insulin 

secretion vs PNG females; PHG males 3.12-fold  higher insulin secretion vs PNG 

males (PHG males = Ins baseline 0.0655 ±0.0414 ng/ml; PHG females = Ins 

baseline 0.055 ±0.046 ng/ml) (Fig.7a, 7c). 
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The stimulation index (SI) (Fig.7b, 7d) between basal and the highest pick reached 

during the high glucose stimulus is 4.426 ±1.36 in the PNG female group and 1.674 

±0.44 in the PNG males, while, in the PHG group it is 0.483 ±0.64 for the females 

and 0.192 ±0.21 for males. 

Figure 7: In situ GSIS on pancreatic tissue slices. A: absolute values in the famels 

group where PHG (red) show impaired insulin secretion compared to the PNG 

(blue). B: stimulation index (on the basal) of the females group. C: absolute values 

in the males with the PHG impaired insulin secretion. D: stimulation index of the 

males. E: anova analysis of the absolute values analysed per group, sex and time. 

F: Anova anlysis of the stimulation index values. 
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3. Omics studies for the insight characterization of the β-cells 

3.1. Holistic proteomics revealed alterations in both exocrine and 

endocrine compartment of the pancreas in PHG 

Further investigations utilizing proteomic analysis of the offspring's pancreas 

unveiled distinct patterns within the offspring born to diabetic mothers. In the 

pancreas (spleen side) a total of 32,393 peptides could be identified and mapped to 

3,714 proteins (false-discovery rage < 1%).  

 

 

Insulin was significantly elevated in the PHG (+75% increase). Principal 

component analysis which is a dimensionality reduction technique and is used to 

project multidimensional omics data in the lower dimensional space, revealed the 

clustering based on hyperglycaemic status (Fig. 9a). Volcano plot shows the 

magnitude of change and the significance for each protein (Fig. 9b).  

Figure 8: Pre-ranked enrichment analysis using STRING with gene sets 

according to gene ontology (GO) biological process databases. Significantly 

enriched GO terms (FDR < 0.05) were summarized with REVIGO by 

grouping semantically similar ontology terms. The size of the bubble 

indicates the corresponding number of quantified proteins (referred to as 

genes mapped in the figure) associated with the term and the color the 

significance of enrichment. Fold enrichment represents the magnitude of 

over-representation. 
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27 proteins were increased in abundance while 41 proteins were decreased. 

STRING based pre-ranked gene set enrichment analysis (GSEA) revealed multiple 

pathways that were associated with the differentially abundant proteins. Among 

others, gene sets such as: triglyceride catabolic process, positive regulation of 

triglyceride lipase activity, mitotic DNA replication, double strand break repair via 

break-induced replication, high density lipoprotein particle remodelling, and 

reverse cholesterol transport were enriched in the set of reduced proteins. While 

TCA cycle, fatty acid beta oxidation, mitochondrial transmembrane transport and 

cellular respiration were enriched in the set of increased proteins. 

 

In the pancreas (duodenum side) a total of 32,713 peptides could be identified and 

mapped to 3,476 proteins (false-discovery rage < 1%). Principal component 

analysis (Fig. 10a) and volcano plot (Fig. 10b) revealed that proteome of duodenum 

side pancreas was not as affected as the spleen side pancreas. Over-representation 

analysis did not reveal significantly altered biological processes associated with the 

differentially abundant proteins. 

Figure 9: Quantitative proteome analysis of spleen side pancreas from 

hyperglycemia exposed and WT piglets. A: Principal component analysis 

of proteomics data. B: Volcano plot of log2 fold changes. Red and blue 

dots indicate differentially abundant proteins. (PHG n=5; PNG n=6; 

gender= females) 
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Quantitative analysis revealed 26 proteins that were changed in abundance. 13 

proteins were increased in abundance while 13 proteins were decreased. 

Hierarchical clustering of the Z-score normalized intensities for each protein that 

were differentially abundant shows intensity profile of each protein in all samples. 

 

 

 

 

Figure 10: Quantitative proteome analysis of duodenum side pancreas tissue from 

hyperglycemia exposed and WT piglets. A: Principal component analysis of 

proteomics data. B: Volcano plot of log2 fold changes. Red and blue dots indicate 

differentially abundant proteins. (PHG n=5; PNG n=5; gender = females) 
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3.2. Findings of scRNAseq on β-cells 

To understand more selectively how the β-cell profile of the PHG group differs 

from the PNG group and so 

how it changes across the 

intrauterine glucotoxic 

environment, we analysed 

the transcriptome profile of 

6 samples (PNG: n=3; 

PHG: n=3). Through the 

gene-based cluster analysis, 

the cell subsets and the 

conditions were screened 

and overlaid in 2 

dimensions (Figs. 11 and 

12) and their proportion in each sample and the cell type, was displayed using the 

bar diagrams.  

 

These data display first the good separation and quality of the samples based on the 

cell type (collectively, the data show high density of β-cells in each sample) and the 

Figure 11: Distribution of cell type. 2 dimensions 

overlaid show that the cells are well separated. 

Figure 12: Distribution based on PHG and PNG group that shows a good separation 

between the two group and the cells type % in the group. 

PHG 

PNG 
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conditions (Fig. 11) and, furthermore, in the PHG piglets the abundance of β-cells 

is visibly decreased compared to the PNG in the bar diagram (Fig. 12). 

 

 

 

We further focused on the β-cells and on the differential expressed genes in the 

PHG group compared to the PNG, and the volcano plot displays 824 genes 

upregulated and 781 downregulated in PHG β-cells compared to PNG (Figure 13).  

Figure 13: Volcano plot showing the upregulated and downregulated genes 

expressed in PHG vs. PNG. 824 genes upregulated and 781 downregulated 

in PHG β-cells compared to PNG. Data genes of the volcano plot were 

considered significant passing thresholds of 0.5 and 13.0. 

 

PNG PHG 
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We checked 6 key genes shared 

with humans for the assessment 

of the expression patterns of 

known immaturity (RBP4 and 

NEUROG3), maturity (MAFA), 

insulin transcription (PDX1), 

ER stress (DDIT3), cell 

dysfunction (ALDOB) for a first 

evaluation of our assumption 

(Fig. 14). 

 

The data show different expression between PHG and PNG and, moreover, these 

patterns are complementary, when consider the opposite activity of cell maturation 

markers (MAFA and RBP4) and immature markers (NEUROG3), supported by the 

higher amount of expressed misfunctioned cell (ALDOB) in the PHG group that 

cause an increased ER stress (DDIT3) in these cells. 

 

 

To better understand the molecular mechanism that underly the β-cell dysfunction 

between the 2 groups, we analyzed the expression of genes that are known to be 

involved and being specific in β-cells development. Six gene groups resulted from 

Figure 14: Dot-Plot visualization, key genes 

shared with human for the assessment of 

expression pattern. 

PHG 
PNG 

Figure 15: Dot-Plot visualization, β-cell signature markers. Groups listed on y-axes 

and known genes listed along the x-axis. Dot size reflects percentage of cells in a 

cluster expression each gene; dot colour reflects expression level (as indicated in 

the legend). Expression of known β-cell signature markers across the two groups. 

Several genes listed are associated with the cell immaturity (as FOXO1 and 2 or 

Neurod1) are upregulated in PHG group. 

PHG 

PNG 
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this analysis: β-cell signature markers (Fig. 15), β-cell growth factors (Fig. 16), 

genes involved in insulin synthesis (Fig. 17), genes involved in insulin secretion 

(Fig. 18), ER stress genes (Fig. 19), and genes involved in apoptosis (Fig. 20).  

Interesting, the first group, which represent the genes most involved in the β-cell 

characterization, showed that the genes involved in the cell differentiation, that are 

usually upregulated in the progenitors, were downregulated in the PNG group, 

while were upregulated in the PHG group (Fig. 15). 

 

 

Figure 16: Dot-Plot visualization, Expression of known β-cell growth 

factors. Groups listed on y-axes and known genes listed along the x-axis. Dot 

size reflects percentage of cells in a cluster expression each gene; dot color 

reflects expression level (as indicated in the legend).  

PHG 

PNG 

Figure 17: : Dot-Plot visualization, insulin synthesis genes. All the 

genes detected are downregulated in the PHG group, indicating a 

reduced insulin synthesis. 

PHG 

PNG 
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These results also reflect the evidence that, 

in the PHG group, the β-cell growth factor 

genes are downregulated, although the 

EGFR (essential for proper foetal 

development and growth of pancreatic 

islets) and IGF1R and IGF2R were 

upregulated (known to be apoptosis 

protectors for the β-cells) (Fig. 16). The 

genes related to the insulin (granules, 

synthesis, and secretion) are nearly all 

downregulated in the PHG group compared to the PNG (Fig. 17-18), while the ER 

stress genes are mostly upregulated (Fig. 19). The genes involved in apoptosis seem 

to be not expressed differently between the 2 groups (Fig. 20).  

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Dot-Plot visualization, 

genes considered markers of ER stress 

are mostly upregulated in the PHG 

group. 

Figure 18: Dot-Plot visualization, insulin secretion genes. This group 

shows the genes involved in the formation of insulin granules and 

most of them are downregulated in the PHG group.  

PHG 

PNG 

PHG 

PNG 

Figure 20: Bar diagrams show the percentage of the number 

of apoptotic and not-apoptotic cells in the PNG vs. PHG. The 

results show no differences in the number of apoptotic cells. 

PHG PNG 



IV. Results     81 

4. Immunofluorescence analysis for the validation of the 

alterations of the β-cells 

Morphometric analyses were conducted, using QuPath software, to monitoring the 

cauterization of the endocrine cells (INS+ and GCG+ cells). Analysis was 

performed in 3-day-old piglets (PNG f: n= 8; PHG f: n= 6; PNG m: n = 7; and PHG 

m: n= 3) looking at the splenic part of the pancreas. Moreover, the clausterization 

was performed looking at 3 sizes (clusters: 1-5 endocrine cells; >10-50 endocrine 

cells; >50 endocrine cells), based on the % of the number of the endocrine cells that 

compose the cluster, on the total number of islets (Table 14; Fig. 21). 

Smaller clusters (1-5 endocrine cells) were increased in the PNG group (PNG f = 

84.98 ± 2.22; PNG m = 85.42 ± 3.10), without showing a gender effect, compared 

to the PHG group (PHG f = 79.90 ± 2.28; PHG m = 79.11 ± 2.97). 

 

Medium size clusters (>10-50 endocrine cells) and bigger clusters (>50 endocrine 

cells) were increased in the PHG group compared to the PNG (Fig. 22). 

Medium size clusters were significantly bigger in the PHG group (both females and 

males) (PNG f = 7.3 ± 1.4; PNG m = 6.5 ± 2; PHG f = 10.1 ± 1.4; PHG m = 10.8 ± 

1.74) compared to the PNG, without showing a gender effect (Fig. 22).  

Biggest clusters (>50 endocrine cells) were increased in the PHG group, both 

females and males. Moreover, PHG males have the biggest clusters (>50) compared 

to the sex-matched clusters and compared to the group-matched PHG females (PNG 

f = 0.8 ± 4.7; PNG m = 0.87 ± 0.54; PHG f = 1.21 ± 0.72; PHG m = 1.66 ± 0.76).  
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Table 14: Endocrine clusters splenic part (T. test: two-tailed distribution; two-

sample equal variance (homoscedastic)) 

  1-10 

endocrine 

cells 

>10-50 

endocrine 

cells 

> 50 

endocrine 

cells 

PNG f Average 84.98  7.30 0.82 

SD 2.22 1.43 0.47 

PHG f Average 79.90 10.11 1.22 

SD 2.28 1.44 0.72 

t.test 0.00 0.00 0.22 

PNG m Average 85.42 6.51 0.88 

SD 3.10 2.00 0.55 

PHG m Average 79.11 10.84 1.67 

SD 2.97 1.74 0.76 

t.test 0.01 0.01 0.06 

 

 

 

PNG PHG 

Figure 21: Representative image of 2-hormonal staining on 

pancreatic paraffin slides in the PNG vs. PHG. In the PHG group 

the endocrine cells are more clustered compared to the PNG. 

100 µm PHG PNG 

Insulin - Glucagon 
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Figure 22: Relative distribution of 

islets size. PHG group (red) has 

bigger clusters compared to the PNG 

group (blue).  



V. Discussion     84 

V. DISCUSSION 

Maternal hyperglycaemia during pregnancy, whether through pre-existing diabetes 

or gestational diabetes, significantly impacts offspring health. This hyperglycaemic 

intrauterine environment leads to short-term complications like perinatal death, 

congenital malformations, and macrosomia. Additionally, it increases the risk of 

long-term issues such as T2DM, obesity, cardiac anomalies, and neurological 

impairments in adulthood (Bloom, Belfort et al. 2016, Lowe, Scholtens et al. 2019). 

However, comprehending the intricate molecular mechanisms underlying these 

effects remains challenging in human studies due to ethical limitations. The reliance 

on retrospective clinical observations or accessible biological samples only 

scratches the surface, leaving a gap in understanding the direct impact on pancreatic 

β-cells in situ. 

While murine models have been predominant in research due to practical 

advantages, their anatomical and physiological disparities from humans limit their 

translational relevance (Kleinert, Clemmensen et al. 2018, Ludwig, Wolf et al. 

2020).   

In contrast, pigs emerge as a promising model for diabetes research due to their 

anatomical and physiological similarities with humans. The resemblance in 

pancreas structure, GLUT expression, and islet organization underscores the 

potential of pigs as a more representative model compared to mice. Pigs display 

greater parallels in pancreatic islet development, genetic regulation, and intra-islet 

signalling, making them a more reliable model for understanding human pancreatic 

function and the impact of maternal diabetes on offspring health (Renner, 

Dobenecker et al. 2016, Bakhti, Bottcher et al. 2019). 

In this study, we use our MIDY porcine model as translational model for human 

research, for the in situ study of the effect of severe maternal diabetes on the β-cell 

health of the offspring.  

A total of n=21 healthy piglets born from INSC94Y mothers were produced by 

breeding over a period of 2 and half year. The non-diabetic genotype was confirmed 

by a PCR analysis of DNA isolated from individual tail biopsies. In the analysis, 
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the INSC94Y piglets born from INSC94Y mothers were excluded, to exclusively see the 

effect of the intrauterine environment without a genetic component. 

 

1. The MIDY INSC94Y pig model as adequate model for the 

study of maternal diabetes’ effect on the offspring 

1.1. Pregnancy rate and malformations in offspring 

The first evidence of the maternal diabetes consequences was evident looking at the 

fertility complications. Our results showed that INSC94Y mothers had a less 

pregnancy rate compared to the control group, and this is evident in human as well.  

In women, in fact, diabetes is considered a reproductive disorder (Satpathy, 

Fleming et al. 2008, Thong, Codner et al. 2020). 

The productive dysfunction caused by diabetes is a side effect not proper study. 

Nevertheless, the spectrum of reproductive health problems in diabetes 

encompasses delayed puberty, menstrual abnormalities, low fertility, adverse 

pregnancy outcomes and early menopause (Codner, Merino et al. 2012).  

One of the reasons that women with T1DM have more problems as amenorrhoea 

and infertility is due to hypogonadism. This is the main reason why insulin 

treatment cannot solve this reproductive problem. 

The reasons why this happens are largely studied, first studies were focusing at the 

potential delayed in ovulation, suggesting a longer follicular phase (Steel, 

Johnstone et al. 1984), but this was quickly abandoned.  

More recently, it was involved the sexual dysfunction, with a less sexual desire and 

increased sexual distress (Caruso, Rugolo et al. 2006). 

In sows, it was largely demonstrated that stress factors can influence the pregnancy 

rate (Lucy and Safranski 2017). 

One of the pregnancy outcomes largely demonstrated of maternal diabetes are 

malformations in offspring. In our work, maternal diabetes caused malformations 

in offspring in different organs. 

These results are evident is human as well as other animals. Our results showed that 

maternal diabetes can cause defects in the craniofacial features, as one of the piglets 

was presenting several malformations like missing the nose, several malformations 

occurred in the legs in at least 3 piglets, renal defects (in one piglet, a kidney was 
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missing) and gastrointestinal defects. The same categories were present in the 

human (Sheffield, Butler-Koster et al. 2002, Wu, Liu et al. 2020, Kokhanov 2022).  

 

1.2. Low body weight at birth 

Unlike pigs, human neonates have a higher fat mass at birth, indicating species-

specific differences in metabolic development (Litten-Brown, Corson et al. 2010), 

suggesting a different distribution in adipose tissue.  

Although it is well studied that babies born from maternal diabetes show 

macrosomia, several studies delineate a link between the excess foetal insulin 

secretion in utero and childhood impaired glucose tolerance, independent of 

macrosomia (Silverman, Metzger et al. 1995). Additionally, research on pre-

pubertal children suggests that elevated maternal glucose during gestation 

correlates with poor insulin sensitivity and increased β-cell responsiveness in 

offspring, irrespective of their adiposity (Bush, Chandler-Laney et al. 2011).  

We are aware that, in this study, PHG group has a lower body weight at birth and 

in 3-day-old piglets, compared to the PNG, suggesting a under development of the 

adipose tissue, although in human, one of the most evidence in the short-term 

effects in children, is macrosomia. Anyway, different studies in small human 

cohorts (Leng, Hay et al. 2016, Chen, Xiao et al. 2021, Meek, Corcoy et al. 2021) 

display the possibility for women with diabetes during pregnancy, to give birth to 

small for the gestation age (SGA) kids, but most of them focused on the mother’s 

height and BMI and the insulin intake during the pregnancy and the studies focused 

on the children are controversial (Mahizir, Briffa et al. 2016). 

 

Although we did not observe increased foetal body fat mass or overgrowth in this 

study, but clear evidence of SGA, the relative weight of most of the organs taken in 

analysis, was increased compared to the PNG group, specifically, the liver and heart 

weights in PHG offspring. This aligns with the macrosomia observed in human 

neonates born to diabetic mothers.  

Moreover, increased adrenal gland volume is a marker of impaired metabolic state 

and it is associated with higher level of triglycerides, hypertension, and impaired 

glucose metabolism, in particular, this is associated to DM in a cohort study 

(Askani, Rospleszcz et al. 2022). 
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Anyway, it is difficult to assess the macrosomia observed in humans into pigs. The 

variation in birth weight (BW) within the same litter can be attributed to inherent 

factors. Pigs, being polytomous species, often engage in competition for maternal 

glucose supply among (Fowden, Forhead et al. 1997). While foetal glucose levels 

are mainly influenced by maternal nutritional status, in pigs, factors like the relative 

placental mass of each fete and litter size can impact foetal glucose consumption 

and concentrations (Comline, Fowden et al. 1979, Fowden, Forhead et al. 1997). 

Moreover, differences in placental morphology between humans and pigs can affect 

nutrient transport efficiency and thereby foetal growth. Unlike the highly permeable 

haemochorial placenta in humans, pigs possess a less permeable epitheliochorial 

placenta. For instance, the transport of NEFAs (non-esterified fatty acids) is 

restricted in pig placentas compared to human placentas (Litten-Brown, Corson et 

al. 2010). 

 

1.3. Clinical chemical parameters of offspring born in diabetic mothers 

Even if we did not see macrosomia at birth, we can assume important changing in 

the lipid metabolism, looking at the blood chemical parameters at birth.  

On note, most of the blood analysis conducted in babies, referred at GDM mothers 

and not severe diabetic mothers, which make difficult the exact comparison 

between the human studies and our work (Shao, Lan et al. 2022). Although lipid 

profiles in neonates born to diabetic mothers were not extensively studied, our 

results suggest significant changes in triglycerides, HDL, and total protein levels 

between the two groups, reflecting potential differences in the lipid metabolism. 

Most of these parameters seem to be persistent in kids born from GDM mothers 

between 3 and 9 years old, where they show still high triglycerides/HDL cholesterol 

ratio (Yang, Leng et al. 2021). On not, high triglycerides in human and in pigs are 

sign of liver disease, diabetes, and overweight and obesity (Franks, Hanson et al. 

2007, Juonala, Viikari et al. 2008, Keely, Malcolm et al. 2008, Burns, Letuchy et 

al. 2009), as most of the digestion of the TG is brought by pancreatic lipase in the 

upper part of the intestinal lumen (Lauridsen 2020).  

Furthermore, we examined lactate and lactate dehydrogenase (LDH) metabolism, 

which are directly related to glucose metabolism, as long as glucose is the major 

source of lactate and lactate is the major substrate for endogenous glucose 

production (Adeva-Andany, Lopez-Ojen et al. 2014). Although not significantly 
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different were exhibited in the LDH levels, PHG piglets showed a significantly 

higher lactate level post oral glucose challenge compared to controls, indicating 

enhanced non-oxidative glycolysis (Thorburn, Gumbiner et al. 1990, Del Prato, 

Bonadonna et al. 1993).  

This aligns with studies showing altered glucose metabolism in diabetic patients 

and highlights potential early metabolic adaptations in offspring exposed to 

maternal hyperglycaemia. 

Further studies indicate that in pregnancies complicated by diabetes, maternal 

hyperglycaemia could lead to excessive lactate production in the placenta, as we 

see in our results. Studies in chronic catheterized sows and foetal piglets indicate 

that lactate concentrations are increased in the foetal circulation compared to the 

maternal circulation (Pere 1995, Pere 2001), which is also true for humans 

(Gilfillan, Tserng et al. 1985, Bell, Brown et al. 1989). During pregnancies 

complicated by diabetes, elevated maternal blood glucose levels can potentially 

lead to increased lactate production in the placenta. For instance, studies involving 

in vitro perfusion of human placentas from uncomplicated pregnancies, with 

gradually rising glucose concentrations, suggest a proportional increase in placental 

lactate production (Hauguel, Desmaizieres et al. 1986). However, this relationship 

is not confirmed in perfusion studies involving placentas from women with 

gestational diabetes mellitus (GDM) (Osmond, Nolan et al. 2000). Conversely, 

another study found a 23% increase in lactate concentration in the umbilical vein in 

pregnancies affected by GDM (Taricco, Radaelli et al. 2009). 

 

2. Intrauterine glucotoxic environment impaired insulin 

sensitivity in new-born healthy piglets.  

In our study, offspring born to INSC94Y mothers demonstrated insulin resistance at 

birth, as evidenced by elevated and impaired glucose tolerance at neonatal age. This 

research marks an important in vivo examination of metabolic changes in newborn 

offspring from a large animal model of severe maternal diabetes.  
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2.1. The PHG piglets show an impaired glucose tolerance 30 minutes 

after the birth 

The high fasting plasma glucose levels observed in PHG offspring shortly after 

birth, may result from alterations in maternal glucose concentrations during 

gestation, which was transferred to the foetus. It is established that the foetus 

primarily source of energy is the maternal glucose, which reach the foetal 

circulation by facilitated diffusion, thanks to the maternal-placental-foetal glucose 

gradient (Kalhan, D'Angelo et al. 1979, Kalhan and Parimi 2000). In fact, it is well 

documented that there is a linear relationship between maternal and foetal glucose 

concentrations, which is observed in normoglycemia and hyperglycaemia (Whaley, 

Zuspan et al. 1966). As in human, also in pigs it was observed that the maternal 

glucose is used as main substrate for the development and growth (Tobin, Roux et 

al. 1969, Ford, Reynolds et al. 1984, Soltesz, Harris et al. 1985, Pere 1995) and 

elevation of maternal glucose correlates with increased foetal glucose levels in the 

umbilical vein (Fowden, Comline et al. 1982, Pere 2001). Recent studies conducted 

in pigs (Almeida and Dias 2022, Johnson, Seo et al. 2023) showed that the 

trophectoderm utilize glucose via the aerobic glycolytic pathway and its 

intermediated are vehicle in the novo synthesis of amino acid and nucleotides. 

This maternal-foetal gradient is maintained thanks to the action of specific glucose 

transporters that are highly represented in different isoforms in the placenta as well 

as the foetal developing β-cells. This family of transporters are the GLUT 

transporters family, acting independently form insulin (Illsley 2000, Baumann, 

Deborde et al. 2002, Ruiz-Palacios, Ruiz-Alcaraz et al. 2017), where the 

predominant isoform used by human, pigs and mice is GLUT-1. During the 

normoglycemic intrauterine environment, the glucose gradient between the mother 

and the foetus is mostly maintained thanks to the symmetrical distribution of 

GLUT-1 within the placenta that regulates the glucose distribution; moreover, 

despite the pig placenta being more selective than the human counterpart, the 

interface between the pig uterus and placenta undergoes significant folding and 

maturation of areolae. This process aims to maximize the exchange surface between 

the mother and foetus. As a result, in both humans and pigs, the concentration of 

glucose in the maternal blood exceeds around 40-50% of the concentration found 
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in the foetus, creating in both a maternal-foetal glucose gradient, recognized as the 

main driving force for the glucose facilitate diffusion in the foetus (Pere 2003).  

On the other hand, in the hyperglycaemic environment, there is an increment of 

GLUT1 that leads a massive amount of glucose that arrives to the foetus (Illsley 

and Baumann 2020) and the maternal-foetal glucose gradient is destroyed. On note, 

in pigs the foetal glucose concentration was increased of the 166% during the 

maternal diabetes, compared the normoglycemic condition (Ramsay, Wolverton et 

al. 1994). 

These data are in line with our findings that show that, during the OGTT, PHG 

group has high fast plasma glucose level at the basal point and that continues during 

the whole procedure. The same was observed in humans (Wang, Jokelainen et al. 

2019), where the glucose curve in impaired glucose tolerance children, after the 

OGTT, was significantly higher looking at the peripheral blood glucose 

concentration. 

 

2.2. Impaired insulin response after OGTT in PHG compared to PNG 

piglets 

Foetal and neonatal hyperinsulinemia is evident in hyperglycaemic pregnancies, 

and it is correlated to the maternal hyperglycaemia (Group, Metzger et al. 2008, 

Metzger, Persson et al. 2010). In fact, studies conducted in mild maternal 

hyperglycaemia show a higher insulin response in response to a higher amount of 

glucose in pigs (Renner, Martins et al. 2019), as well as in rats (Kervran, Guillaume 

et al. 1978, Bihoreau, Ktorza et al. 1986) indicating that foetal pancreatic endocrine 

alterations must be present as to overcome elevated glucose levels already in mild 

hyperglycaemic mothers.  

Several other studies support this thesis, suggesting that offspring exposed to higher 

levels of glucose in the womb are at risk of developing impaired glucose tolerance 

However, it's less clear whether similar risks exist in environments where mothers 

have pre-diabetic conditions, and the specific timing of these metabolic alterations 

is not fully understood. Also, in human there were evidence of insulin resistance at 

birth, to understand whether the processes leading to metabolic syndrome and 
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diabetes in adults might also be present before birth (Silverman, Metzger et al. 1995, 

Plagemann, Harder et al. 1997, Lindsay, Dabelea et al. 2000).  

Dyer (Dyer, Rosenfeld et al. 2007) conducted a study on a Hispanic cohort of new-

borns, a population group with a high risk of developing metabolic syndrome. They 

found increased insulin resistance in macrosomic babies born to mothers with 

gestational diabetes, compared to new-borns born in normal conditions, within 24-

48 hours of birth. Similarly, Catalano (Catalano, Presley et al. 2009) analysed 

samples collected from the umbilical vein during delivery and observed increased 

insulin resistance, measured by the homeostasis model of insulin resistance, in 

neonates of obese mothers. They also found a positive correlation between foetal 

adiposity and insulin resistance. These studies collectively suggest that foetal 

metabolic programming can be influenced by chronic exposure to even mild forms 

of maternal hyperglycaemia, leading to metabolic alterations apparent at birth.  

On the other hand, our study reports the effect of insulin resistance in a severe 

glucose intrauterine environment. We report that PHG offspring secret higher 

amount of insulin at birth at the basal level (TP0) compared to PNG group, but it 

shows a delayed and lower response at high plasma glucose level during the OGTT, 

although the total amount of insulin secreted doesn’t seem to be affected. This 

indicates an impaired insulin sensitivity to the glucose level, confirmed by the 

Matsuda index and the HOMA-IR. The same result that was observed in human in 

pre-diabetic or diabetic conditions (Wang, Jokelainen et al. 2019), sign of the 

massive amount of glucose and the severe glucotoxic prolonged environment, to 

which the piglets were subjected. 

In vivo, the insulin secretion depends on glucose, mainly, but also from other 

stimuli, as amino acids, fatty acid and hormones as leptin, estrogen, GLP1 and 

growth hormone (GH) (reviewed in (Fu, Gilbert et al. 2013)). 

To avoid any other metabolic interreference that can affect the axis glucose-insulin 

and to detect the specific answer of the β-cells, we performed a GSIS on porcine 

pancreatic tissue slices using the Biorep Perifusion System. The reason to use the 

pancreatic tissue slices is replaced in the fact that it does not suffer to limitations 

related to the isolation procedure of the islets of Langerhans, which induced islets 

stress and eliminate the potential crosstalk with liver and the other insulin-

depending organs. Moreover, in this work, the risk is to reduce or eliminate the 
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effect of the hyperglycaemic intrauterine environment. The pancreatic tissue slices 

let the islets being intact and distributed in their natural environment, without being 

expose to any chemical and physical stress. This technique was developed in 

rodents (Panzer, Cohrs et al. 2020). 

In vitro GSIS confirmed what it was shown in the OGTT, showing that PHG have 

a higher insulin secretion at the basal level, when the tissue slices were perfused 

with low glucose concentration, and this level was maintained constant during the 

whole experiment stimulus, but with an insulin response only during the KCl 

depolarization, sign of β-cell dysfunction to proper answer at the high glucose 

stimulus. In contrast, PNG group demonstrated a sustainable increase in insulin 

secretion, when stimulated with high glucose and KCl depolarization. 

The stimulation index indicated that the PNG group showed a clear insulin response 

at the high glucose stimulus and at the KCl depolarization, but, in the PHG group, 

the insulin response to high glucose was severely decreased. The overall insulin 

secretion looked inferior, looking at the statistical analysis of the group effect, 

although, anyway, there is a preserved basal insulin secretion.  

Also, the kinetics seemed altered in the PHG group, showing approximately 5 

minutes delay in the response to high glucose, compared to the PNG, but was 

preserved in the KCl stimulus, indicating a functional deficit. Interesting, this is the 

same that was observed in diabetic human donors when compared to non-diabetic 

donors (Panzer, Hiller et al. 2020).  

This evidence suggested that at basal level, PHG group had more insulin content 

compared to the PNG group, but it was not adequately responsiveness to the glucose 

stimuli, both in vivo and in vitro, indicating that new-born piglets born from diabetic 

mothers, already suffer of impaired glucose tolerance. 

 

2.3. Sex specific effect in the PHG group due to the hyperglycaemic 

intrauterine environment 

Moreover, a sex specific effect was evident in the PHG group but not in the PNG 

group looking at the glucose physiology and insulin secretion, revealing the males 

more affected than the females. 

This finding is supported by several studies that support the physiological way of 

women to be more protected by the pre-diabetic syndrome (Mauvais-Jarvis 2015), 

such as the ability of females to facilitate glucose absorption (glucose efficacy), 
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compared with healthy males of the same age, to exhibit higher postprandial plasma 

insulin and C-peptide concentrations after a meal (Basu, Dalla Man et al. 2006), 

confirmed that, after islets transplant, islets from female donors showed an 

improved clinical outcome compare of the male donors (Marchese, Rodeghier et al. 

2015). Several human studies tried to explain the correlation between the 

prevalence of metabolic syndrome and the gender, first looking at the DNA 

methylation of gene specific sex differences that are associated with altered insulin 

secretion in human islets, showing that most of the genes were located on the 

chromosome X, that include genes known to affect insulin secretion that are more 

affected in males and this could explain the tendency in males to secrete less insulin 

(Hribal, Presta et al. 2011, Hall, Volkov et al. 2014).  

However, how the maternal diabetes can predispose alterations in insulin secretion 

in a gender way, it is still unknown (Gautier, Fetita et al. 2018).  

Our data show that during OGTT, the males started from a higher glucose plasma 

concentration and glucose curve stays higher during the whole OGTT, compared to 

the females of the PHG group, making the males more affected if compared to the 

sex-matched PNG group. This result was confirmed by the AUC of the glucose, 

that showed a higher value in the male piglets. 

As expected, the insulin curve of the PHG males during the OGTT showed a higher 

insulin basal level (at TP0) and, controversly to the PHG female´s one, that looked 

30 minutes delayed compared to the sex-matched PNG, the male PHG didn’t looked 

match the higher glucose blood concentration and the peack seems to be 120 min 

delayed compared to the males PNG.  

This results were in line with the in vivo studies in humans (Basu, Dalla Man et al. 

2006, Marchese, Rodeghier et al. 2015, Wang, Jokelainen et al. 2019), although 

studies in rodents of offspring born from diabetic dams, there are controversal 

results that demonstrate that both gender have effects, but the males seem more 

affected in term of insulin sensitivity and impaired glucose tolerance (Agarwal, 

Brar et al. 2019, Nicholas, Nagao et al. 2020, Casasnovas, Damron et al. 2021) 

compared to the females, and others that demonstrate how only females offspring 

from high-fed-diet dams show insulin resistance at neonatal and adult age 

(Akhaphong, Gregg et al. 2021). 

It is not clear how the insulin sensitivity to glucose can be affected by the gender, 

but the steroides hormones seem to play a fundamental role.  
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First, as we have mentioned, in humans it has been shown that an increase in adrenal 

gland volume is a marker of altered metabolic status (Askani, Rospleszcz et al. 

2022), indicating an anatomical role of the hormone secretion in humans and, in 

addition, the ovary-islets and testis-islets axis makes a huge contribution to 

explaining this sex-specific effect.  

In our findings, in fact, males seemed more affected than females in vivo, showing 

an impaired insulin secretion, this can be due to a loss of testosterone secreted that 

influences the β-cell sensitivity. The way how maternal diabetes can influence the 

sexual hormone synthesis in neonatal age is still unclear, but there are evidences in 

humans where a metabolic disturbed environment can provoke a loss of testosterone 

synthesis (Wittert and Grossmann 2022, Yeap and Wittert 2022), resulting in a 

positive feedback mechanism. 

To the best of our knowledge, there is no evidence of how the glucotoxic 

environment may affect estrogen synthesis, but in our results, as seen in humans, 

females appear to be more responsive than males, demonstrating the protective role 

of estrogen in insulin sensitivity. 

This is confirmed by perifusion GSIS, where, in the absence of pathways that may 

interfere with insulin synthesis, there are no differences in the PHG of males and 

females. 

 

3. Omics studies for the molecular characterization of the β-

cells 

To explore how chronic exposure to hyperglycaemic intrauterine environment 

affect transcriptomes and proteomes of the β-cells, a multi-omics analysis was 

performed. Here we speculate how the excess of maternal glucose that fuel in the 

placenta, impacts various pathways involved in the maturation, proliferation, and 

function of pancreatic β-cells, leading to the β-cells exhaustion, and potentially 

developing T2DM.  

In this work we assessed whole pancreas proteomic studies focusing on the 

hormones secreted from the islets of Langerhans, in collaboration with Lafuga 

laboratory at the Gene Centre (processed and analysed by Bachuki Sashikadze and 

Dr. Thomas Fröhlich)  
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In the splenic part of the pancreas insulin abundance was increased; this is in line 

with our OGTT results, where, at TP0, PHG offspring had a higher amount of basal 

insulin secretion compared to the PNG, as well as the GSIS results. This can be a 

consequence for the massive amount of glucose that fuel to the β-cell of the 

offspring, forcing in an initial massive amount of insulin release.  

Looking at the duodenal part (which corresponds to the head in the human 

pancreas), insulin does not seem to be one of the proteins increased in the PHG 

group, and this can be due to the less presence of β-cells in the islets of Langerhans 

in the duodenal part, which is also present in human and rodents (Wang, Misawa et 

al. 2013). 

To better understand how the β-cell profile changed in response to intrauterine 

glucotoxicity, we analysed the transcriptome profiles of PHG piglets compared to 

controls.  

It is known that, in the context of constant glucotoxicity, such as exposure to 

maternal hyperglycaemia during pregnancy, β-cell functionality declines primarily 

due to apoptosis mechanisms and loss of differentiation. Moreover, recent research 

suggest that β-cell dedifferentiation plays a significant role in early to mid-stage 

diabetes development, rather than an increase in β-cell death.  

Specifically, glucose upregulates MAFA, a transcriptional activator crucial for 

insulin gene expression, affecting β-cell function, development, and potentially 

diabetes onset. 

Genetic and phenotypic analyses in pigs reveal similarities in the expression of 

critical genes like MAFA and PDX1 between pigs and humans, particularly in 

pancreatic development, highlighting the potential of pigs as an alternative model 

for investigating human pancreatic islet development and function (Kim, Whitener 

et al. 2020, Tritschler, Thomas et al. 2022). 

For these reasons, we first analysed the differences in gene expression of these two 

transcripts. Interesting, these genes seem to be downregulated here, as it is evident 

in diabetic conditions. 
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In fact, studies that used omics techniques to elucidate the transition from pre-

diabetic to diabetic conditions, revealed a downregulation of β-cell-enriched genes, 

particularly insulin, mediated by alterations in key transcription factors like PDX1 

and MAFA. This downregulation is associated with oxidative stress and ER stress, 

among other mechanisms and can lead to islet dysfunction, affecting calcium 

fluxes, metabolism, and insulin secretion (Guo, Dai et al. 2013, Fu, Cui et al. 2017). 

Moreover, studies using murine models have confirmed the loss of β-cell identity 

in chronic hyperglycaemia (Brereton, Rohm et al. 2016). Additionally, diabetic 

mice and rats with partial pancreatectomy exhibit β-cell dedifferentiation, 

evidenced by decreased expression of differentiation markers such as insulin, 

PDX1, and MAFA. Upregulation of pancreatic progenitor-associated transcription 

factors in β-cells following partial pancreatectomy suggests a dedifferentiated state 

(Talchai, Xuan et al. 2012). 

Glucotoxicity also affects the expression of genes involved in maintaining β-cell 

phenotype, contributing further to β-cell dedifferentiation. 

FOXO1 has emerged as a potential transcription factor linking metabolic stress to 

β-cell dedifferentiation in T2DM (Talchai, Xuan et al. 2012). Under oxidative 

stress, FOXO1 stimulates the expression of genes like NEUROD1 (which is 

upregulated in our findings) and MAFA. Transgenic mouse models indicate 

FOXO1's role in compensatory mechanisms during insulin resistance, enhancing β-

cell proliferation, function, and antioxidant gene expression. Deletion of Foxo1 in 

β-cells leads to β-cell dedifferentiation, accompanied by upregulation of progenitor 

and pluripotency markers. In our data, FOXO1 is upregulated, which is a sign of 

the cell distress in this condition (Talchai, Xuan et al. 2012). Additionally, in 

transgenic mouse models, FOXO1 has been implicated in compensatory 

mechanisms in β-cells during insulin resistance by enhancing β-cell mass, function, 

and the expression of antioxidant genes (Zhang, Kim et al. 2016). Intriguingly, the 

deletion of Foxo1 specifically in β-cells led to β-cell dedifferentiation in aging male 

mice and multiparous female mice, accompanied by the upregulation of markers 

associated with progenitor and pluripotency states (Talchai, Xuan et al. 2012). 

Of note, another gene largely characterized as typically expressed in progenitors’ 

cells and upregulated in various diabetic animals in the β-cells, is NeuroG3 
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(Talchai, Xuan et al. 2012, Wang, York et al. 2014), which was upregulated in our 

findings. A characteristic of NeuroG3, is that it was upregulated in expanded 

rodents islets in vitro (Lin, Cheng et al. 2020). 

ALDOB, considered as a marker of β-cell dysfunction, was among the most 

upregulated genes in the PHG group. This gene is negatively associated with insulin 

secretion in humans (Gerst, Jaghutriz et al. 2018). It encodes a glycolytic enzyme 

and is normally silenced in mature β-cells; its upregulation is associated with 

diabetes (Haythorne, Rohm et al. 2019). 

Another gene taken under consideration in our analysis as a sign of mature β-cells 

is Rbp4, which was shown to inhibit GSIS in rats (Artner, Hang et al. 2010). This 

gene codes for a protein RBP4 which is the principal carrier of retinol in the plasma 

and elevated levels of this protein are evident in T2DM, but reduced levels are 

detected in T1DM (Pullakhandam, Palika et al. 2012). In our studies Rbp4 looks 

upregulated.  

Other studies display that several transcription factors expressed in progenitor cells 

at the embryonic stage are upregulated in diabetic animal models during β-cell 

dedifferentiation, indicating trans-differentiation potential. Major causes of β-cell 

dedifferentiation highlighted in recent studies include ROS production and ER 

stress. For instance, several genes involved in the ER stress of the β-cell, as DDIT3, 

were upregulated in the PHG group. In fact, DDIT3 is considered a target gene for 

revealing the hypoxia status (Bensellam, Jonas et al. 2018) and pro-apoptotic 

condition in the β-cells (Schroder and Kaufman 2005, Lai, Teodoro et al. 2007, 

Karunakaran, Kim et al. 2012, Schwarz and Blower 2016). 

Notably, in our finding’s genes associated with β-cell differentiation were 

downregulated in the PHG group, while progenitor characteristic genes were 

upregulated, indicating a shift towards a less differentiated state. Additionally, β-

cell growth factor genes were downregulated in the PHG group, while genes known 

to protect against apoptosis were upregulated.  

On note, gene encoding receptors, such as EGFR, IGF1R, and IGF2R, were 

upregulated in the PHG group. Specifically, epidermal growth factor receptor 

(EGFR) signaling is essential for proper fetal development and growth of pancreatic 
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islets, in fact, his loss lead to the diabetes in adulthood in mice (Miettinen, Ustinov 

et al. 2006). 

Another interesting finding in this section is that IGF2 and IGF1 receptor (IGF1R 

and IGF2R) were upregulated. These receptors are involved in the GLP1 pathway, 

and this is a common developmental pathway between human and pigs, but not in 

mice (and this is, for instance, one of the reasons why pigs might offer a more 

representative model for certain aspects of human processes compared to mice).  

GLP1 increases its activity by augmenting IGF1R expression and by stimulating 

insulin secretion; this mechanism is required for GLP-1–induced protection against 

apoptosis (Miettinen, Ustinov et al. 2006).  

Moreover, insulin like growth factor 1 (IGF1) mRNA concentrations were 

increased in foetal tissue by maternal diabetes (34%) (Ramsay, Wolverton et al. 

1994).   

Also, in our finding’s genes related to insulin production and secretion were mostly 

downregulated in the PHG group, while ER stress genes were predominantly 

upregulated (as DDIT3). Interestingly, there was no significant difference in the 

representation of cell death genes between the two groups. These findings highlight 

the complex molecular changes underlying β-cell dysfunction in response to 

intrauterine glucotoxicity, shedding light on potential mechanisms involved in the 

development of diabetes. 
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VI. CONCLUSION 

As conclusion, in a healthy and normoglycemic condition the maternal-foetal 

glucose gradient is maintained thanks to the action of the maternal metabolism and 

several glucose transporters at the placental and foetal level. The amount of glucose 

that fuel to the β-cell of the foetus is adequate and the foetal insulin transcription 

factors are not stimulated and the insulin secretion is nearly absent (Pere 2003). 

In hyperglycaemic intrauterine conditions, the maternal-foetal gradient is destroyed 

and the glucose pass freely through the placenta and it stimulates the foetal β-cells 

(Pere 2003).  

This is the first work that studies in a deep molecular way, what happens in the 

foetal β-cell when exposed in a glucotoxic condition in the intrauterine life, in a big 

animal model.  

For this reason, the information that we have about this topic are lacking and the 

most of molecular information we have, are about the β-cell in glucotoxic 

environment (as in diabetic conditions).  

It is known that, when the glucose arrives at the β-cell, the insulin transcription 

factors are activated (Poitout, Hagman et al. 2006). This is also true in a state of 

hyperglycaemia, where the massive and initial amount of glucose stimulates the 

insulin production and secretion. In a constant and massive hyperglycaemic 

condition, the expression of GLUT transporter increase on the β-cell, leading to a 

massive absorption of glucose in the cells (Fu, Gilbert et al. 2013). The amount of 

insulin starts increasing and it stimulates, through a positive feedback mechanism, 

the overexpression of the IRs that re-uptake the insulin secreted and start leading to 

the cell dysfunction (Petersen and Shulman 2018).  

This is called the “activation phase” or the “phase I” in the study of the development 

of diabetes, when there is the massive insulin production and secretion. This phase 

is probably the reason why in our findings, we see a higher amount of insulin in the 

proteomic and in the in vivo and in vitro GSIS, in the PHG group. In this phase, the 

dedifferentiation factors are still not active. 

If this phase persists, the cell slips in the second phase, which is called the 

“compensation phase”. Once the cell enters this phase, we are in the “pre-diabetic” 

condition. 

During this phase, the cells start to activate protective mechanisms to avoid the 

apoptosis. For this reason, they start activating the dedifferentiation factors that lead 
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to a downregulation of the insulin transcription factors and cause the insulin 

secretion dysfunction and the impaired insulin secretion to the glucose stimulus. 

Substantially, the huge amount of insulin secretion causes the ER stress in the cells 

that provokes the activation of the UPR in the cell (Papa 2012).  

 

We are aware that most of the molecular studies are conducted in rodents, for this 

reason, most of the references used are referred to mice. This is an incentive to focus 

studies on animals that are metabolic more like humans. 

These transcription factors upregulate the expression of antioxidant genes but also 

pro-apoptotic genes such as Ddit3, which contributes to β-cell death after prolonged 

ER stress (Schroder and Kaufman 2005, Lai, Teodoro et al. 2007, Karunakaran, 

Kim et al. 2012, Schwarz and Blower 2016). Further studies need to clarify the 

crosstalk between the ER and mitochondria (Khin, Lee et al. 2021), although it can 

be assumed that hypoxia and inflammation in the loss of adaptive UPR under 

chronic hyperglycaemia. Under chronic hyperglycaemia, the acceleration of 

Figure 23: Schematic representation underlying mechanism of offspring β-cell 

dedifferentiation when exposed to maternal diabetes. In the normoglycemic 

conditions (upper part) the mother-fetus gradient is not disrupted and the insulin 

production in the fetal β-cells is nearly absent. In the hyperglycemic intrauterine 

conditions (lower part), the fetal β-cells start undergoing a series of metabolic 

events that induce the insulin over-expression and the initiating of adaptive event 

such as the dedifferentiation. 
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mitochondrial metabolism and the stimulation of ATP consuming cellular 

processes, increases β-cell O2 consumption. It is known, in fact, that ROS are 

produced in different subcellular location (e.g., mitochondria, peroxisomes, and 

ER) during cellular metabolism (Guo, Dai et al. 2013). 

 

Thus, high ROS level, produced form the ER stress, accelerate the β-cells 

dedifferentiation and a loss of function. In fact, in immortalised β-cells exposed to 

high glucose to mimic the glucotoxicity, show an increased ROS production but a 

decreased insulin secretion via MAFA downregulation (Guo, Dai et al. 2013, Fu, 

Cui et al. 2017), as it is confirmed in our results, showing that MAFA and PDX1 

are downregulated because of the dedifferentiation protective mechanism. This is 

probably the reason why, although we can detect the presence of insulin at the basal 

level in the GSIS, there is not furthermore production, and its secretion seem 

disrupted. 

Throughout the dedifferentiation, obviously, several transcription factors typically 

expressed in progenitor cells at the embryonic stage and repressed in adult β-cells 

were upregulated in β-cells of various diabetic animal models (Talchai, Xuan et al. 

2012, Wang, York et al. 2014). Specifically, in vitro studies of mice and rats’ islets, 

NeuroG3 was detected in higher expression level in expanded islets clusters, 

suggesting that it is required for islets expansion and propagation (Lin, Cheng et al. 

2020). This can be the explanation why we display bigger clusters in our data in the 

PHG group compared with the PNG. 
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VII. SUMMARY 

This study delves into the ramifications of maternal hyperglycaemia on offspring 

health, particularly focusing on the well-being of pancreatic β-cells. It is well-

established that maternal hyperglycaemia during pregnancy significantly impacts 

offspring health, yet the precise molecular mechanisms at play remain elusive, 

especially in human studies. While murine models have been extensively utilized, 

their translational relevance to humans is somewhat limited. This prompted our 

exploration of pigs as a more promising model due to their closer anatomical and 

physiological resemblance to humans, particularly in terms of pancreas structure 

and gene expression. 

In our investigation, we aimed to uncover the immediate metabolic shifts observed 

in offspring born to mothers with severe diabetes (INSC94Y). 

Our first results showed that maternal diabetes poses significant risks to both 

reproductive health and offspring development.  INSC94Y sows’ observations were 

associated with reduced fertility and adverse pregnancy outcomes, including birth 

defects. In fact, babies born to diabetic mothers may exhibit various birth defects 

affecting organs like the craniofacial features, limbs, kidneys, heart, and 

gastrointestinal system. While human neonates often display macrosomia, our 

results show that PHG piglets may have low birth weight but show relative organ 

hypertrophy. Nevertheless, our results demonstrate that maternal diabetes also 

influenced offspring lipid metabolism and lactate metabolism, looking at the 

clinical chemical parameters. 

We found that such offspring exhibit compromised glucose tolerance and insulin 

response right from birth. Our experiments unveiled a compromised ability of the 

offspring to handle glucose, as evidenced by elevated plasma glucose levels shortly 

after birth. This phenomenon likely stems from alterations in maternal glucose 

concentrations during gestation, which subsequently affect the maternal-foetal 

glucose gradient. Despite elevated insulin levels at birth, offspring displayed a 

reduced response to insulin secretion during the OGTT. This suggests impaired 

insulin secretion, a phenomenon well-documented in humans as well. Interestingly, 

male offspring appeared to be more susceptible to metabolic alterations, exhibiting 

higher glucose levels during the oral glucose tolerance test and delayed insulin 

response compared to females. 
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By analyzing whole pancreas proteomics, the study identified initial increases in 

insulin levels in the splenic part of the pancreas, consistent with elevated insulin 

levels observed during glucose tolerance tests. However, insulin levels in the 

duodenal part remained relatively unchanged, possibly due to fewer β-cells in this 

region.  

This study investigated how exposure to high maternal glucose levels during 

pregnancy affects the transcriptomes of pancreatic β-cells. Our research suggests 

that chronic hyperglycemia impacts various pathways crucial for β-cell maturation 

and function, ultimately resulting in β-cell exhaustion and dedifferentiation. 

 

Chronic hyperglycemia induced declines in β-cell functionality primarily through 

apoptosis mechanisms and loss of differentiation. Key transcription factors like 

MAFA, crucial for insulin gene expression, were affected, potentially contributing 

to diabetes onset. 

Comparisons with existing literature highlight similar patterns observed in both 

pigs and humans, particularly in pancreatic development and gene expression 

changes associated with β-cell dysfunction. Downregulation of genes associated 

with β-cell differentiation and upregulation of progenitor characteristic genes 

suggest a shift towards a less differentiated state in response to hyperglycemia. 

Additionally, upregulation of genes involved in ER stress indicates a potential role 

in β-cell dysfunction, consistent with findings from other studies. 

Moreover, changes in growth factor receptors such as EGFR, IGF1R, and IGF2R, 

potentially influencing fetal pancreatic development, align with existing literature. 

Notably, upregulation of IGF1 and IGF2 receptors, integral to the GLP-1 pathway's 

protective role against apoptosis, is consistent with previous research. 
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VIII. ZUSAMMENFASSUNG 

Auswirkung des mütterlichen Diabetes auf die Gesundheit der β-Zellen in 

den Nachkommen - eine Studie an Nachkommen von diabetischen MIDY-

Schweinen 

 

Diese Studie befasst sich mit den Auswirkungen der mütterlichen Hyperglykämie 

auf die Gesundheit der Nachkommen, insbesondere auf das Wohlergehen der β-

Zellen der Bauchspeicheldrüse. Es ist bekannt, dass eine mütterliche 

Hyperglykämie während der Schwangerschaft die Gesundheit der Nachkommen 

erheblich beeinträchtigt, doch die genauen molekularen Mechanismen, die dabei 

eine Rolle spielen, sind nach wie vor schwer zu ergründen, insbesondere in Studien 

am Menschen. Mäusemodelle werden zwar ausgiebig genutzt, doch ihre Relevanz 

für den Menschen ist eher begrenzt. Dies veranlasste uns, Schweine als 

vielversprechenderes Modell zu verwenden, da sie anatomisch und physiologisch 

dem Menschen ähnlicher sind, insbesondere in Bezug auf die Pankreasstruktur und 

die Genexpression in den Langerhans’schen Inseln. 

Ziel unserer Untersuchungen war es, den Einfluss von maternalem Diabetes auf den 

Stoffwechsel der Nachkommen in der perinatalen Periode, insbesondere die 

Auswirkungen auf die β Zellen aufzudecken. 

Unsere Ergebnisse zeigten, dass mütterlicher Diabetes sowohl für die reproduktive 

Gesundheit der Mütter als auch für die Entwicklung der Nachkommen erhebliche 

Risiken birgt. Die Beobachtungen an den diabetischen INSC94Y-Sauen wurden mit 

einer verminderten Fruchtbarkeit und ungünstigen Schwangerschaftsergebnissen, 

einschließlich Geburtsschäden, in Verbindung gebracht. So wiesen Nachkommen, 

die von diabetischen Müttern geboren werden, verschiedene Missbildungen auf, die 

verschiedene Gewebe und Organe wie den Schädel, die Gliedmaßen, die Nieren, 

das Herz und das Magen-Darm-System betrafen. Während menschliche 

Neugeborene häufig Makrosomie aufweisen, zeigten unsere Ergebnisse, dass PHG-

Ferkel ein niedriges Geburtsgewicht hatten, aber relativ erhöhte Organgewichte 

aufwiesen. 

Unsere Ergebnisse zeigen jedoch, dass der mütterliche Diabetes auch den 

Fettstoffwechsel und den Laktatstoffwechsel der Nachkommen beeinflusst, wenn 

man die klinisch-chemischen Parameter betrachtet. 
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Wir haben festgestellt, dass solche Nachkommen von Geburt an eine 

beeinträchtigte Glukosetoleranz und Insulinreaktion aufwiesen. Unsere 

Experimente haben gezeigt, dass die Fähigkeit der Nachkommen, mit Glukose 

umzugehen, beeinträchtigt war, was sich in erhöhten Plasmaglukosespiegeln kurz 

nach der Geburt widerspiegelte. Dieses Phänomen ist wahrscheinlich auf 

Veränderungen der mütterlichen Glukosekonzentration während der Trächtigkeit 

zurückzuführen, die sich anschließend auf den mütterlich-fötalen 

Glukosegradienten auswirken. Trotz erhöhter Insulinspiegel bei der Geburt zeigten 

die Nachkommen eine verminderte Reaktion auf die Insulinsekretion während des 

OGTT. Dies lässt auf eine gestörte Insulinsekretion schließen, ein Phänomen, das 

auch beim Menschen gut dokumentiert ist. Interessanterweise schienen männliche 

Nachkommen anfälliger für Stoffwechselveränderungen zu sein, da sie während 

des oralen Glukosetoleranztests höhere Glukosespiegel und eine verzögerte 

Insulinreaktion im Vergleich zu weiblichen Nachkommen aufwiesen. 

Durch die Analyse der Proteomik der gesamten Bauchspeicheldrüse wurde in der 

Studie ein anfänglicher Anstieg des Insulinspiegels in der Milz Teil der 

Bauchspeicheldrüse festgestellt, der mit den bei Glukosetoleranztests beobachteten, 

erhöhten Insulinspiegeln übereinstimmt. Der Insulinspiegel im Zwölffingerdarm 

blieb jedoch relativ unverändert, was möglicherweise auf eine geringere Anzahl 

von β-Zellen in dieser Region zurückzuführen ist.  

In dieser Studie wurde untersucht, wie sich die Exposition gegenüber hohen 

mütterlichen Glukosespiegeln während der Schwangerschaft auf das Transkriptom 

der β-Zellen des Pankreas auswirkt. Unsere Forschungsergebnisse deuten darauf 

hin, dass eine chronische Hyperglykämie verschiedene Signalwege beeinflusst, die 

für die Reifung und Funktion der β-Zellen entscheidend sind, was letztlich zu einer 

Erschöpfung und Dedifferenzierung der β-Zellen führt. 

 

Chronische Hyperglykämie führt zu einer Verschlechterung der β-Zell-

Funktionalität vor allem durch Apoptose-Mechanismen und Verlust der 

Differenzierung. Wichtige Transkriptionsfaktoren wie MAFA, die für die Insulin-

Genexpression entscheidend sind, waren betroffen, was möglicherweise zur 

Entstehung von Diabetes beiträgt. 

Vergleiche mit der bestehenden Literatur zeigen ähnliche Muster, die sowohl bei 

Schweinen als auch bei Menschen beobachtet werden, insbesondere bei der 

Entwicklung der Bauchspeicheldrüse und den Veränderungen der Genexpression, 
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die mit der Dysfunktion der β-Zellen einhergehen. Die Herabregulierung von 

Genen, die mit der β-Zell-Differenzierung in Verbindung stehen, und die 

Hochregulierung von charakteristischen Genen der Vorläuferzellen deuten auf eine 

Verschiebung zu einem weniger differenzierten Zustand als Reaktion auf eine 

Hyperglykämie hin.  

Darüber hinaus deutet die Hochregulierung von Genen, die am ER-Stress beteiligt 

sind, auf eine mögliche Rolle bei der Dysfunktion der β-Zellen hin, was mit den 

Ergebnissen anderer Studien übereinstimmt. 

Darüber hinaus stimmen die Veränderungen der Wachstumsfaktorrezeptoren wie 

EGFR, IGF1R und IGF2R, die möglicherweise die fetale Pankreasentwicklung 

beeinflussen, mit der vorhandenen Literatur überein. Insbesondere die 

Hochregulierung der IGF1- und IGF2-Rezeptoren, die für die schützende Rolle des 

GLP-1-Stoffwechsels vor Apoptose wesentlich sind, steht im Einklang mit früheren 

Forschungsergebnissen. 
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XII. ANNEX 

Proteomic list of the significantly increased or decreased proteins in pancreas 

splenic part and duodenal part. 

Table 15: Pancreas spleen 

Gene Protein 

accession 

l2fc P value FDR Sign. Abundance 

change 

SST NP_001009583 1.35 9E-08 3E-06 + Increase 

LOC100515185 XP_003122092 1.28 1E-04 2E-03 + Increase 

HMGA2 XP_005664014 1.26 2E-05 4E-04 + Increase 

AGR2 XP_005667717 1.04 1E-04 2E-03 + Increase 

LOC100515741 XP_013853463 0.97 2E-16 2E-14 + Increase 

LOC110255172 XP_020922490 0.94 1E-08 4E-07 + Increase 

CDK3 XP_003131249 0.92 3E-04 3E-03 + Increase 

CD36 XP_020957938 0.90 1E-05 3E-04 + Increase 

FABP4 NP_001002817 0.85 0E+00 0E+00 + Increase 

SERPINA3-2 NP_998952 0.82 3E-03 2E-02 + Increase 

INS NP_001103242 0.81 3E-07 8E-06 + Increase 

CTRL XP_020949776 0.80 2E-10 8E-09 + Increase 

GSTA1 NP_999554 0.76 9E-04 9E-03 + Increase 

MAPRE2 XP_020951924 0.74 5E-03 3E-02 + Increase 

LOC102167522 XP_020940820 0.71 2E-04 3E-03 + Increase 

PSAT1 XP_020920809 0.71 8E-14 7E-12 + Increase 

ACADSB XP_001926332 0.68 0E+00 0E+00 + Increase 

SYCN XP_003355940 0.67 4E-03 3E-02 + Increase 

STAT5A XP_020921906 0.66 5E-03 4E-02 + Increase 

MECR NP_001231011 0.66 5E-03 3E-02 + Increase 

NME4 XP_020941258 0.65 3E-03 2E-02 + Increase 

PCK2 NP_001155225 0.63 0E+00 0E+00 + Increase 

BPHL NP_001230414 0.62 3E-10 2E-08 + Increase 

COL4A2 XP_020921568 0.61 1E-04 1E-03 + Increase 

HERPUD1 XP_020949558 0.61 1E-04 2E-03 + Increase 

LOC110261434 XP_020953497 0.61 4E-10 2E-08 + Increase 

ACADL NP_999062 0.61 7E-05 1E-03 + Increase 

NCCRP1 XP_020950022 -0.59 2E-13 1E-11 + decrease 
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RPL18A XP_020939193 -0.63 6E-03 4E-02 + decrease 

ENO3 NP_001037992 -0.63 1E-04 2E-03 + decrease 

TMED5 NP_001230624 -0.63 1E-03 1E-02 + decrease 

GCG XP_005671940 -0.63 0E+00 0E+00 + decrease 

SNRPD1 XP_020951826 -0.64 5E-05 8E-04 + decrease 

CBR1 NP_999238 -0.64 0E+00 0E+00 + decrease 

APOC3 XP_020957907 -0.67 5E-05 8E-04 + decrease 

SYNPO2 XP_020956358 -0.67 6E-04 6E-03 + decrease 

HSPB1 NP_001007519 -0.70 0E+00 0E+00 + decrease 

ORM1 XP_005660429 -0.72 0E+00 0E+00 + decrease 

LOC106504545 XP_020955331 -0.72 3E-04 4E-03 + decrease 

PNLIP NP_001171383 -0.72 2E-13 2E-11 + decrease 

LOC100521789 XP_020945783 -0.75 0E+00 0E+00 + decrease 

SPINK1 XP_003354394 -0.78 5E-09 2E-07 + decrease 

RPL35 NP_999491 -0.85 9E-04 9E-03 + decrease 

JCHAIN XP_003357009 -0.87 1E-03 1E-02 + decrease 

RPL34 XP_013834419 -0.88 3E-06 7E-05 + decrease 

ADA XP_020933637 -0.89 3E-06 7E-05 + decrease 

PLS3 XP_001925971 -0.89 8E-05 1E-03 + decrease 

CAND2 XP_020925016 -0.92 1E-03 1E-02 + decrease 

RPL18 XP_020950359 -0.94 2E-08 7E-07 + decrease 

RPL6 NP_001038007 -0.97 0E+00 0E+00 + decrease 

PDIA2 XP_020942596 -1.01 8E-04 8E-03 + decrease 

RPL4 XP_005659919 -1.02 0E+00 0E+00 + decrease 

RPL19 XP_003131557 -1.02 4E-07 1E-05 + decrease 

RPL24 XP_003132745 -1.03 8E-05 1E-03 + decrease 

RPL8 XP_005655354 -1.08 7E-16 7E-14 + decrease 

SORT1 XP_013852742 -1.12 5E-04 5E-03 + decrease 

TDH XP_020927752 -1.15 3E-07 1E-05 + decrease 

RPL14 XP_020923829 -1.16 4E-05 7E-04 + decrease 

SYCP2 XP_020933812 -1.17 6E-05 9E-04 + decrease 

SDSL XP_020928520 -1.22 3E-04 3E-03 + decrease 

PNLIPRP2 NP_001177220 -1.26 0E+00 0E+00 + decrease 

RPL7A XP_020926795 -1.32 0E+00 0E+00 + decrease 

LOC100038328 XP_020937734 -1.35 4E-05 7E-04 + decrease 

ALG1 XP_013851121 -1.38 1E-04 2E-03 + decrease 

LOC100152327 NP_001230248 -1.41 0E+00 0E+00 + decrease 
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USH2A XP_020919951 -1.43 2E-05 4E-04 + decrease 

LOC100525572 XP_020945289 -1.59 2E-05 4E-04 + decrease 

LOC396781 NP_998993 -1.62 0E+00 0E+00 + decrease 

 

 

 

Table 16: Pancreas duodenal 

Gene Protein 

accession 

l2fc P value FDR Sign. Abundance 

change 

HMGN3 XP_005659480 1.70 5E-04 1E-02 + increase 

LOC110255172 XP_020922490 1.25 2E-09 3E-07 + increase 

FABP4 NP_001002817 1.21 0E+00 0E+00 + increase 

LOC100515185 XP_003122092 1.03 9E-04 2E-02 + increase 

SELENOH NP_001171877 0.91 5E-04 1E-02 + increase 

LOC100515741 XP_013853463 0.83 9E-09 9E-07 + increase 

SCGN NP_001070692 0.78 7E-15 2E-12 + increase 

LOC110261434 XP_020953497 0.77 9E-10 1E-07 + increase 

ACADL NP_999062 0.72 1E-03 2E-02 + increase 

SST NP_001009583 0.72 2E-04 4E-03 + increase 

PCK2 NP_001155225 0.66 0E+00 0E+00 + increase 

ACADSB XP_001926332 0.64 4E-16 1E-13 + increase 

PSAT1 XP_020920809 0.62 1E-04 3E-03 + increase 

TDH XP_020927752 -0.65 2E-03 4E-02 + decrease 

PPY XP_013836362 -0.66 2E-04 4E-03 + decrease 

SOD3 NP_001072156 -0.66 9E-04 2E-02 + decrease 

CLU XP_020927747 -0.76 3E-12 7E-10 + decrease 

LIMA1 NP_001108148 -0.76 2E-03 4E-02 + decrease 

PNLIPRP2 NP_001177220 -0.79 2E-14 6E-12 + decrease 

ADA XP_020933637 -0.87 5E-06 3E-04 + decrease 

FAM50A XP_020936411 -0.96 1E-04 3E-03 + decrease 

LOC100038328 XP_020937734 -1.08 1E-04 3E-03 + decrease 

LOC100152327 NP_001230248 -1.09 9E-14 2E-11 + decrease 

USH2A XP_020919951 -1.16 5E-04 1E-02 + decrease 

ENAH XP_020920069 -1.18 3E-03 5E-02 + decrease 

LOC396781 NP_998993 -1.26 0E+00 0E+00 + decrease 

 



XII. Annex     151 

First 100 Single cell RNA sequencing genes upregulated and downregulated in the 

β-cells of the PHG group compared to the PNG group. 

 

Table 17: First 100 genes upregulated in the PHG vs. PNG 

names logfc logexprs pvals_adj log_pvals_adj 

CLEC3B 4.230699 2.8903 3.33E-32 31.47721 

TENM1 3.591512 3.531667 6.27E-34 33.20239 

PPP1R16B 3.388894 2.567133 4.03E-30 29.39449 

SLC18A1 3.258686 3.369335 1.37E-32 31.86349 

NEUROG3 3.100637 4.682485 5.1E-37 36.29281 

RBP4 2.755953 6.850883 7E-36 35.15479 

ssc-mir-670 2.68421 3.24218 6.1E-29 28.21449 

SMOC2 2.47925 3.623264 3.92E-31 30.40631 

ALDOB 2.468825 7.482541 3.96E-34 33.4027 

KCNJ2 2.356714 2.742325 4.23E-26 25.37361 

SERPIND1 2.290419 3.850219 1.4E-29 28.85302 

LHFPL3 2.290393 2.746967 1.96E-24 23.70807 

CCDC3 2.251988 4.288777 4.78E-33 32.32045 

STK33 2.122843 4.00985 2.87E-29 28.542 

TSPAN2 2.072036 2.376227 4.27E-22 21.36999 

KAZN 2.033264 5.423855 8.09E-37 36.09187 

PFKFB3 2.00546 3.615962 2.86E-28 27.54307 

FN1 1.961151 5.726308 4.97E-37 36.30336 

IER5L 1.925375 2.598948 6.4E-24 23.19348 

ITPRID2 1.891308 2.636061 1.27E-23 22.89666 

PLA2G1B 1.88589 4.954073 2.43E-31 30.6145 

CCND1 1.873318 4.40249 8.37E-31 30.07716 

LEPR 1.852607 4.853647 3.26E-32 31.48681 

SLC25A29 1.847863 4.692328 2.15E-32 31.66854 

HSPA6 1.839099 5.402723 4.85E-33 32.31423 

ACKR3 1.83663 4.185058 2.97E-28 27.52763 

CSMD3 1.831094 3.436843 8.03E-26 25.09543 

RNF128 1.81423 3.10895 8.64E-25 24.06346 

PCDH9 1.813768 7.016085 1.94E-39 38.71194 

PIEZO1 1.799019 3.097367 1.99E-25 24.70189 

FLRT1 1.771503 3.974827 2.67E-29 28.57421 

KCNN2 1.763937 2.404234 4.7E-22 21.3283 

RYR2 1.754848 3.828452 1.08E-27 26.96825 

RABEPK 1.663111 5.801435 2.15E-35 34.66713 

IGF2R 1.659694 5.308757 3.22E-34 33.49191 

EPAS1 1.645797 3.711617 8.03E-26 25.09543 

KCNN3 1.643256 3.074706 6.67E-24 23.17581 

PLCL1 1.63719 2.842428 2.28E-19 18.64231 

GABBR2 1.609047 3.999807 1.14E-27 26.94347 
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ITGBL1 1.59193 5.71226 2.55E-35 34.59294 

DUSP2 1.559793 3.012453 3.7E-21 20.43153 

MGAT3 1.543393 5.237811 9.88E-33 32.00503 

SYNPO 1.528158 3.451115 8.22E-25 24.08502 

SLC25A21 1.515214 3.65952 2.36E-25 24.62631 

DNAJB1 1.51339 9.170067 3.65E-43 42.4382 

PTPRU 1.510908 2.918494 4.18E-22 21.37851 

GP2 1.510261 2.504302 1.68E-20 19.7742 

ADGRF5 1.49768 2.381595 4.02E-20 19.39558 

KLF15 1.457362 2.492716 6.36E-20 19.19633 

GLRA3 1.449577 4.334909 9.18E-27 26.0371 

SLC8A3 1.411219 2.924293 2.94E-20 19.53189 

DPP6 1.407504 2.851554 2.23E-20 19.65115 

ARHGAP24 1.40184 5.830279 1.37E-33 32.86202 

CTPS1 1.397649 2.30538 6.99E-19 18.15561 

ALG8 1.39349 5.912588 2.32E-34 33.6341 

GADD45B 1.391177 3.984668 1.2E-24 23.91928 

SHISAL1 1.389865 3.36241 2.32E-23 22.63414 

ATP2A3 1.358212 5.09656 3.12E-30 29.50548 

KCNT2 1.353702 4.375682 6.18E-27 26.20872 

SNORA81 1.351748 4.788179 1.62E-28 27.79027 

GLP1R 1.347055 2.860381 1.52E-20 19.81898 

MAGI2 1.3413 4.753427 7.53E-29 28.12345 

PTPRD 1.32318 6.114763 5.68E-35 34.24592 

ADGRB3 1.316744 4.84165 1.86E-25 24.72965 

FOXP2 1.31513 3.857109 1.36E-24 23.86514 

TMCC3 1.314938 3.632925 3.48E-23 22.45887 

TLE4 1.27849 2.427868 7.36E-19 18.13329 

DLL1 1.273903 3.338008 1.71E-21 20.76672 

AMIGO2 1.269375 5.738373 3.08E-32 31.51155 

DISP3 1.266833 5.348542 9.77E-31 30.01022 

HSPH1 1.260128 6.968718 1.25E-36 35.90155 

IGFBP1 1.258356 3.22741 2.93E-21 20.53279 

HTR2A 1.256693 2.579946 6.06E-19 18.21739 

KIAA0930 1.251544 6.043241 2.27E-33 32.64405 

IFI6 1.243345 6.004592 8.36E-30 29.07755 

COL16A1 1.242529 3.528475 3.29E-22 21.48239 

DDIT3 1.221839 4.519535 2.45E-24 23.61072 

PDLIM1 1.210507 3.659949 3.08E-22 21.51085 

KHDRBS3 1.210128 3.03189 5.97E-20 19.22404 

NPAS4 1.204885 6.995708 3.17E-32 31.49899 

SYNJ2 1.19071 2.347662 3.57E-16 15.44752 

DPYSL3 1.18982 3.446577 7.83E-22 21.10614 

KCNB1 1.187194 4.378371 4.93E-26 25.30718 

PRKCA 1.172726 6.708946 3.08E-36 35.51078 

A1CF 1.171787 6.209182 1.64E-33 32.78439 
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SLC16A3 1.161611 2.853988 6.79E-19 18.16807 

TMEM179 1.159582 5.187929 3.62E-29 28.44188 

C1orf21 1.158321 3.671876 1.61E-21 20.79223 

SLC36A1 1.147335 3.538855 4.98E-21 20.30301 

ACTRT3 1.139778 2.403254 9.37E-17 16.02841 

PDE9A 1.127694 2.708322 3.88E-18 17.41104 

EPHA3 1.124071 2.899606 4.03E-18 17.39459 

ADAMTSL4 1.122968 2.99486 2.74E-16 15.56222 

EGFR 1.116382 4.090148 1.53E-23 22.81513 

SLC10A1 1.107889 4.254268 9E-25 24.04581 

PRKD1 1.107329 2.359469 4.81E-15 14.31762 

KCNG2 1.096798 3.577826 4.3E-21 20.36638 

PLXNA4 1.090409 3.974074 3.56E-23 22.44857 

CEBPA 1.087577 2.633923 2.24E-17 16.64993 

ZNF483 1.08324 4.057451 1.26E-23 22.8996 

 

 

 

 

Table 18: First 100 genes downregulated in the PHG vs. PNG 

names logfc logexprs pvals_adj log_pvals_adj 

CDH17 -0.88728 2.58978 6.7E-12 11.17378 

RPS3A -0.88812 10.30699 2.69E-39 38.57089 

INA -0.89013 3.340901 1.91E-13 12.71836 

SNTB1 -0.89378 2.336769 8.53E-13 12.06902 

HADH -0.89962 8.547736 6.15E-34 33.21085 

GPATCH11 -0.90147 5.974116 2.24E-27 26.64955 

PSME1 -0.9021 5.086617 4.52E-24 23.34472 

ARPC5 -0.90787 5.500655 9.43E-26 25.02561 

PLS3 -0.91001 3.111045 1.62E-15 14.79 

ROM1 -0.91134 2.842402 3.78E-14 13.42222 

CD247 -0.91369 4.343675 4.03E-20 19.39484 

SLC2A2 -0.91644 7.340356 3.74E-31 30.42728 

RACK1 -0.91838 9.763996 1.37E-38 37.86417 

DHRS4 -0.92239 2.384148 2.01E-12 11.69607 

CYRIA -0.924 3.21961 3.07E-16 15.51263 

APEX1 -0.92436 4.26272 1.22E-19 18.91226 

SNCG -0.92824 3.238877 9.79E-16 15.00923 

RPS4X -0.93494 10.33094 1.94E-39 38.71194 

PSMB8 -0.93705 3.315556 5.72E-15 14.24289 

PRXL2B -0.9412 4.609724 3.36E-22 21.47331 

ST8SIA5 -0.94298 2.819035 1.65E-14 13.78174 

MAP4K1 -0.95357 2.160865 8.04E-13 12.09471 

TES -0.95557 2.899605 9.25E-15 14.03401 
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COX7C -0.96275 7.178196 1.86E-31 30.73008 

TNFRSF11A -0.96662 4.274279 3.39E-21 20.46982 

ASIC1 -0.96808 3.918211 1.5E-19 18.82285 

TFF2 -0.97199 2.344586 8.11E-13 12.09114 

CRYBA2 -0.97221 6.854855 8.24E-32 31.08384 

PLPPR4 -0.97393 2.686736 6.43E-14 13.19191 

TRIB2 -0.97437 5.236696 1.66E-24 23.78049 

WFDC1 -0.97507 5.210097 8.42E-25 24.0747 

HEBP1 -0.97636 3.671179 2.91E-18 17.53605 

GBA3 -0.977 6.130973 7.3E-29 28.13654 

RARRES2 -0.97801 5.529417 6.18E-27 26.20872 

ENTPD3 -0.98032 4.363835 7.11E-22 21.14833 

AARD -0.98139 5.751599 1.54E-26 25.81335 

EFEMP2 -0.98524 2.478795 1.33E-13 12.8777 

CNTN4 -0.99405 4.785563 1.56E-23 22.80695 

PIK3IP1 -1.00351 3.749657 5.14E-19 18.28939 

C1orf194 -1.00413 4.254023 6.17E-22 21.21003 

ANXA2 -1.00884 9.37683 1.77E-36 35.75186 

ZFY -1.01428 4.006881 6.49E-20 19.1877 

CEACAM16 -1.01947 2.287112 1.54E-13 12.81382 

TSTD1 -1.02914 4.900044 4.3E-24 23.36686 

MKRN2OS -1.03055 3.186632 2.71E-17 16.56772 

CASP3 -1.03736 3.354574 4.97E-17 16.30346 

ACVR1C -1.04092 3.47668 4.95E-18 17.30558 

PTER -1.04333 2.456115 1.21E-13 12.91666 

GLIPR2 -1.05682 3.527885 1.54E-18 17.81216 

JUP -1.05757 4.034189 3.23E-20 19.4904 

PLA2G10 -1.06682 2.656444 8.15E-16 15.08873 

CFAP300 -1.07018 2.761667 5.68E-16 15.2455 

ZNF467 -1.07187 3.289023 4.96E-18 17.30453 

ESM1 -1.07907 7.797595 1.65E-34 33.78288 

SMAD9 -1.08289 4.255607 1.27E-21 20.89614 

ENTPD5 -1.08642 4.540023 5.06E-24 23.29597 

PROS1 -1.10305 3.134636 6.58E-18 17.18207 

FEV -1.11051 3.28578 2.12E-17 16.67448 

NFIX -1.11327 3.283657 1.05E-17 16.97793 

CRACR2B -1.1196 2.566437 1.94E-15 14.7126 

HIGD1A -1.12534 6.88973 1.43E-33 32.84384 

EPB41L4A -1.12713 4.132599 2.09E-22 21.68028 

LZTS1 -1.13905 2.599383 4.19E-15 14.37803 

DDAH2 -1.14113 3.800651 3.2E-21 20.49533 

NR1D1 -1.15248 3.660699 2.75E-20 19.56014 

LYPD6B -1.15598 4.34066 1.72E-22 21.76342 

SLC38A2 -1.16185 4.521077 2.7E-24 23.56819 

TMEM141 -1.1874 5.801254 3.49E-30 29.4576 

DCX -1.19843 5.389401 1.11E-27 26.95314 
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ABRACL -1.20216 3.030198 4.23E-18 17.37336 

GABRD -1.20661 2.410296 5.41E-16 15.26644 

RND3 -1.22057 4.311487 9.78E-24 23.00978 

MAMDC2 -1.2277 3.480921 2.26E-19 18.64617 

OR51E1 -1.23953 3.821675 4.19E-22 21.37827 

CD82 -1.27889 2.320351 1.12E-15 14.95001 

RPL36A-

HNRNPH2 

-1.28794 8.551686 1.07E-39 38.96993 

ADRA2A -1.2971 3.455201 4.72E-20 19.32639 

RSPH9 -1.3047 3.17516 4.23E-19 18.37393 

CLRN3 -1.32311 3.961523 2.81E-23 22.55097 

TEF -1.3294 4.639092 1.53E-26 25.81431 

PCDH7 -1.34614 3.200948 3.63E-19 18.44049 

TNFAIP8 -1.35894 2.921744 1.57E-18 17.8049 

CALML4 -1.36227 5.568856 2.66E-31 30.57589 

SLIT3 -1.40107 2.854988 5.76E-19 18.2393 

ATP6V1D -1.42818 6.717596 2.27E-36 35.64437 

LYL1 -1.49824 2.664101 2.93E-18 17.53328 

CIART -1.54204 3.818136 6.5E-24 23.18681 

IFITM3 -1.56332 7.155524 3.59E-31 30.44522 

MGAM -1.56582 3.429148 8.11E-23 22.09124 

AP1S2 -1.57796 6.951142 1.7E-37 36.77041 

SPON1 -1.63432 3.139629 4.24E-21 20.37288 

DBP -1.69719 5.462463 3.47E-31 30.46006 

LRRN3 -1.72587 5.94403 5.21E-35 34.28328 

NUPR1 -1.83217 4.887647 1.57E-30 29.80333 

PRSS35 -1.84195 4.033065 2.55E-27 26.59311 

FAM13C -1.91229 3.362718 1.85E-23 22.73362 

FRZB -1.95495 3.4978 1.24E-24 23.90593 

CDA -2.1481 6.21477 3.33E-39 38.47746 

NRXN3 -2.181 3.287481 2.95E-25 24.53028 

LSM6 -2.23399 6.955934 1.06E-41 40.97434 

MFAP2 -2.36575 2.896124 6.25E-24 23.20405 

CALB1 -2.60929 5.782667 2.92E-38 37.53533 



XIV. Acknowledgment      156 

 


