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RESUMO 

O Estudo do impacto da hiperglicemia no desenvolvimento pulmonar da galinha 

A hiperglicemia na gravidez é considerada um problema de saúde pública, estimando-se que 

aproximadamente uma em seis gravidezes são afetadas. No primeiro trimestre da gravidez, a 

hiperglicemia não controlada pode afetar a organogénese, resultando em malformações congénitas 

severas. Anomalias nos sistemas craniofacial, cardiovascular, gastrointestinal, urogenital, 

musculoesquelético e nervoso central têm sido associadas com a diabetes na gravidez. No entanto, o 

impacto da hiperglicemia no desenvolvimento do pulmão ainda não foi explorado. 

Assim, o principal objetivo deste projeto é estudar o impacto da hiperglicemia no processo de 

ramificação pulmonar, usando explantes de pulmão do embrião de galinha in vitro, expostos a diferentes 

concentrações de glucose. Após a cultura de explantes de pulmão, foi realizada uma análise 

morfométrica e de ramificação do pulmão, e os explantes foram também processados para estudos de 

expressão de genes. Desta forma, o padrão de expressão dos recetores de insulina e IGF (igr1r, igf2r, 

insr), das enzimas lactato desidrogenase (ldha, ldhb) e genes relacionados com a diferenciação do tecido 

pulmonar (sox2 e sox9), foram avaliados por hibridização in situ. Além disso, os níveis de expressão de 

transportadores de glucose (glut1, glut3), enzimas do catabolismo da glucose (hk1, pfk1) e genes 

relacionados com o processo de ramificação do pulmão (fgf10, shh e wnt7b), foram avaliados por qPCR. 

Os explantes de pulmão expostos a níveis elevados de glucose apresentaram uma diminuição da 

área total do pulmão, e da área e perímetro epitelial do pulmão, assim como uma diminuição no número 

de brônquios secundários formados após a cultura de explantes. Além do mais, os transportadores de 

glucose e as enzimas glicolíticas também estavam diminuídos, exceto a enzima ldhb, que aumentou a 

sua expressão nos pulmões expostos a níveis elevados de glucose. Os níveis de expressão de fgf10, shh 

e wnt7b, importantes para a ramificação do pulmão em desenvolvimento, também se mostraram 

alterados como consequência da exposição da hiperglicemia. Assim, estas alterações moleculares 

podem explicar o impacto morfológico observado no pulmão embrionário de galinha, como consequência 

de hiperglicemia.  Em suma, estes resultados mostram que a hiperglicemia pode ter impacto na 

organogénese do pulmão de galinha ao nível morfológico, metabólico e molecular. Este trabalho contribui 

para averiguar os potenciais efeitos adversos da hiperglicemia na organogénese do pulmão, que podem 

contribuir para o desenvolvimento de malformações congénitas e outras complicações respiratórias. 

 

Palavras-chave: Hiperglicemia na gravidez, desenvolvimento pulmonar, ramificação pulmonar, 

embrião de galinha 
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ABSTRACT 

Studying the impact of hyperglycemia in chick lung branching morphogenesis 

Hyperglycemia in pregnancy is considered a major public health concern, and it is estimated that 

it can affect approximately one in six pregnancies. Uncontrolled hyperglycemia in the first trimester of 

pregnancy can affect organogenesis, resulting in severe congenital malformations. Abnormalities in 

craniofacial, cardiovascular, gastrointestinal, urogenital, musculoskeletal, and central nervous systems 

have been associated with diabetes in pregnancy. However, the impact of hyperglycemia on early lung 

development has not been explored yet. 

In this sense, the main goal of this project is to study the impact of hyperglycemia in early lung 

branching morphogenesis using in vitro chick lung explants exposed to different glucose concentrations. 

After lung explant culture, branching and morphometric analysis were performed, and lung explants were 

also processed for gene expression studies. The expression pattern of insulin/IGF receptors (igr1r, igf2r, 

insr), lactate dehydrogenase enzymes (ldha, ldhb), and lung patterning-related genes (sox2 and sox9) 

were assessed by in situ hybridization. Furthermore, expression levels for glucose transporters (glut1, 

glut3), glucose catabolism enzymes (hk1, pfk1), and lung branching-related genes (fgf10, shh and wnt7b) 

were evaluated by qPCR. 

Lung explants treated with high glucose levels exhibited a decrease in the total area, the epithelial 

area and perimeter of the lung, and a reduced number of secondary buds formed after 48-hour culture. 

Moreover, glucose transporters and glycolytic enzymes expression levels were also decreased, except for 

ldhb, which showed increased expression in glucose-treated embryonic lungs. Regarding the expression 

levels of fgf10, shh and wnt7b, important players underlying lung branching morphogenesis, an 

impairment was also observed as a consequence of hyperglycemia exposure. Overall, these molecular 

alterations might explain the hyperglycemic-related morphological impact observed in the chick embryonic 

lung. Altogether, these results imply that hyperglycemia exposure can impair early chick lung 

organogenesis at the morphological, metabolic, and molecular levels. This work brings new insights into 

the potential adverse effects of hyperglycemia on early lung organogenesis that may ultimately contribute 

to developing congenital lung malformations and other abnormal respiratory outcomes.  

 

 

Keywords: Hyperglycemia in pregnancy, lung development, branching morphogenesis, chicken embryo 
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1. Introduction 

1.1 Diabetes mellitus  

Diabetes mellitus (DM) is a chronic metabolic disease that is steadily increasing in prevalence over 

the last decades, being considered by the World Health Organization (WHO) as a major public health 

concern (WHO, 2016). It is estimated that approximately 537 million people worldwide suffer from DM, 

and it is projected that this number will increase by approximately 50% in 2045 (Sun et al., 2022). DM 

can be responsible for several complications, such as chronic kidney disease, cardiovascular diseases, 

nerve damage, retinopathy, and foot ulceration (IDF, 2021). Besides, it is known that, in 2021, around 

6.7 million people will have died due to DM or its complications (IDF, 2021).  

Diabetes is characterized by high blood glucose levels, namely hyperglycemia. It occurs when the 

body cannot produce enough insulin or due to its incapacity to use the insulin it produces. Insulin is a 

hormone secreted by the β cells of the pancreatic islets, and its main function is to regulate blood glucose 

levels, allowing glucose to enter the cells, where it will be stored and used as an energy source (Rahman 

et al., 2021). DM is classified as type 1 diabetes mellitus (T1DM) or type 2 diabetes mellitus (T2DM). 

T1DM occurs due to autoimmune destruction of pancreatic β cells, resulting in decreased insulin 

production and, consequently, hyperglycemia (DiMeglio et al., 2019). T1DM is most frequently diagnosed 

in children and young adults and is associated with various symptoms, such as polyuria, polydipsia, 

blurred vision, and weight loss, as the most common ones (Craig et al., 2009). On the other hand, T2DM 

consists of the incapacity of the cells to respond to insulin, most of the time associated with insulin 

resistance, resulting in a decrease in the uptake of glucose by the muscle and adipose tissue, leading to 

increased blood glucose levels (Zheng et al., 2018). T2DM is responsible for approximately 90% of all 

diabetes worldwide, and obesity has been associated as a major risk factor (IDF, 2021). The symptoms 

are very similar to the ones in T1DM, although patients usually have no symptoms at the first stages of 

the disease and remain undiagnosed until complications appear. In fact, approximately 50% of adults 

between 20 and 79 years old with diabetes in the world are unaware of their condition (Ogurtsova et al., 

2022). Thus, early diagnosis and treatment are very important at the initial stages of the disease to avoid 

severe complications in the future.  

Diabetes is generally diagnosed by fasting plasma glucose concentration ≥7.0 mmol/L or two-hour 

after 75 g oral glucose tolerance test (OGTT) concentration ≥11.1 mmol/L. In the presence of symptoms, 

diagnosis can be based on a random venous plasma glucose concentration ≥11.1 mmol/L (Petersmann 

et al., 2019). Hemoglobin A1c (HbA1c) can also be measured to diagnose diabetes (≥6.5%), which 
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determines the amount of HbA1c attached to glucose, suggesting the average level of blood glucose over 

the past two to three months (Petersmann et al., 2019). Intermediate conditions of diabetes, usually 

termed “prediabetes”, can also be detected when blood glucose levels are too high to be normal even 

though they are below the threshold to be considered diabetes. Prediabetes refers to impaired glucose 

tolerance (IGT) and impaired fasting glucose (IFG), resulting in a higher risk of developing T2DM and its 

related complications, mainly cardiovascular diseases (Punthakee et al., 2018).  

Patients with T1DM are typically treated with insulin injections to control blood glucose levels, while 

T2DM patients usually need oral medication, including antidiabetic metformin, as the most used one (Tan 

et al., 2019). In the last case, insulin injections can also be necessary if medication alone is insufficient 

to control hyperglycemia or in combination with other antidiabetic drugs (Tan et al., 2019). Overall, 

lifestyle improvement, such as a healthy diet and physical activity, is essential to prevent severe 

complications associated with the disease and to control blood glucose levels (IDF, 2021). 

 

1.2 Hyperglycemia in pregnancy 

Hyperglycemia is also a common complication during pregnancy, and it is estimated that it can 

affect approximately one in six pregnancies due to an increase in diabetic patients, including women of 

childbearing age (IDF, 2021). It negatively impacts both mother and child, increasing the risk of congenital 

malformations, stillbirth, macrosomia, and maternal morbidity and mortality (Sweeting et al., 2016). 

Maternal diabetes is known to affect embryonic development due to the teratogenic effect of 

hyperglycemia. However, the severity of the consequences for the offspring will depend on the timing of 

the exposure, along with genetic and metabolic factors. 

Hyperglycemia first detected in pregnancy can be classified as diabetes in pregnancy (DIP) or 

gestational diabetes mellitus (GDM; WHO, 2014). The first refers to women with uncontrolled and 

undiagnosed hyperglycemia only detected during early pregnancy, while GDM refers to temporary 

hyperglycemia acquired during pregnancy (Guariguata et al., 2014). DIP has been associated with the 

worst health consequences for the offspring compared to GDM, and consequently, it has been described 

as a major teratogenic factor (Azad et al., 2017). However, most studies do not distinguish between both 

types of hyperglycemia during pregnancy. In fact, diabetes is usually detected between 24 and 28 weeks 

of gestation, when an OGTT is recommended, by measuring plasma glucose concentration while fasting 

and one and two hours after 75 g glucose ingestion (Guariguata et al., 2014). Thus, some pregnant 

women with undiagnosed diabetes onset before pregnancy can be misdiagnosed with GDM as it is usually 

only detected in the second trimester of pregnancy.   



3 

Uncontrolled hyperglycemia in the first trimester of pregnancy can affect organogenesis, resulting 

in severe congenital malformations (Ornoy et al., 2021). Indeed, abnormalities in the craniofacial, 

cardiovascular, gastrointestinal, urogenital, musculoskeletal, and central nervous systems have been 

linked with DIP, resulting in impaired embryonic development (Ding et al., 2020).  

Conversely, GDM affects later stages of development, mostly associated with excessive fetal 

growth, leading to macrosomia as the most common consequence. High glucose levels in the mother will 

increase glucose transport across the placenta through the expression of glucose transporters (GLUTs), 

leading to hyperglycemia in the fetus (Ornoy et al., 2021). Consequently, there is an increase in fetus 

adipose tissue, enhancing fetal growth (Ornoy et al., 2021). Moreover, there is an increased risk of 

developing metabolic and cardiovascular disorders later in childhood (Bianco and Josefson, 2019). 

Additionally, it is also known that the insulin/insulin-like growth factor (IGF) system impairs fetal 

growth and development caused by maternal hyperglycemia, due to a deregulation in the expression of 

IGF1, IGF2 and their receptors, insulin receptor (INSR), IGF1 receptor (IGF1R) and IGF2 receptor (IGF2R; 

Hiden et al., 2009). However, the mechanisms behind these alterations are not well-established. 

The occurrence of lung-associated defects has been related to maternal metabolic health; however, 

the underlying mechanisms have not been dissected so far, and there is an evident lack of information 

regarding hyperglycemia-related events in early lung development. Insults occurring during the early 

stages of embryo development increase the risk of disturbing lung organogenesis and result in congenital 

anomalies, whereas if development is perturbed at later stages, the impact is at the functional level 

(Yammine and Latzin, 2020; Fig. 1). In this sense, gestational diabetes delays fetal lung maturation; it 

disturbs surfactant protein production (Baack et al., 2016), increasing the risk of respiratory distress 

syndrome and predisposing other respiratory diseases, such as asthma and wheezing later in childhood 

(Azad et al., 2017). However, up to now, the impact of diabetes in pregnancy on early lung development 

has not been explored. 

Further studies are needed to study the impact of hyperglycemia in early embryonic development, 

as it carries serious complications in organogenesis. Moreover, most studies focus on late stages of 

development and usually do not distinguish between DIP and GDM.  
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1.3 Embryonic Development  

Embryonic development is characterized by the formation and organization of all organs that 

establish an organism. Embryonic development comprises the first eight weeks of human development, 

where the developing human is termed as an embryo, after which it is referred to as a fetus (Biga et al., 

2008).  

After fertilization occurs, the zygote undergoes a series of cell divisions until the formation of a 

blastocyst, a spherical structure with an inner cell mass (ICM), which will later give rise to the embryo. 

The outer layer of the blastocyst consists of trophoblast cells, which will develop into extraembryonic 

tissues (el Azhar and Sonnen, 2021). The ICM will then differentiate into epiblast cells and primitive 

endoderm. After implantation of the blastocyst in the uterus, gastrulation occurs, meaning that epiblast 

cells will give rise to the three germ layers: endoderm, mesoderm, and ectoderm. Following gastrulation, 

organogenesis will be responsible for the formation of all organs, where cells from each germ layer will 

differentiate and grow into multiple tissues (Rossant and Tam, 2022). Cellular and molecular processes 

are highly regulated throughout organogenesis, contributing to normal organ development. Thus, insults 

occurring during this period can affect organogenesis, increasing the risk of congenital malformations. 

Moreover, this period is more sensitive to teratogens, which can impair growth and structure of the 

developing embryo or fetus, resulting in birth defects (Alwan and Chambers, 2015). On the other hand, 

if the development is perturbed at later stages of development, the impact is at the functional level 

Figure 1 - Hyperglycemia in pregnancy and respiratory outcomes for the offspring, considering the timing 
of hyperglycemia exposure. Adapted from Azad et. al, 2017. 



5 

(Yammine and Latzin, 2020). Therefore, the timing of teratogenic exposure will result in different 

consequences.  

Several animal models are used to study human developmental biology, such as the nematode 

Caenorhabditis elegans, the fruit fly Drosophila melanogaster, the zebrafish Danio rerio, the mouse Mus 

Musculus and, importantly, the chicken Gallus gallus (Stern, 2004). The chicken embryo model has 

played an essential role in understanding human development, and it has also contributed to numerous 

fields such as immunology, genetics, virology, cancer, and cell biology (Rashidi and Sottile, 2009). 

 

1.4 Chicken embryo model  

The first model system used in developmental studies was the chicken embryo when, around 350 

BC, Aristotle first opened hen’s eggs in different stages and monitored the progression of embryonic 

development (Wolpert, 2004). In 1951, Viktor Hamburger and Howard Hamilton described the 46 

chronological stages of chicken embryo development, from laying the egg to a newly hatched chick 

(Hamburger and Hamilton, 1951). This illustrated series of 46 stages is known as the Hamburger-

Hamilton (HH) developmental table; it is still consistently used, allowing reliable reporting regarding the 

staging of the chicken embryo and, consequently, the reproducibility between researchers worldwide. In 

the last decades, the chicken embryo has contributed to several findings regarding human embryonic 

development due to its several advantages over mammalian models, making it a successful animal model 

to study development.  

The chicken embryo is an accessible, affordable, and nutritionally self-sufficient animal model. 

Moreover, it is easy and cheap to maintain, without the requirement of specific facilities, and it has a 

short incubation period of 21 days (Bjørnstad et al., 2015). Importantly, the chicken embryo develops 

independently of the mother; thus, it is not necessary to euthanize the mother to access the embryo. 

Also, chicken embryo manipulation does not require in utero surgeries as it occurs in the mouse and rat 

model (Panda and McGrew, 2021). Embryo manipulation in ovo can be performed by cutting a small 

window in the eggshell, enabling access to the embryo, which can then be sealed after any manipulation 

performed in the chicken embryo, allowing the observation of the experiment’s outcome without 

perturbing embryo development (Korn and Cramer, 2007). The chicken embryo can also be removed 

from the eggshell and cultured ex ovo, which may be useful for some types of embryo manipulation, for 

instance, in microsurgeries and imaging (Dohle et al., 2010). Tissue explant in vitro is also described for 

the chicken embryo, where the organ architecture is maintained, allowing to study the impact of specific 

molecules in organ development (Bednarczyk et al., 2021). 
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The main disadvantage of the chicken embryo model is the fact that it is not mammalian. Thus, 

translating the results obtained from the chicken embryo model to humans may sometimes be 

challenging. Nevertheless, the chicken is phylogenetically more similar to mammals than other animal 

model systems used in developmental biology, such as the zebrafish and the nematode worm (Bjørnstad 

et al., 2015). In fact, the chicken and human genomes share approximately 70% homology; at the early 

stages of development, both chicken and human embryos have very similar morphology, and most of the 

embryonic developmental processes are also conserved (Shi et al., 2014). Additionally, both are 

amniotes, meaning that during embryogenesis, they develop within the amnion, an extraembryonic 

membrane.  

Due to the well-known advantages and applications of the chicken embryo model, this animal 

system has become widely used as a replacement for experiments with mammalian models, being a 

valuable tool for studying embryonic development. 

 

1.5 Chick lung development  

Lung organogenesis is a complex process consisting of epithelial-mesenchymal interactions, highly 

coordinated and regulated by several signaling pathways, contributing to the formation of a fully functional 

organ (Caldeira et al., 2021). Despite the differences between mammalian and chick adult lung 

morphology, the molecular events underlying early lung organogenesis are very similar. For instance, the 

lateral branching observed in the chick lung is very similar to the domain branching that occurs during 

mammalian lung development (Maina, 2012); also, the signaling pathways underlying chick lung 

branching appear to be highly conserved between both species (Fernandes-Silva et al., 2017; Moura et 

al., 2011, 2014, 2016). Therefore, the chicken embryo model has been successfully used as an 

alternative to studying lung branching morphogenesis. 

 

1.5.1 Respiratory progenitors  

The primordial chick lung starts developing on day 3 of embryogenesis, emerging from the primitive 

foregut endoderm (Moura and Correia-Pinto, 2017). In the chicken embryo lung, the epithelial 

compartment derives from the endodermal germ layer, while the mesenchyme arises from the 

mesoderm. Moreover, the respiratory tract cell specification is characterized by the expression of the 

transcription factor NKX2.1 (or TTF1) in the endodermal cells of the ventral anterior foregut. Endodermal 

budding and splitting of the respiratory tract and esophagus is characterized by the expression of tbx4, a 
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member of conserved T-box-containing transcription factors present in the mesoderm surrounding the 

primordial lung (Sakiyama et al., 2003). tbx4 activates fgf10 (fibroblast growth factor 10) expression in 

the mesoderm, inducing primary bud formation by triggering nkx2.1 expression (Sakiyama et al., 2003). 

The single lung bud will then divide into two right and left primordial buds, which will grow distally; the 

secondary bronchi will then emerge laterally surrounded by mesenchyme, in a process known as 

branching morphogenesis (Fig. 2). 

The initial stages of the chick lung development can be classified according to the number of 

secondary buds formed: b1, b2, or b3 stage, with one, two, or three secondary buds, respectively (Moura 

and Correia-Pinto, 2017). Later, secondary bronchi will sprout laterally, and tertiary bronchi (parabronchi) 

are formed, which will then anastomose and connect to the secondary bronchi (Maina, 2003). The chick 

adult lung consists of the parabronchial tree, responsible for gas exchange through interaction with blood 

capillaries, and the air sacs, a cystic-like structure involved in controlling air movement (Maina, 2003; 

Moura and Correia-Pinto, 2017).  

 

 

 

Figure 2 – Schematic representation of chick embryonic respiratory tract development. Adapted from 
Sakiyama et al., 2003.  
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1.5.2 Branching morphogenesis  

Branching morphogenesis is characterized by sequential splitting of the airway epithelium into the 

surrounding mesenchyme; each lung bud undergoes a coordinated process of outgrowth, elongation, and 

bifurcation, giving rise to the respiratory airways. Branching morphogenesis is highly regulated by a 

network of signaling pathways that act through epithelial-mesenchymal interactions, such as Fibroblast 

Growth Factor (FGF), Sonic Hedgehog (SHH), Wingless-related Integration Site (WNT), among others. 

FGF signaling is extremely important for branching morphogenesis, as in vitro inhibition of FGF 

signaling in the chick lung induced abnormal lung growth, with cystic structures of the secondary buds, 

a decrease in branching, and a disruption of the mesenchymal tissue (Moura et al., 2011). Similarly, in 

the mouse model, fgf10 knockout mice failed to develop lungs, resulting in death at birth (Sekine et al., 

1999). fgf10 is expressed in the distal lung mesenchyme of chick lung; it stimulates distal epithelial 

growth by acting in the adjacent epithelium, where its specific cell surface receptor (FGF2R) is expressed 

(Moura et al., 2011). fgf2r activation leads to the expression of shh, spry2 (Sprouty 2) and bmp4, which 

will regulate the process of bud formation. spry2 is expressed in the epithelium and acts as negative 

feedback for fgf10 expression, thus inhibiting lung outgrowth. 

Additionally, shh is also expressed in the epithelium and its signaling cascade includes the cell 

surface transmembrane receptor patched (ptch) and G protein-coupled transmembrane spanning protein 

smoothened (smo). In the absence of SHH, PTCH binds to SMO, suppressing its activity. However, when 

shh is expressed, it binds to ptch, which in turn activates smo, triggering the expression of glioblastoma 

(GLI) zinc finger transcription factor, resulting in the inhibition of fgf10 expression (Fernandes-Silva et al., 

2017). While SHH is expressed in the epithelium, PTCH, SMO and GLI are present in the mesenchyme 

of the embryonic lung, eliciting epithelial-mesenchymal interactions occurring in SHH signaling. 

Accordingly, SHH signaling pathway restricts fgf10 expression to the mesenchyme distal tip of lung buds; 

it inhibits its expression in the interbud region, promoting the bifurcation of the distal tip, establishing a 

new bud (Moura et al., 2016). At branch tips, shh is suppressed by hhip (hedgehog-interacting protein) 

expression, allowing fgf10 mesenchymal expression and, consequently, lung bud outgrowth. Moreover, 

fgf10 also stimulates shh expression in a negative feedback loop that regulates bud formation. This 

interaction between fgf10 and shh in a temporal-spatial manner is particularly important for branching 

morphogenesis, contributing to developing a fully functional organ. 

WNT signaling also plays an important role during lung branching morphogenesis process. 

Canonical WNT ligands in both epithelium and mesenchyme, bind to the Frizzled (FZD) transmembrane 

receptors, thus stabilizing β-catenin in the cytoplasm and leading to its accumulation in the nucleus (Aros 
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et al., 2021). Once in the nucleus, β-catenin interacts with different transcription factors, activating the 

transcription of several downstream targets of WNT signaling pathway (Aros et al., 2021). In particular, 

wnt7b is expressed throughout all pulmonary epithelium, specifically in the distal tips and secondary 

buds; it is associated with proper lung mesenchymal proliferation and differentiation and vascular 

development (Moura et al., 2014). In fact, wnt7b knockout mice exhibited lung hypoplasia due to defects 

in early mesenchymal proliferation, resulting in respiratory failure and perinatal death (Shu et al., 2002). 

Moreover, wnt2/wnt2b are both important at earlier stages during endodermal specification, by 

promoting nkx2.1 expression (Aros et al., 2021).  

Furthermore, other transcription factors are involved in this complex process of early lung 

organogenesis, such as sox2 and sox9, which determine the proximal-distal patterning of the respiratory 

airways. Regarding the chick lung, sox2 is expressed in the epithelium of primary bronchus, except for 

the distal tips, being associated with proximal epithelium expression (Fernandes-Silva, Vaz-Cunha, et al., 

2017). Conversely, sox9 has been associated with distal epithelium expression, as it is mainly expressed 

in the epithelium of secondary bronchi, and in the distal epithelial tips of the lung (Fernandes-Silva, Vaz-

Cunha, et al., 2017). Thus, the spatial distribution of sox2 and sox9 is most likely involved in controlling 

the proliferation and differentiation of proximal and distal airways, respectively, as it occurs with the 

mammalian lung (Zhu et al., 2012). 

Other numerous signaling pathways are also involved in lung organogenesis, and the interplay 

between them results in the formation of a fully functional organ. Figure 3 shows a schematic 

representation of some of the signaling pathways involved in mammalian lung branching morphogenesis 

and its epithelial-mesenchymal interactions, which overall matches with the events underlying embryonic 

chick lung development.   
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1.6 Metabolism and embryonic development 

 In recent years, metabolism has emerged as a new player during embryonic development beyond 

its canonical function. It has been linked to several biological and cellular processes, such as cell 

signaling, differentiation, and proliferation during embryonic development (Miyazawa and Aulehla, 2018). 

As an example, it has been uncovered a non-canonical role of glucose metabolism during the early stages 

of embryo development. 

Several studies have shown that metabolism is regulated both in time and space, and its functions 

can be distinguished in bioenergetic and metabolic signaling functions (Fig. 4). The bioenergetic function 

comprises the canonical activity needed to produce energy and biomass depending on the metabolic 

requirements of the tissue/cells, which can change over time. On the other hand, metabolic signaling 

function is associated with metabolites which play a role as rate-limiting factors, resulting in epigenetic 

and/or protein post-translational modifications (Miyazawa and Aulehla, 2018). For instance, it has been 

described that increased levels of acetyl-CoA, an important metabolite involved in energy production in 

mitochondria, induces histone acetylation at growth-related genes, enhancing transcription and 

consequently, cell growth and proliferation (Cai et al., 2011). Moreover, non-metabolic moonlight 

Figure 3 - Overview of molecular signaling pathways during lung branching morphogenesis and its 
epithelial-mesenchymal interactions. Adapted from Akram et al., 2016. 
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functions of metabolic enzymes and metabolites have been recently described, which are related to the 

nuclear roles of glycolytic enzymes in signaling or gene expression regulation (Miyazawa and Aulehla, 

2018). For instance, the pyruvate kinase PKM2 isoform, which converts phosphoenolpyruvate (PEP) into 

pyruvate, induces the flux of glycolytic intermediates into the pentose phosphate pathway and one-carbon 

metabolism to answer the metabolic requirements of biomass production. However, PKM2 can also be 

translocated to the nucleus by epidermal growth factor (EGF) stimulation, where it interacts with β-catenin, 

leading to the transcription of cyclin D1 and Myc, promoting cell cycle progression (Boukouris et al., 

2016).    

Glycolytic metabolism plays an important role during embryonic development, and aerobic 

glycolysis is required in cells with high proliferative rates instead of oxidative phosphorylation, resembling 

the Warburg effect that occurs in cancer cells (Gándara and Wappner, 2018). Recent studies have shown 

the presence of a glycolytic activity gradient in mouse presomitic mesoderm (PSM). Cells present in the 

posterior region of the PSM, which are more undifferentiated, displayed higher aerobic glycolytic activity 

than the cells in the most anterior (differentiated) region (Bulusu et al., 2017). This study highlights the 

importance of spatiotemporal metabolic changes throughout PSM development and differentiation. 

Furthermore, a relationship between signaling and metabolic gradients was also described in the PSM of 

the chicken embryo (Oginuma et al., 2017). It is known that FGF and WNT signaling exhibit a gradient 

activity within the PSM, which controls somite formation and PSM patterning and differentiation. Recently, 

Figure 4 – Representation of the different functions of metabolism and its respective roles. Adapted 
from Miyazawa et al., 2018. 
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a glycolytic gradient linked to the FGF/WNT signaling gradient has been described. Briefly, FGF signaling 

induces transcription of several glycolytic enzymes, creating a glycolytic gradient, increasing WNT 

signaling activity, controlling PSM development in the chicken embryo (Oginuma et al., 2017).   

 Regarding the embryonic lung, the molecular mechanisms underlying early pulmonary 

development are quite well known; however, still little is known about the metabolic requirements of the 

embryonic lung. Glucose has been considered a major energy source for the mammalian adult lung 

through the uptake and catabolism of glucose (Liu and Summer, 2019).  

Recent studies have shown that embryonic chicken lung adapts to a glycolytic lactate-based 

metabolic profile, which seems to be important in early lung branching morphogenesis (Fernandes-Silva 

et al., 2021). This study shows that, at the beginning of lung branching morphogenesis process, glucose 

consumption is higher, and it decreases as branching proceeds, suggesting the contribution of other 

nutrients to sustain high proliferative rates. Moreover, lactate production increased with the increase of 

lung branching, which can be related to the need to obtain fast energy in high proliferative systems 

associated with organ growth and development. Total lactate dehydrogenase (LDH) levels also increased 

with branching, which may account for the observed lactate levels. Furthermore, a constant oxygen 

consumption rate was detected throughout branching, suggesting that the embryonic lung favors 

glycolytic metabolism rather than oxidative phosphorylation. 

The crosstalk between molecular signaling pathways and metabolism appears to be crucial for 

normal organ development. Maternal hyperglycemia exposure during early pregnancy can alter the 

embryonic metabolic profile and impair proper lung organogenesis. However, these alterations and the 

underlying mechanisms are still poorly understood. 

In this sense, this project aims to study the effect of high glucose levels in early lung branching 

morphogenesis, using in vitro chick lung explants exposed to different glucose concentrations. In this 

work, we analyzed signaling and metabolic players to determine the molecular mechanisms contributing 

to hyperglycemia-related pulmonary phenotype and that may account for the adverse effects of 

hyperglycemia on lung development. 

 

  



13 

2. Aims   

 Diabetes in pregnancy has been shown to affect the development of several organs, although its 

effect on early lung organogenesis remains poorly understood. In this sense, the main goal of this project 

is to characterize the impact of hyperglycemia in branching morphogenesis using the embryonic chick 

model. 

 Accordingly, in vitro chick lung explants were exposed to high glucose levels, and the impact on 

the signaling pathways underlying early lung events, such as patterning and branching, were assessed 

by in situ hybridization and qPCR. Additionally, glucose catabolic machinery and hormonal components 

were evaluated by in situ hybridization and qPCR in hyperglycemia-exposed lungs. Overall, this project 

aims to bring new insights into the mechanisms triggering hyperglycemic congenital abnormalities, 

unveiling glucose teratogenic potential in lung development. 

 The specific aims of this project are as follows: 

 1. Characterize the impact of hyperglycemia in the developing chick lung at the morphological 

level. 

 2. Identify hyperglycemia-induced alterations in the molecular mechanisms underlying lung 

patterning and branching. 

 3. Assess the impact of hyperglycemia in glucose catabolism-related genes to uncover metabolic 

alterations. 

 5. Determine insulin-related hormonal response induced by high glucose levels exposure. 
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3. Material and Methods 

3.1. Ethical Statement 

This work was carried out using the chicken embryo model (Gallus gallus) at early developmental 

stages. According to the Directive 2010/63/EU of the European Parliament and of the Council of 22 

September 2010 on the protection of animals used for scientific purposes, the use of fertilized chicken 

eggs does not require ethical approval from the review board institution or the ethical committee. 

Furthermore, the Portuguese Directive 113/2013 of 7 August 2013 does not contain restrictions on the 

use of non-mammalian embryos. 

 

3.2. Tissue Collection  

Fertilized chicken eggs, Gallus gallus, obtained from commercial sources, were incubated for 4.5 

to 5.5 days in a 49% humidified atmosphere at 37ºC (Termaks KB400, Norway). Embryos were dissected 

under a stereomicroscope (Olympus SZX16, Japan), and embryonic chick lungs were collected and 

classified as b1, b2, or b3, according to the number of secondary buds formed: 1, 2, or 3, respectively. 

Lungs were then processed for in vitro lung explant culture or in situ hybridization. Embryos were also 

collected and staged according to HH stages (Hamburger and Hamilton, 1951) and processed for in situ 

hybridization.  

 

3.3. In vitro lung explant culture 

Embryonic chick lungs were dissected in PBS (8.0% NaCl, 0.2% KCl, 0.2% KH2PO4, 1.2% 

Na2HPO4∙H2O; pH 7.2-7.4) and b2 stage lungs were collected for in vitro lung explant culture (Moura, 

2019). After dissection, lungs were transferred to nucleopore polycarbonate membranes with 8 µm pore 

size (Whatman, USA) in 24-well culture plates. 

Membranes were presoaked in 400 µL of medium 199 (5.5 mM glucose; Sigma, USA) for at least 

1 hour, at room temperature, before the lungs were placed in the membranes. Lung explants were then 

incubated with 200 µL of medium 199 with 5% heat-inactivated fetal calf serum (Invitrogen, USA), 10% 

chicken serum (Invitrogen), 1% L-glutamine (Invitrogen), 0.25 mg/mL ascorbic acid (Sigma) and 1% 

penicillin 5000 IU/mL combined with streptomycin 5000 IU/mL (Invitrogen), for 1 hour at 37ºC in a 5% 

CO2 incubator. Afterwards, explants were randomly assigned to one of four experimental groups and 
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exposed to medium with different D-glucose concentrations: control (5.5 mM), 25 mM, 50 mM, or 75 

mM. Explants were incubated for 48h at 37ºC in a 5% CO2 incubator, and the corresponding medium was 

replaced at 24h of culture. At the end of the culture, explants were fixed overnight at 4ºC in a 4% 

formaldehyde solution with 2 mM EGTA in PBS (pH 7.5) and processed for in situ hybridization or snap 

frozen in liquid nitrogen and stored at -80ºC for RNA extraction. 

 

3.4. Morphometric and Branching analysis  

Chick lung explants were photographed at 0h (D0), 24h (D1), and 48h (D2) with a camera 

(Olympus U-LH100HG) coupled to a stereomicroscope (Olympus SZX16). At D0 and D2, the total number 

of peripheral airway buds was determined for the branching analysis. Moreover, regarding the 

morphometric analysis, the epithelial area and perimeter, and total area of the lung were also assessed 

at D0 and D2 using AxioVision Rel. 4.8 software (Carl Zeiss GmbH, Germany). Morphometric and 

branching results were expressed as D2/D0 ratio. 

 

3.5. Whole mount in situ hybridization  

In situ hybridization is a semi-quantitative technique that allows us to detect and determine the 

spatial distribution of a specific mRNA sequence in cells, tissue sections, or in the entire tissue (whole 

mount in situ hybridization). This technique is based on the complementarity between the nucleotide 

sequence of interest and an antisense RNA probe, establishing a stable hybrid. The RNA probe is usually 

labeled with digoxigenin (DIG), which will be recognized by an anti-DIG antibody conjugated with alkaline 

phosphatase. When the substrates are added, a purple precipitate is formed in the areas where the RNA 

probe is present.  

 

3.5.1. RNA probe synthesis  

3.5.1.1. Cloning protocol 

Total RNA from an HH24 chicken embryo was extracted using TripleXtractor directRNA kit (Grisp, 

Portugal) according to the manufacturer’s instructions. RNA concentration was determined using 

Nanodrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA). Subsequently, 1 µg of RNA was 

treated with DNase I (Thermo Fisher Scientific) and reversely transcribed with GRS cDNA Synthesis kit 

(Grisp) to obtain cDNA. Briefly, RNA DNase-treated was mixed with dNTP mix and oligodT, and the 
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samples were heated at 65ºC for 5 minutes to remove secondary RNA structures, followed by 2 minutes 

of incubation on ice. Next, reaction buffer 5x, Xpert RTase, and RNase inhibitor were added, and samples 

were first heated at 50ºC for 50 minutes and then at 85ºC for 5 minutes to inactivate the enzyme. Lastly, 

cDNA samples were stored at -20ºC.  

Specific primers for chicken igf1r, igf2r and insr (Table 1) were designed using NCBI primer design 

tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were subsequently tested in 

conventional PCR, using NZY Taq 2x Green Master Mix (NZYTech, Portugal) and cDNA from chicken 

embryo as a template. PCR fragments were then cloned into the pCR™II-TOPO® vector (TOPO TA Cloning 

Kit, Invitrogen) using 4 µl of the PCR product, 1 µl of the TOPO vector and 1 µl of salt solution, followed 

by incubation at room temperature for at least 1 hour. Afterwards, the recombinant vectors were 

transformed into competent E. coli cells (NZYTech), plated in solid medium (LB/Ampicillin/IPTG/X-Gal) 

and incubated overnight at 37ºC. Subsequently, isolated white colonies were inoculated in LB (Luria-

Bertani) liquid medium plus ampicillin, overnight at 37ºC, 200 rpm. Plasmid DNA was then extracted 

using Genejet Plasmid Miniprep Kit (Thermo Fisher Scientific), and the presence of the fragment of 

interest was determined by conventional PCR and M13 plasmid universal primers. Afterwards, PCR 

products were analyzed in a 1% agarose gel and the expected size of the fragments was confirmed by 

comparison with a DNA molecular weight ladder (GRS Universal Ladder). Plasmid DNA with the correct 

insert size was sequenced (GATC Biotech, Germany) and the fragment orientation was determined.  

To obtain enough DNA template for the in vitro transcription step, DNA containing the fragments 

of interest were then amplified by PCR using 500 ng of plasmid DNA and M13 plasmid universal primers. 

Afterwards, PCR products were analyzed in a 1% agarose gel. Subsequently, the DNA bands were excised 

from the agarose gel and DNA was isolated and purified using GRS PCR and Gel Band Purification Kit 

(Grisp), following the manufacturer’s instructions. DNA concentration was determined using Nanodrop 

Spectrophotometer and DNA was stored at -20ºC. Plasmid DNA for sox2 (Dady et al., 2012) and sox9 

(Domowicz et al., 2011) was already available in the lab.  
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3.5.1.2. In vitro transcription  

Antisense digoxigenin-labeled RNA probes for igf1r, igf2r, insr, ldha, ldhb, sox2 and sox9 were 

synthetized by an in vitro transcription reaction. For this purpose, 750 ng of DNA resulting from gel band 

purification was used as a template and mixed with dithiothreitol (DTT), DIG RNA labeling mix (Roche, 

Germany), transcription buffer (5x or 10x, depending on the RNA polymerase), ribonuclease inhibitor 

(RNasin; NZYTech) and RNA polymerase (according to fragment orientation in the plasmid; Table 2), 

following manufacturer’s instructions. This reaction mix was incubated at 37ºC for 3h, and after this 

period, probe synthesis was verified in a 0.8% agarose gel. Subsequently, DNase I (Thermo Fischer 

Scientific) and RNasin were added to the mixture on ice, followed by incubation at 37ºC for 30 minutes. 

Then, the RNA probes were precipitated with Tris-EDTA (TE), lithium chloride 4M (LiCl), and ethanol 100% 

and incubated at -80ºC for 45 minutes, protected from light. Afterwards, samples were centrifuged at 

14000 rpm for 30 minutes at 4ºC, and the supernatant was discarded. The pellet was washed with 

ethanol 70% and centrifuged again at 14000 rpm for 15 minutes at 4ºC. Then, the supernatant was 

discarded, and the pellet was resuspended in 50 µl of EDTA 10 mM. Probe synthesis was verified in a 

0.8% agarose gel at the end of the protocol. RNA probes were stored at -20ºC until they were used for in 

situ hybridization.  

 

 

* Fernandes-Silva et al., 2021 

 

Table 2 - RNA polymerase and the corresponding supplier and transcription buffer used for in vitro 
transcription during RNA probe synthesis for each gene. 

* Fernandes-Silva et al., 2021 

Table 1 - Primer sequences forward (Fw) and reverse (Rv) used for in situ hybridization and its annealing 
temperature and fragment expected size. 



18 

 

 

3.5.2. In situ hybridization protocol 

Lungs and embryos were fixed in a 4% formaldehyde solution with 2 mM EGTA in PBS (pH 7.5) at 

4ºC overnight. Tissues were then washed in PBT (PBS, 0.1% Tween 20), followed by dehydration in 

methanol, and stored at -20ºC. Whole mount in situ hybridization was performed as previously described 

(Moura, 2019). Tissues were first rehydrated through a methanol/PBT series: methanol/PBT (75:25), 

methanol/PBT (50:50), and methanol/PBT (25/75); and finally washed in PBT. To permeabilize the cell 

membrane, tissues were then incubated with a 0.05% proteinase K (Roche) solution in PBT, for exactly 2 

minutes for the lungs and 35 minutes for the HH24 embryos, and then washed with PBT. Lungs and 

embryos were then incubated with a post-fixing solution (10% formaldehyde and 0.4% glutaraldehyde in 

PBT) for at least 20 minutes and washed again with PBT. Subsequently, tissues were incubated with PBT 

and hybridization solution (50:50) (0.5% CHAPS, 50% formamide, 6.5% SSC, 1% EDTA 0.5 M, 0.2% Tween 

20, 0.25% t-RNA, 0.2% heparin) and then incubated with hybridization solution at 70ºC for at least 1h. 

Next, tissues were incubated with specific antisense DIG-labeled RNA probes previously synthetized, 

diluted in hybridization solution, at 70ºC overnight. On the next day, washes with pre-warmed hybridization 

solution were performed to remove the probe, and afterwards, tissues were washed first in hybridization 

solution with MABT (50:50) (5.8% C4H4O4, 4.4% NaCl, 7% NaOH, 1% Tween 20, pH 7.5) and then twice 

Table 3 - RNA polymerase and the corresponding supplier and transcription buffer used for in vitro 
transcription during RNA probe synthesis for each gene. 
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with MABT. Later, tissues were incubated with 20% blocking reagent (Roche) in MABT, followed by 

incubation with 20% blocking reagent and 20% goat serum (Invitrogen) in MABT. Next, tissues were 

incubated overnight with MABT, 20% blocking reagent, 20% goat serum and 1:2000 anti-DIG antibody 

(Roche) at room temperature. Several washes with MABT were performed the next day to remove the 

antibody and tissues were incubated overnight with MABT at room temperature. On the last day, tissues 

were washed with NTMT solution (0.1 M NaCl, 0.1 M Tris–HCl, 50 mM MgCl2, 1% Tween 20) and lastly, 

tissues were incubated with a developing solution consisting of NTMT with NBT (Roche) and BCIP (Roche), 

at 37ºC protected from light. The developing reaction was stopped simultaneously for all experimental 

groups incubated with the same probe by washing with PBT. All lungs and embryos were photographed 

using a camera (Olympus U-LH100HG) coupled to a stereomicroscope (Olympus SZX16) and stored in 

PBT/0.1% azide at 4ºC.  

 

3.6. Histological Sections 

Hybridized chicken lungs were dehydrated through a series of ethanol solutions (70%, 96% and 

100% ethanol) and embedded in a 2-hydroxyethyl methacrylate solution (Heraeus Kulzer, Germany), 

followed by sectioning in 25 µm thick histological slides using a rotatory microtome (Leica RM 2155, 

Germany). Lung histological slides were photographed using a camera (Olympus DP70) coupled to a 

microscope (Olympus BX61). 

 

3.7. Quantitative real-time PCR (qPCR) 

Total RNA and cDNA from D2 chick lung explants were obtained as previously mentioned in section 

4.1.1, with an alteration in the cDNA synthesis program, which was as follows: 1) 65ºC for 5 minutes, 2) 

50ºC for 15 minutes, and 3) 85ºC for 5 minutes. Specific exon-exon spanning primers were designed for 

wnt7b using the NCBI primer design tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers 

for fgf10, shh and wnt7b (Table 3) were first tested in conventional PCR and optimized for annealing 

temperature, using NZY Taq 2x Green Master Mix (NZYTech, Portugal) and cDNA from a pool of b2 stage 

lungs as a template. Subsequently, primers were also optimized for efficiency range. Primers for glut1, 

glut3, hk1, pfk1, and housekeeping actin-β (Table 3) were already validated and available in the lab. 

qPCR was performed in duplicate (n ≥ 6 per condition) with the SYBR method according to the 

manufacturer’s instructions, using NZYSupreme qPCR Green Master Mix (2x) ROX (NZYTech) and 1 µl of 

1:6 diluted cDNA. The qPCR program was as follows: 1) polymerase activation at 95⁰C for 2 min; 2) 
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amplification in 40 cycles (denaturation at 95⁰C, for 5 secs; combined annealing/extension at the 

appropriate annealing temperature, for 30 sec), using 7500 Fast Real-Time PCR System Applied 

Biosystems equipment. Data on gene expression was first normalized for the housekeeping actin-β, and 

relative expression was calculated following the mathematical model 2(-∆Ct) (Livak and Schmittgen, 2001). 

 

 

* Fernandes-Silva et al., 2021, ** Young et al., 2019, *** Hu et al., 2015 

 

3.8. Statistical analysis  

Statistical analysis was performed using GraphPad Prism software. Normal distribution of the 

variables was tested using the Shapiro-Wilk test. One-Way ANOVA test was performed, followed by Fisher’s 

Least Significant Difference (LSD) post hoc test for multiple comparisons. All quantitative data were 

presented as mean ± standard deviation (SD), and statistical significance was set at p < 0.05. 

 

  

Table 4 - Primer sequences forward (Fw) and reverse (Rv) used for qPCR and its annealing temperatures 
and fragment expected size. 
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4. Results 

4.1. Impact of hyperglycemia on lung branching and growth 

 To study the impact of abnormal high glucose levels on lung branching and growth, lung explant 

culture was performed. This in vitro approach allows studying the whole organ in controlled conditions, 

maintaining tissue interactions and structure comparable to in vivo. Specifically, lung explants were 

exposed to increasing doses of glucose (25, 50, and 75 mM) for 48 hours. These concentrations were  

based on in vitro studies using cell lines, where 25 mM of D-glucose was used to induce a hyperglycemic 

environment (Weiss et al., 2001). Thus, we decided to use the same concentration and, since we were 

using the whole organ (a more complex system than cell lines) we also selected higher doses, such as 

50 and 75 mM. Furthermore, other studies using a shell-less chicken embryo culture in vitro also have 

used similar and higher concentrations (Datar and Bhonde, 2005). As a control, explants were exposed 

to physiological levels of glucose (5.5 mM). Figure 5 shows representative images of chick lung explants 

at D0 (Fig. 5a, c, e, g) and D2 (Fig. 5b, d, f, h) treated with different doses of glucose. It is possible to 

observe that explants exposed to 50 and 75 mM of glucose (Fig. 5f, h) look smaller than controls (Fig. 

5b). 

Figure 5 - In vitro chick lung explant culture exposed to different glucose concentrations. Representative 
examples of b2 stage lungs exposed to 5.5 mM (control) (a, b), 25 mM (c, d), 50 mM (e, f) and 75 mM 
(g, h) of glucose at D0 (a, c, e, g) and D2 (b, d, f, h) of culture. Scale bar: 500 µm; n ≥15 per condition. 
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To evaluate the influence of hyperglycemic conditions on lung growth, chick lung explants were 

morphometrically analyzed. On D0 and D2, the epithelial area and perimeter, and total area of the lung 

were assessed, and the results were expressed as D2/D0 ratio.  

Regarding the total area of the lung (Fig. 6a), explants treated with 50 mM of glucose showed a 

statistically significant decrease when compared to controls (p<0.0001). Likewise, 75 mM-treated lungs 

also showed a significant decrease in the total area of the lung compared to controls (p=0.0018). Besides, 

no differences were observed between 50 and 75 mM-exposed lungs. On the other hand, 25 mM-exposed 

lungs did not display any differences compared to the controls. Nonetheless, 50 and 75 mM-exposed 

lungs displayed a statically significant decrease in the total area of the lung when compared to 25 mM 

dose (p<0.0001; p=0.0031).  

Furthermore, the epithelial perimeter of glucose-treated lung explants was also evaluated (Fig. 

6b). Similarly to the lung total area results, 50 and 75 mM-treated lungs exhibited decreased epithelial 

perimeter compared to the controls (p<0.0001; p<0.0001). Additionally, no differences were observed 

in the 25 mM dose. Lungs exposed to 50 and 75 mM of glucose showed a statistically significant decrease 

in the epithelial perimeter compared to the 25 mM dose (p<0.0001; p<0.0001); however, no differences 

were found between 50 mM and 75 mM-treated lung explants.  

Regarding the lung epithelial area, explants treated with 50 and 75 mM of glucose displayed a 

statistically significant decrease in the epithelial area of the lung (Fig. 6c), when compared to the controls 

(p<0.0001; p=0.0018). Once again, no differences were found between 50 mM and 75 mM dose, nor in 

25 mM dose compared to the controls. Lastly, 50 and 75 mM-treated lungs exhibited a decrease in the 

epithelial area compared to 25 mM-treated lungs (p<0.0001; p<0.0001). These results are in accordance 

with the results observed in both epithelial perimeter and total area of the lung, suggesting an impairment 

in lung growth due to high glucose levels exposure in vitro.  

Lung branching was also evaluated in glucose-treated lung explants. Overall, branching analysis 

showed that high glucose levels result in decreased lung branching, indicated by the decrease in the 

number of secondary buds formed after 48 hours of culture. Chick lung explants treated with 50 mM and 

75 mM of glucose showed a statistically significant reduction of branching compared to control explants 

(Fig. 6d; p=0.0103, p=0.032), similarly to morphometric results. Moreover, no differences were 

observed between the 25 mM dose and the controls, nor between 50 mM and 75 mM-treated lungs. 

Branching was also decreased in the 50 mM and 75 mM doses when compared to the 25 mM dose 

(p=0.0033; p=0.01118). Branching results are in accordance with the morphometric results, where a 

decrease in lung branching and growth is observed in the two highest doses of glucose.  
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4.2. Impact of hyperglycemia on insulin-related gene expression  

Considering the impact of elevated glucose levels on lung branching and growth, we asked whether 

that could result from an impairment of Insulin/IGF system. The Insulin/IGF system is very important 

during embryonic development; it is known that this signaling impacts growth and development and is 

usually regulated by glucose. In this sense, the expression of insr, igf1r and igf2r was assessed by in situ 

hybridization, to further evaluate insulin-related gene expression after hyperglycemia exposure in lung 

explants. Since no information was available in the literature regarding the spatial distribution of these 

three receptors in the embryonic lung, their expression pattern was first characterized by in situ 

hybridization, using b1, b2, and b3 stage lungs. The probes for insr, igf1r and igf2r were designed and 

produced in-house (Supplementary Figure 1, Appendix I), and tested in whole embryos to assess its 

specificity (Supplementary Figure 2, Appendix I). 

Figure 6 - Morphometric and branching analysis of chick lung explants exposed to 5.5 mM (control), 
25 mM, 50 mM or 75 mM of glucose. At D0 and D2, the epithelial area (a) and perimeter (b), and total 
area (c) of the lung were determined, as well as the number of secondary buds formed (d). Results are 
expressed as D2/D0 ratio and represented as mean ± SD. Statistically significant results are presented 
as: * p<0.05, ** p<0.01 and **** p<0.0001. n ≥ 12 per condition. 
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4.2.1. Characterization of the expression pattern of insulin and IGF receptors 

Regarding igf1r expression, we can observe that igf1r is expressed throughout the lung epithelium, 

mostly in the secondary lung buds (Fig. 7b, asterisk), and in the most distal part of the main bronchi 

(Fig. 7a, black arrowhead). No expression was observed in the mesenchyme, and igf1r expression 

pattern is not altered between the three stages of lung development. Histological sections of hybridized 

lungs confirm the absence of igf1r mRNA in the mesenchyme and its presence in the epithelium 

compartment (Fig. 7d, e, f). 

 

igf2r mRNA is also present in the main epithelial bronchi, particularly in the distal tips of the lung 

(Fig. 8a, black arrowhead) and also in the secondary bronchi (Fig. 8c, asterisk). There are no differences 

in igf2r expression between the three stages studied; slide sectioning confirmed this expression pattern 

(Fig. 8d, e, f).   

Figure 7 - Characterization of igf1r expression pattern during embryonic chick lung development. 
Representative examples of in situ hybridization of igf1r for b1 (a), b2 (b) and b3 (c) stage lungs. Black 
rectangles in images a, b and c represent the area shown in the corresponding histological section (d, e 
and f. Scale bar: a, b, c – 500 µm; d, e, f – 200 µm.  n ≥ 16 per stage. Black arrowhead: distal epithelial 
region; Asterisk: secondary bronchi. 
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insr is faintly expressed in the epithelium of secondary bronchi (Fig. 9c, asterisk) in the three 

stages of embryonic lung development, with a slight increase of expression in b3 stage. insr appears to 

be absent in the mesenchyme of the lung. It is worth mentioning that to obtain this weak expression, the 

lungs were left for more than 24 hours in the developing solution. Lung sectioning was not performed in 

this case as lower levels of expression would not be detected.  

 

Figure 8 - Characterization of igf2r expression pattern during embryonic chick lung development. 
Representative examples of in situ hybridization of igf2r for b1 (a), b2 (b) and b3 (c) stage lungs. Black 
rectangles in images a, b and c represent the area shown in the corresponding histological section (d, e, 
and f). Scale bar: a, b, c – 500 µm; d, e – 200 µm; f – 100 µm.  n ≥ 16 per stage. Black arrowhead: 
distal epithelial region; Asterisk: secondary bronchi. 

Figure 9 - Characterization of insr expression pattern during embryonic chick lung development. 
Representative examples of in situ hybridization for insr of b1 (a), b2 (b) and b3 (c) stage lungs. Scale 
bar: 500 µm. n ≥ 16 per stage. Asterisk: secondary bronchi. 
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4.2.2. Impact of high glucose levels in the expression of insulin and IGF 

receptors 

After characterizing the expression pattern of igf1r, igf2r and insr in the embryonic chick lung, the 

expression of these three receptors was evaluated in chick lung explants exposed to 5.5 (control), 25, 50 

or 75 mM of glucose (Fig. 10).  

igf1r increases its expression in glucose-supplemented lung explants, especially in the 50 mM and 

75 mM doses (Fig. 10a, b, c, d) compared to control. No alterations were observed in the expression of 

igf2r (Fig. 10e, f, g, h) and insr (Fig. 10i, j, k, l) in supplemented lung explants compared to the controls. 

Furthermore, the expression pattern observed in these three receptors in lung explants is in accordance 

with the characterization described previously (Fig. 7, 8 and 9). 

 

 

 

Figure 10 - In vitro chick lung explants supplemented with glucose, followed by in situ hybridization for 
igf1r, igf2r and insr. Representative examples of D2 chick lung explants treated with 5.5 mM (control) (a, 
e, i), 25 mM (b, f and j), 50 mM (c, g, k) and 75 mM (d, h, l) of glucose, probed for igf1r (a, b, c, d), 
igf2r (e, f, g, h) and insr (i, j, k, l). Scale bar: 500 µm. n ≥ 5 per condition. 
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4.3. Impact of hyperglycemia in key metabolic players 

The crosstalk between metabolism and signaling is important for normal organ development. As 

hyperglycemia can impair glucose metabolism, we analyzed if there is any alteration in the expression of 

glucose-related key metabolic players, that could be associated with impaired lung growth and branching. 

Therefore, to determine the impact of hyperglycemia on the metabolic component of the embryonic lung, 

the expression levels of glucose catabolism-related enzymes (hk1, pfk1, ldha and ldhb) and glucose 

transporters (glut1 and glut3) were assessed by in situ hybridization and qPCR in glucose treated explants. 

Since in the morphometric and branching analysis, no differences were observed between the 50 mM 

and 75 mM-treated explants, from this point onwards, only 25 mM and 50 Mm-exposed lungs were used. 

Thus, glut1, glut3, hk1 and pfk1 expression levels were evaluated by qPCR, in chick lung explants 

exposed to 25 mM and 50 mM of glucose. glut1 relative expression (Fig. 11a) decreased in both 25 mM 

and 50 mM-treated lungs when compared to control (p<0.0001; p<0.0001).  

Figure 11 - mRNA expression levels of glucose transporters (glut1 and glut3) and glucose catabolism 
related enzymes (hk1 and pfk1) evaluated by qPCR. Relative expression of glut1 (a), glut3 (b), hk1 (c) 
and pfk1 (d) in D2 chick lungs explants treated with 5.5 mM (control), 25 mM and 50 mM of glucose. 
Data on gene expression was normalized for the housekeeping actin-β. Results are represented as mean 
± SD. Statistically significant results are presented as: ** p<0.01 and **** p<0.0001. n ≥ 6 per condition. 
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Moreover, no differences were observed between 25 mM and 50 mM doses. glut3 relative 

expression (Fig. 11b) showed a significant statistical decrease in 25 mM and 50 mM doses of glucose 

compared to controls (p<0.0001; p<0.0001). Additionally, glut3 expression in 50 mM-exposed lungs is 

statistically significantly higher than in 25 mM-exposed lungs (p=0.0035).  

Furthermore, hk1 (Fig. 11c) exhibited decreased relative expression in 25 mM and 50 mM-treated 

lung explants compared to controls (p<0.0001; p<0.0001). Likewise, pfk1 relative expression (Fig. 11d) 

showed a significant statistical decrease in 25 mM and 50 mM-treated lung explants when compared to 

controls (p<0.0001; p<0.0001). Similarly to what happens in glut3 expression, explants treated with 50 

mM of glucose showed higher pfk1 relative expression compared to 25 mM dose (p=0.0074).  

ldha and ldhb expression pattern was assessed by in situ hybridization in glucose-treated chick lung 

explants due to the specific spatial distribution of these genes in the embryonic lung already described in 

the literature (Fernandes-Silva et al., 2021). ldha appears to be expressed in both epithelium and 

mesenchyme, and no differences in the expression is observed between experimental groups (Fig. 12a, 

b, c). ldhb increases its expression in glucose-supplemented lung explants, compared to the control, 

especially in the 50 mM dose (Fig. 12d, e, f). An increase in ldhb expression is observed in the secondary 

bronchi (Fig. 12f, asterisk) and the most distal region of the lung (Fig. 12f, white arrowhead), in glucose-

treated lungs. In the three conditions studied, ldhb appears to have lower expression in the proximal 

region of the lung (Fig. 8d, black arrow). 

Figure 12 - In vitro chick lung explants supplemented with glucose, followed by in situ hybridization for 
ldha and ldhb. Representative examples of D2 chick lung explants supplemented with 5.5 mM (control) 
(a and d), 25 mM (b and e) and 50 mM (c and f) of glucose, probed for ldha (a, b, c) and ldhb (d, e, 
f). Scale bar: 500 µm. n ≥ 5 per condition. White arrowhead: distal epithelial region; Asterisk: secondary 
bronchi; Black arrow: proximal region of the lung. 
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4.4. Lung patterning and branching-related gene expression in 

hyperglycemia exposed lungs 

To understand the mechanisms behind the morphometric and branching alterations observed in 

chick lung explants exposed to hyperglycemic conditions, we decided to further explore the molecular 

pathways involved in lung branching and patterning. Thus, the expression pattern/levels of genes involved 

in patterning (sox2 and sox9) and branching (fgf10, shh, wnt7b) were evaluated by in situ hybridization 

and qPCR, respectively. 

sox2 and sox9 have a very particular expression pattern in the embryonic lung, with expression in 

the proximal and distal regions of the lung, respectively. Thus, these proximal-distal markers were 

evaluated by in situ hybridization, to understand whether their expression pattern is altered or not after 

hyperglycemic exposure. The results show that sox2 expression pattern and levels appear to be conserved 

in glucose-supplemented lung explants compared to the controls (Fig. 13a, b, c). sox2 is expressed in 

the epithelium of the main bronchi, especially in the most proximal region of the lung (Fig. 13a, b, c). 

sox2 is not expressed in the secondary bronchi and it is less expressed in the distal tip of the lung. 

Moreover, sox2 is not present in the mesenchymal compartment. Regarding sox9, its expression levels 

seem to be decreased in the distal region of 50 mM-exposed lung explants compared to control and 25 

mM-exposed lungs (Fig. 13d, e, f). sox9 is mainly expressed in the mesenchyme of the trachea region, 

and it appears to be absent in the epithelium, except for the secondary bronchi (Fig. 13d, e, f). 

Figure 13 - In vitro chick lung explants supplemented with glucose, followed by in situ hybridization for 
sox2 and sox9. Representative examples of D2 chick lung explants supplemented with 5.5 mM (control) 
(a and d), 25 mM (b and e) and 50 mM (c and f) of glucose, probed for sox2 (a, b, c) and sox9 (d, e, 
f). Scale bar: 500 µm. n ≥ 5 per condition. 
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Branching morphogenesis-related genes were evaluated by qPCR in lung explants supplemented 

with glucose and controls to understand if the signaling pathways involved in branching processes were 

altered. fgf10 relative expression (Fig. 14a) showed a statistically significant decrease in lungs 

supplemented with 25 mM of glucose compared to controls (p=0.0127), and no differences were 

observed between 50 mM dose and controls. Furthermore, an increase in fgf10 expression levels was 

detected in 50 mM dose compared to 25 mM-treated lungs (Fig. 14a; p=0.0041). Regarding shh 

expression (Fig. 14b), it is possible to observe a significant increase in the 50 mM dose compared to 

the 25 mM dose (p=0.0271). However, no differences were found between the controls and 25 mM and 

50 mM doses. Lastly, a statistically significant decrease in wnt7b relative expression (Fig. 14c) was 

shown in 25 mM and 50 mM-treated lungs compared to the controls (p=0.0007; p=0.0013). Moreover, 

no differences were observed between 25 mM and 50 mM-treated lungs. 

 

 

  

Figure 14 - mRNA expression levels of branching-related genes evaluated by qPCR. Relative expression 
of fgf10 (a), shh (b) and wnt7b (c) in D2 chick lungs explants supplemented with 5.5 mM (control), 25 
mM and 50 mM of glucose. Data on gene expression was normalized for the housekeeping actin-β. 
Results are represented as mean ± SD. Statistically significant results are presented as: * p<0.05, ** 
p<0.01 and *** p<0.001. n ≥ 6 per condition. 
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5. Discussion 

Diabetes in pregnancy has been associated with severe consequences for the offspring. Whereas 

hyperglycemia exposure at later stages of development affects fetal organ maturation and, consequently, 

its normal function, exposure to high maternal glucose levels at early stages of embryonic development 

is known to affect organogenesis, leading to congenital malformations. Therefore, hyperglycemia is 

considered a major teratogenic factor associated with several congenital abnormalities, mainly in the 

cardiovascular and central nervous systems. However, there is a lack of information regarding the 

consequences of hyperglycemia on early lung development. In this sense, in this study, we aimed to 

unveil hyperglycemia-related alterations in branching morphogenesis and its underlying mechanisms. For 

this purpose, in vitro chick lung explants were exposed to increasing doses of glucose, supplemented in 

the culture medium, for 48 hours. In humans, normal fasting circulating glucose levels range from 4 to 

5.4 mM, and hyperglycemia is defined by fasting plasma glucose levels above approximately 7 mM. On 

the other hand, normal blood glucose concentrations in the chicken range from approximately 12 to 30 

mM. Thus, hyperglycemia in adult birds is described as glucose circulating levels above 30 mM (Datar 

and Bhonde, 2005). For this reason, the doses to induce hyperglycemia were 25, 50, or 75 mM. 

After 48h, lung explants were morphometrically analyzed. The results showed that high glucose 

levels led to a decrease in the total area of the lung, as well as a decrease in the epithelial area and 

perimeter of the lung (Fig. 6), suggesting an impairment in early lung organogenesis. Moreover, 

branching was also decreased in lungs exposed to hyperglycemia, indicated by the reduced number of 

secondary buds formed after lung explant culture (Fig. 6). It has already been described that rat fetal 

lungs exposed to intrauterine maternal diabetes display a decrease in lung total tissue area at birth 

compared to controls (Koskinen et al., 2012). Additionally, other morphological alterations have been 

found in mice embryonic lungs exposed to hyperglycemia using streptozotocin-induced mouse diabetic in 

vivo model, such as thickening of the alveolar walls, reduced alveolar air spaces, as well as decreased 

size and weight of embryonic mice lungs (He et al., 2018). These alterations in lung morphology can 

impair lung development and maturation and consequently normal lung function, inducing severe post-

natal consequences. In this sense, our results are in accordance with hyperglycemic-related alterations 

described at later stages of lung development, highlighting the importance of controlling maternal glucose 

levels to prevent hyperglycemia-induced lung consequences for the embryo. 

The impact of hyperglycemia has already been reported in other early embryonic events. For 

instance, chicken embryos treated with high glucose levels exhibit a repression in somitogenesis together 
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with morphological alterations in the segmentation of the somites (Chen et al., 2014). Furthermore, 

kidney malformations were also described in embryos of streptozotocin-induced diabetic female mice 

(Hokke et al., 2013). In this study, an impairment in ureteric branching morphogenesis was observed, 

with a decrease in the number of ureteric tips and a deficit in nephrogenesis as a consequence of 

hyperglycemia in early embryonic development. The kidney and lung are organs that develop by branching 

morphogenesis and seem to display similar detrimental effects, reduction in the number of buds when 

exposed to a hyperglycemic environment pointing to a common response mechanism. 

 Glucose homeostasis depends on several signaling/hormonal systems that are simultaneously 

crucial for embryo development. For example, Insulin/IGF system, including insulin, IGF1 and IGF2, is 

important for normal embryo development, regulating fetal growth and development (Hiden et al., 2009). 

Their action is mediated through their receptors and, particularly, it is known that IGF1 regulates lung 

development through its receptor IGF1R (Atar et al., 2021). In fact, igf1r knockout mice display severe 

lung hypoplasia, leading to neonatal death due to respiratory distress (Epaud et al., 2012). Furthermore, 

maternal diabetes and its consequences for the fetus have also been associated with insulin/IGF system 

impairment and deregulation of its components in maternal and fetal circulation (Hiden et al., 2009). In 

this sense, we evaluated the expression pattern of igf1r, igf2r and insr in chick lung explants 

supplemented with high glucose levels, by in situ hybridization. First, the expression pattern of these 

receptors was characterized in the embryonic chick lung. igf1r is highly expressed in the epithelial 

compartment, mainly in the secondary bronchi and distal tips of the lung (Fig. 7), similarly to igf1r 

expression in the mammalian. In particular, in the embryonic mouse lung, igf1r is expressed in the 

epithelium rather than mesenchyme at later stages of development, although it seems that its expression 

can change throughout development (Kheirollahi et al., 2022). igf2r is also present throughout the 

epithelium, although in lower levels compared to igf1r (Fig. 8). Likewise, igf2r appeared to be expressed 

in both mesenchyme and epithelium of branching sites in the embryonic mouse lung (Melnick et al., 

1996). Lastly, insr is faintly expressed in the epithelium of the secondary bronchi of the developing chick 

lung (Fig. 9). Although information regarding insr expression in the embryonic lung is lacking in the 

literature, insr was described to be expressed in fetal rat lung epithelial cells and a decrease in its 

expression was observed at later stages of lung development (Sodoyez-Goffaux et al., 1981).  

 After hyperglycemia exposure, lung explants exhibited an increase in igf1r expression, especially in 

the two highest doses of glucose tested, compared to controls. Conversely, igf2r and insr expression 

appeared unaltered in glucose treated lung explants (Fig. 10). Some studies have already demonstrated 

the relation between increased expression of placental igf1r and igf2r in maternal diabetes, with diabetes-
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related fetal health consequences (Ornoy et al., 2021). Similarly, our results showed an increase in igf1r 

expression under hyperglycemic conditions on the embryonic lung. Thus, deregulation in the insulin/IGF 

system may be associated with impairment in embryo development, although the impact on early lung 

development has not been explored yet. 

 Considering the important role of metabolism in proper lung development, we further analyzed the 

expression of key glucose catabolism genes, to understand if any metabolic alterations could be 

associated with the lung organogenesis impairment observed in chick lung explants exposed to high 

glucose levels. The expression levels of glut1 and glut3, responsible for the uptake of glucose from the 

extracellular area to the cytoplasm of the cells, were assessed by qPCR. The relative expression of these 

glucose transporters was decreased under hyperglycemic conditions, suggesting a reduction in the uptake 

of glucose by the lung tissue (Fig. 11). Similarly, studies using pre-implantation embryos with mouse 

models, also showed a decrease in GLUT1, GLUT2 and GLUT3 expression in the embryo, as a result of 

maternal hyperglycemia (Moley et al., 1998). We hypothesize that the downregulation of glucose 

transporters, as a consequence of hyperglycemia, can be a mechanism to protect the embryo/lung from 

the increased glucose levels. However, it can lead to low glucose levels in the tissue, which can delay 

development, due to the decrease in the main energy source of the lung. 

 After glucose uptake by the cells, glucose is phosphorylated in glucose-6-phosphate in a reaction 

catalyzed by hexokinase (HK). Consequently, phosphofructokinase (PFK), a key glycolytic enzyme, will 

convert fructose-6-phosphate and ATP, into fructose-1,6-biphosphate and ADP, respectively. In 

hyperglycemic conditions, a decrease in the expression levels of hk1 and pfk1 key glycolytic enzymes was 

observed, indicating once again a decrease in glucose catabolism in the embryonic lung (Fig. 11). The 

decreased expression of hk1 and pfk1 can be associated with the possible decrease in glucose transport, 

as a consequence of reduced expression of gluts. Nevertheless, considering the enhanced metabolic 

needs of the embryonic lung tissue at this stage of development, the decrease of these two glycolytic 

enzymes would not be expected. However, a decrease in the glycolytic metabolism and, consequently, in 

the production of energy by the tissue may justify the impairment in lung development observed under 

hyperglycemic conditions. 

 At the end of glycolysis, one molecule of glucose will be converted into two molecules of pyruvate, 

which can then be converted into lactate by the enzyme lactate dehydrogenase (LDH); or it can be 

converted into acetyl-Coa by pyruvate dehydrogenase (PDH), and then incorporated in the TCA cycle in 

the mitochondria. In this work, ldhb expression appeared to be increased in lung explants supplemented 

with high glucose levels, especially in branching regions, while ldha expression remained unaltered (Fig. 



34 

12). The expression pattern of both LDHs in the embryonic chick lung is in agreement with what has 

already been described in previous studies (Fernandes-Silva et al., 2021). These results suggest an 

increase in lactate conversion into pyruvate, due to the increase in ldhb expression. Pyruvate can then 

enter the TCA cycle in the mitochondria to produce energy, which may compensate for the downregulation 

of glycolysis, as a consequence of diminished gluts, hk1 and pfk1 expression levels. Overall, our results 

showed that the metabolic component of the chick embryo lung is altered in hyperglycemia-exposed lungs 

(Fig. 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LDHs expression pattern has been recently associated with active proliferation sites in the 

embryonic chick lung (Fernandes-Silva et al., 2021); conversely, our results show increased ldhb 

expression, but a decrease in lung branching morphogenesis. Thus, other pathways may be involved in 

the decrease in lung branching after hyperglycemia exposure, such as key players involved in lung 

patterning and branching processes. 

Figure 15 – Representation of the impact of hyperglycemia in glucose metabolism of the chick 
embryonic lung. Arrows represent a decrease (red) or an increase (green) in the expression of the 
respective transcripts. The symbol (=) represents that the transcript maintains its expression levels. 
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In this context, we assessed the expression of lung patterning and branching-related genes, to 

elucidate the mechanisms triggering the hyperglycemic-related alterations observed in chick lung 

development. Regarding lung patterning related genes, the expression of sox2 and sox9, responsible for 

the differentiation of proximal and distal respiratory airways, respectively, was evaluated. sox2 and sox9 

expression pattern is in accordance with previous studies using the chicken embryo lung (Fernandes-

Silva, Vaz-Cunha, et al., 2017). No differences were observed in the expression pattern of sox2 between 

the experimental groups; however, sox9 expression seems to decrease in the most distal region of lungs 

treated with the highest dose of glucose, which might point to an impairment of the distal lung progenitor’s 

fate (Fig. 13).  

Furthermore, the expression of branching molecular players, namely FGF10, SHH and WNT7b was 

evaluated in lung explants exposed to hyperglycemia by qPCR (Fig. 14). We observed a decrease in 

fgf10 and wnt7b expression levels in 25 mM-treated lungs when compared to controls; regarding shh 

expression levels, no differences were detected. However, these molecular alterations did not impact lung 

morphology or branching. Conversely, in 50 mM-treated lungs, fgf10 and shh expression levels remained 

unaltered and wnt7b expression was significantly decreased; in this case, we observed impaired lung 

growth and branching. Considering the 50 mM phenotype, one could expect to find an impairment in 

fgf10 and shh expression levels given their role in regulating branching morphogenesis. Decreased wnt7b 

expression detected in glucose-treated lungs may be associated with the reduction in lung branching and 

growth observed in the highest dose of glucose tested. In fact, wnt7b knockout mice exhibit hypoplastic 

lungs (Shu et al., 2002). Nevertheless, different studies have shown that shh knockout mice did not alter 

wnt7b expression in the embryonic lungs (Pepicelli et al., 1998) and also that FGF signaling is not 

essential for WNT activity in mice embryonic lungs (Shu et al., 2005). Thus, due to the complexity of the 

molecular network involved in early lung development, it is likely that other molecular players besides 

wnt7b may contribute to the hyperglycemic-related lung phenotype. 

Recent studies have shown that hyperglycemia exposure in ovo, using the chicken embryo model, 

has been associated with congenital heart and limb defects, which has been linked to a reduction in shh 

signaling pathway (Ding et al., 2020). Nevertheless, in our study, high glucose levels did not affect shh 

expression in the embryonic chick lung. SHH signaling is a key developmental pathway that may have a 

different behavior depending on the organ and stage of development. Moreover, a downregulation of WNT 

signaling, as well as its intermediates, such as FZD and β-catenin, has been described in the cardiac 

outflow tract (OFT) in embryonic mice exposed to maternal hyperglycemia, being associated with severe 

abnormalities in the OFT (Zhao, 2014). Furthermore, impaired kidney development induced by a murine 
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maternal diabetes model, has been associated with an upregulation of HHIP, a downstream target of 

SHH signaling (Zhao et al., 2014). Therefore, hyperglycemia can impair several signaling pathways, which 

have distinct adverse effects on different organs, thus compromising normal organogenesis.  

Altogether, the results showed that hyperglycemia impacts early chick lung organogenesis at the 

morphological, metabolic, and molecular levels. The alterations observed can contribute to congenital 

lung malformations and other respiratory outcomes, which can compromise post-natal respiratory health.   
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6. Final Remarks and Future Perspectives  

The teratogenic effect of hyperglycemia is well known and different consequences for the offspring 

have already been described. Nevertheless, the impact of hyperglycemia on embryonic lung development 

remains poorly understood. In this sense, our study uncovered that, in fact, hyperglycemia exposure at 

early stages of lung organogenesis impairs lung growth and development. Moreover, metabolic and 

molecular alterations were observed associated with high glucose levels exposure in the chick lung. 

Regarding lung growth, we observed a reduction in lung size when explants were exposed to the 

highest dose of glucose. Likewise, a decrease in lung branching was also detected, with a reduction in 

the secondary buds formed after lung explant culture. Thus, hyperglycemia induced morphological 

alterations in the chick embryonic lung, leading to an impairment in lung growth and branching. 

Afterwards, we elucidated the mechanisms that could be eliciting these morphological alterations 

in the embryonic chick lung. Indeed, the expression levels of glucose transporters glut1 and glut3 were 

diminished, as well as glycolytic enzymes hk1 and pfk1. These results suggest that hyperglycemia 

reprograms lung metabolism and induces a decrease in glucose uptake by the tissue, and, consequently, 

a downregulation in the glycolytic metabolism. In this regard, a metabolomics analysis could be performed 

to analyze the presence of different metabolites in the culture medium and confirm whether the molecular 

data reflects a decrease in the uptake of glucose and corroborate our findings.  

Moreover, ldhb expression increases after hyperglycemia exposure, suggesting that there is an 

enhanced interconversion of lactate into pyruvate, which can undergo into the TCA cycle. Considering 

that the glycolytic pathway might be decreased, the tissue may perhaps compensate the lack of energy 

production in its most effective way and increase oxidative phosphorylation (OXPHOS) to obtain energy. 

However, taking into account the high proliferative rates and the metabolic requirements at this stage of 

development, the energy obtained by OXPHOS could not be adequate to sustain the developing tissue 

needs. This might explain the impairment in lung growth observed in hyperglycemic-exposed lungs. In 

this sense, a seahorse assay could be performed to evaluate oxygen consumption in the tissue and 

determine if there is indeed an increase in OXPHOS in the mitochondria. For this purpose, OXPHOS-

related proteins, such as the mitochondrial complexes involved in electron transfer, could also be analyzed 

by Western Blot. 

Lung patterning-related genes, such as sox2 and sox9, were also evaluated after hyperglycemia 

exposure. While sox2 expression pattern appears to be unaltered, sox9 seems to decrease its expression 

levels in the most distal region of the lung, under hyperglycemic conditions. However, quantitative 
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methods could be performed in the future, for instance, qPCR or western blot, to confirm these results, 

since in situ hybridization is a semi-quantitative method. 

FGF10, SHH and WNT7B signaling members were also evaluated to understand the mechanisms 

underlying the hyperglycemic-related alterations observed in lung branching and growth. It is well 

established that lung organogenesis is an extremely complex process that is finely regulated by several 

signaling pathways. The interplay between these pathways is so intricate that it is virtually impossible to 

explain an abnormal lung phenotype considering only FGF, SHH and WNT. In this particular case, other 

molecular players might be involved in the morphological and branching alterations observed. In this 

sense, other signaling pathways should be evaluated in the future, as for instance Hippo signaling, that 

may trigger the hyperglycemic-associated lung defects. 

In conclusion, hyperglycemia can affect early lung development and further studies are needed to 

uncover the molecular mechanisms underlying hyperglycemia related adverse effects on early lung 

development. 
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8. Appendix I  

 

Supplementary Figure 1 – Primer testing for igf1r, igf2r and insr. Primers were tested using cDNA 
from a HH25 embryo as a template in conventional PCR, followed by an agarose gel 1%. Fragments were 
then cloned into the pCR™II-TOPO® vector. The first lane of the gel corresponds to DNA molecular weight 
ladder (MassRuler DNA Ladder Mix, ThermoFisher). 

Supplementary Figure 2 – igf1r, igf2r and insr expression pattern in the chicken embryo. 
Representative example of whole mount in situ hybridization of HH25 embryos. Scale bar: 1 mm. 


