
 

 

Aus dem Zentrum für Kinder- und Jugendmedizin der Universität zu Köln 

Klinik und Poliklinik für Kinder- und Jugendmedizin 

Direktor: Universitätsprofessor Dr. med. J. Dötsch 

 

 

 

Dysregulation of angiogenic signaling and reduced elastic fibers            

are associated with impaired formation of microvessels in rat lungs            

after intrauterine growth retardation. 

 

 

 

 

Inaugural-Dissertation zur Erlangung der Doktorwürde 

der Medizinischen Fakultät 

der Universität zu Köln 

 

 

vorgelegt von 

Centina Kuiper-Makris 

aus Tiel (Niederlande) 

 

 

Promoviert am 28. Januar 2022 

  




















































































































  

 

 

Aus dem Zentrum für Kinder- und Jugendmedizin der Universität zu Köln 

Klinik und Poliklinik für Kinder- und Jugendmedizin 

Direktor: Universitätsprofessor Dr. med. J. Dötsch 

 

 

 

Dysregulation of angiogenic signaling and reduced elastic fibers            

are associated with impaired formation of microvessels in rat lungs            

after intrauterine growth retardation. 

 

 

 

 

Inaugural-Dissertation zur Erlangung der Doktorwürde 

der Medizinischen Fakultät 

der Universität zu Köln 

 

 

vorgelegt von 

Centina Kuiper-Makris 

aus Tiel (Niederlande) 

 

 

Promoviert am 28. Januar 2022 

 

 




















































































































  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit Genehmigung der Medizischen Fakultät der Universität zu Köln 

Druckjahr: 2022 

 

  




















































































































 2 

Dekan:  Universitätsprofessor Dr. med. G. R. Fink 
1. Gutachter:  Juniorprofessor Dr. med. Dr. nat. med. M. A. A. Alcazar 
2. Gutachter:  Universitätsprofessor Dr. rer. nat. B. Brachvogel 
 
 
ERKLÄRUNG  
 
Ich erkläre hiermit, dass ich die vorliegende Dissertationsschrift ohne unzulässige Hilfe Dritter 
und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus 
fremden Quellen direkt oder indirekt übernommenen Gedanken sind als solche kenntlich 
gemacht.  
 
Bei der Auswahl und Auswertung des Materials sowie bei der Herstellung des Manuskriptes 
habe ich Unterstützungsleistungen von folgenden Personen erhalten:  
 
Jun. Prof. Dr. med. Dr. nat. med. M. A. A. Alcazar. 
 
Weitere Personen waren an der geistigen Herstellung der vorliegenden Arbeit nicht beteiligt. 
Insbesondere habe ich nicht die Hilfe einer Promotionsberaterin/eines Promotionsberaters in 
Anspruch genommen. Dritte haben von mir weder unmittelbar noch mittelbar geldwerte 
Leistungen für Arbeiten erhalten, die im Zusammenhang mit dem Inhalt der vorgelegten 
Dissertationsschrift stehen.  
 
Die Dissertationsschrift wurde von mir bisher weder im Inland noch im Ausland in gleicher oder 
ähnlicher Form einer anderen Prüfungsbehörde vorgelegt.  
 
Erklärung zur guten wissenschaftlichen Praxis:  
Ich erkläre hiermit, dass ich die Ordnung zur Sicherung guter wissenschaftlicher Praxis und 
zum Umgang mit wissenschaftlichem Fehlverhalten (Amtliche Mitteilung der Universität zu 
Köln AM 24/2011) der Universität zu Köln gelesen habe und verpflichte mich hiermit, die dort 
genannten Vorgaben bei allen wissenschaftlichen Tätigkeiten zu beachten und umzusetzen.  
 
Köln, den 16.03.2021      Unterschrift:  
 
 
ERKLÄRUNG  
 

Die dieser Arbeit zugrundeliegenden Experimente sind von mir mit Unterstützung von der 

Biologielaborantin Frau C. Vohlen durchgeführt worden. Der Anteil der verschiedenen Ko-

Autoren an der Publikation “Mendelian randomization and experimental IUGR reveal the 

adverse effect of low birth weight on lung structure and function”(1) ist in Kapitel 3 

(contribution of coauthors, Seite 35) aufgelistet.  

 

Köln, den 16.03.2021      Unterschrift:  




















































































































 3 

INDEX 

 

LIST OF ABBREVIATIONS .................................................................................................................... 5 

1. INTRODUCTION ................................................................................................................................. 6 

1.1.  THE LUNG ................................................................................................................................ 6 
1.1.1.  Lung structure and function ........................................................................................... 6 
1.1.2. Lung development ......................................................................................................... 7 

1.2.  THE LUNG AT BIRTH ................................................................................................................ 10 
1.2.1.  Prematurity .................................................................................................................. 11 
1.2.2. Bronchopulmonary dysplasia ...................................................................................... 11 

1.3.  INTRAUTERINE GROWTH RESTRICTION (IUGR) ......................................................................... 12 
1.3.1. IUGR and postnatal pulmonary complications ............................................................ 14 
1.3.2. IUGR causes perinatal programming .......................................................................... 14 
1.3.3.  IUGR and chronic lung diseases ................................................................................. 15 

1.4.  ANGIOGENIC SIGNALING .......................................................................................................... 15 
1.4.1.  Angiogenic signaling: the vascular endothelial growth factor (VEGF) pathway .......... 15 
1.4.2.  Angiogenic signaling: the bone morphogenetic protein (BMP) pathway ..................... 17 
1.4.3.  Angiogenic signaling and nutrient sensing: the mechanistic Target of Rapamycin 

(mTOR)- and AMP-activated serine/threonine protein kinase (AMPK)-pathway. ......................... 19 
1.4.4.  The influence of the extracellular matrix on pulmonary angiogenesis ......................... 20 

1.5.  STUDYING IUGR .................................................................................................................... 21 
1.5.1.  The animal model: a rat model of IUGR ...................................................................... 22 

1.6.  HYPOTHESIS AND GOALS ........................................................................................................ 23 

2. ARTICLE ........................................................................................................................................... 25 

3. CONTRIBUTION OF COAUTHORS ................................................................................................. 38 

4. DISCUSSION .................................................................................................................................... 40 

4.1.  THE MOLECULAR LINK BETWEEN IUGR AND ANGIOGENESIS ...................................................... 40 
4.1.1. The VEGF-pathway ..................................................................................................... 40 
4.1.2. The BMP-pathway ....................................................................................................... 41 
4.1.3.  The mTOR- and AMPKα pathway ............................................................................... 43 

4.2.  THE STRUCTURAL LINK BETWEEN IUGR AND ANGIOGENESIS ..................................................... 43 
4.2.1.  IUGR causes a persistent loss of capillaries ............................................................... 43 
4.2.2. Lung ECM remodeling after IUGR .............................................................................. 44 

4.3.  CLINICAL SIGNIFICANCE .......................................................................................................... 45 
4.4.  LIMITATIONS ........................................................................................................................... 46 
4.5. CONCLUSION ......................................................................................................................... 47 

5. SUMMARY (EN) ............................................................................................................................... 47 

6. ZUSAMMENFASSUNG (D) .............................................................................................................. 49 




















































































































 4 

7. REFERENCES .................................................................................................................................. 50 

8. LEBENSLAUF .................................................................................................................................. 60 

STUDIUM ............................................................................................................................................ 60 
BERUFLICHER WERDEGANG ................................................................................................................. 60 
PUBLIKATIONEN UND VORTRÄGE .......................................................................................................... 60 
AUßERHALB DES STUDIENPLANS .......................................................................................................... 61 

  




















































































































 5 

LIST OF ABBREVIATIONS 

4E-BP1 Eukaryotic Translation Initiation Factor 4E-binding Protein 1 
AEC I  Alveolar Epithelial Cell Type I 
AEC II  Alveolar Epithelial Cell Type II 
ALK  Activin Receptor-like Kinases  
AMPK  AMP-activated Serine/Threonine Protein Kinase 
Ang1  Angiopoetin 1 
Ang2  Angiopoetin 2 
Apln  Apelin 
BMP  Bone morphogenetic protein 
BPD  Bronchopulmonary Dysplasia 
CD31  Cluster of Differentiation 31 
Cdh5  Cadherin 5, vascular endothelial Cadherin 
CO2  Carbon dioxide 
COPD  Chronic Obstructive Pulmonary Diseases 
CPAP  Continuous Positive Airway Pressure 
ECM  Extracellular Matrix 
ELBW  Extremely Low Birth Weight (<1000g) 
Eln  Elastin 
Erk1/2  Extracellular Signal Regulated Kinases 1 and 2 (Erk42/44) 
FEV1  Forced Expiratory Volume per second 
Flt1  Feline McDonough Sarcoma (FMS) related receptor tyrosine kinase 1 
Flk1  Fetal liver kinase 1 
HIF  Hypoxia Inducible Factor 
ID-1  Inhibitor of DNA-binding protein 1 
IGF-1  Insulin-like Growth Factor-1 
IUGR  Intrauterine Growth Restriction 
KLF4  Krüppel-like Factor 4 
LBW  Low Birth Weight (<2500g) 
MAP  Mitogen-activated Protein 
MD  Mendelian Randomization 
MMP  Metalloproteinase 
mTOR  Mechanistic Target of Rapamycin 
nCLD  neonatal Chronic Lung Diseases 
O2  Oxygen 
PAH  Pulmonary Arterial Hypertension 
PDGF-A Platelet Derived Growth Factor A 
PECAM-1 Platelet Endothelial Cell Adhesion Molecule-1 
PPHN  Persistent Pulmonary Hypertension of the Newborn 
SD  Standard Deviation 
SGA   Small for Gestational Age 
SMAD  SMA (small worm type) and MAD (Mothers against Decapentaplegic genes) 
SP  Surfactant Protein 
TGFb  Transforming Growth Factor b 
Tie2  Tyrosine kinase with immunoglobulin-like and EGF-like domains 2 
VE-Cadherin Vascular Endothelial Cadherin 
VEGF  Vascular Endothelial Growth Factor 
VEGFR Vascular Endothelial Growth Factor Receptor 
VLBW  Very low birth weight (<1500g) 
vWF  von Willebrand Factor 
Wnt  Wingless-type family 
 
 
 




















































































































 6 

1. INTRODUCTION        

 

1.1.  The lung  

1.1.1.  Lung structure and function 

The lung is our respiratory organ, its function is vital for our survival from the minute we 

are born. The structure of the lung is designed to provide the largest surface possible for 

the exchange of oxygen and carbon dioxide. Oxygen (O2) is absorbed from the air we 

breathe and transported from the lungs to all the tissues in the body. There, it is 

indispensable for the production of energy and other cellular functions. The byproduct of 

these processes is carbon dioxide (CO2), which is toxic for the body and needs to be 

transported back to the lungs, where it can be cleared (2-4). In consequence, the lung 

has to be able to absorb as well as transport gases. In order to establish this process in 

the most efficient way, it needs to fulfill two characteristics: (1) the largest surface 

possible for gas exchange, and (2) the thinnest barrier possible between air and blood 

(5). When inhaling, the air is transported into the lung via the conducting airways: 

trachea, bronchi and bronchioli, in decreasing diameter (see figure 1, provided by the 

LUNGevity foundation). In the peripheral lung areas, millions of small air sacs, or ‘alveoli’, 

serve as the optimal environment to absorb oxygen from the air. The oxygen molecules 

are bound and transported through the thin alveolar wall into the capillaries that make 

up the lung vascular bed. In the opposite direction, CO2 is transported from the blood 

into the alveoli. Through exhaling, the CO2 enriched air is forced out of the alveoli and 

back up into the conducting airways (6). This process continues in a loop of in- and 

exhaling our entire lives.  

 

This work focusses on the development of the 

peripheral lung tissue; the alveoli and the 

millions of capillaries (blood vessels, <100 µm) 

that align the alveolar walls. The alveolar 

walls, or ´epithelium´, consist of two types of 

cells: the alveolar epithelial cell 1 and alveolar 

epithelial cell 2 (AEC I and AEC II, 

respectively). The AEC I are thin cells that 

spread out with a minimal thickness of ca. 25 

nm (7). They cover approximately 95% of the 

alveolar surface. The remaining 5% are AEC II, 

Figure 1: lung anatomy, depicting the conductive 
airways and the alveoli. © LUNGevity foundation, 
copyright permission granted.  
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their main function is to produce surfactant proteins (SP)(7, 8). Surfactant is a thin fatty 

film that lies over the alveolar wall in order to reduce the surface tension and to provide 

maximum unfolding of the alveoli (8). In addition, AEC II have the ability for self-renewal 

and can differentiate into other cell types. The AEC II are therefore considered to be 

alveolar progenitor cells. These abilities are illustrated by the AEC II giving rise to AEC I 

after lung injury, thereby contributing to alveolar regeneration (9).  

 

1.1.2. Lung development  

Pulmonary development is divided into five phases: the embryonic, pseudoglandular, 
canalicular, saccular and alveolar phase (figure 2). The alveolar phase and the 

subsequent microvascular maturation continues after birth and beyond infancy (10, 11). 

For the purposes of this study, a further understanding of the processes taking place 

during these different stages is essential for a grasp on the consequences of adverse 

prenatal influences such as growth restriction or prematurity. As will become clear, the 

last two stages of development are closely related to the respiratory capacity at birth. In 

the following, the five stages of lung development will be briefly described.  

 
Figure 2: stages of human lung development, before and after birth. Source: Kajekar R, Pharmacol Therap 
114, 2007, DOI: 10.1016/j.pharmthera.2007.01.011 (12). Reprinted with permission from Elsevier, License 
number 4972971030423. 

During the embryonic phase, which spans from the 4th to 7th week of pregnancy in 

humans, the lung cell progenitors develop from the foregut endoderm, initially called the 

lung buds. From there, epithelial and vascular structures arise via branching 

morphogenesis. This development is regulated by Wnt (Wingless-type family) and BMP 
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(Bone Morphogenetic Protein) signaling, amongst others (13, 14). Simultaneously, the 

mesoderm gives rise to all supporting structures (e.g. connective tissue, smooth muscle, 

lymphatics and pleura) as well as endothelial cell precursors . With the start of the 

pseudoglandular phase (gestational weeks 5-17), the lung buds develop from the 

endodermal tissue into the mesoderm and subsequently develop a tubular formation that 

will mature into the conducting airways (15-17). During the canalicular phase 

(gestational weeks 16-26), the airway epithelium further proliferates and differentiates 

into conductive and future respiratory surface. In addition, the first structural organization 

of future blood-air barriers occur and the AEC II start the production of surfactant (18, 

19). Next is the saccular phase (gestational weeks 24-38), in which some of the last 

minor branching morphogenesis take place, before alveolarisation starts (19).  

 

At the end of the airspaces, wider sacs are formed, and where these sacs meet, arise 

thick primary septae (19). These primary septae consist of a central layer of connective 

tissue between two capillary sheets (20, 21). During the alveolar phase (gestational week 

36 until early adulthood (11)), secondary septae grow from the primary septum into the 

open (future) airspace (figure 3). Secondary septae are thinner and consist of a double 

layer of fusing capillaries and only little connective tissue, and are covered by the thin 

AEC I´s (22). The direction of growth of secondary septae appears to be mainly 

controlled by cell-cell and cell-matrix interaction: the collection of elastic and collagen 

fibers by progenitor smooth muscle cells at the future tip of the septum (23-25), and the 

concurrent outgrowth of capillaries (26, 27).  

Figure 3: schematic representation of alveolarisation. A) Late saccular phase with magnification of the 
terminal bronchiole and attached saccules. B) Development of primary septae, with emergence of AEC I 
(AEC1) and AEC II (AEC2) cells. C) Formation of secondary septae and start of surfactant production by 
the AEC II´s. Morrisey and Hogan, 2009 (28), reprinted with permission of Elsevier, license number 
4994000701767. 
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Every step of airway formation and alveologenesis is accompanied by development, 

outgrowth, migration and maturation of the pulmonary vascular bed. A concert interaction 

of growth factors (discussed in detail in chapter 1.3.), with vascular endothelial growth 

factor (VEGF) in its center, orchestrates the complex process of vasculogenesis and 

subsequent angiogenesis. During the embryonic phase, blood vessels originate by 

means of vasculogenesis from differentiated mesenchymal tissue called 

hemangioblasts, forming into blood lakes in the tissue surrounding the lung buds (17, 

29). With the start of the pseudoglandular phase, mesenchymal tissue becomes 

apoptotic, decreasing the space between endothelium and airway epithelium (17). In 

addition, a capillary plexus forms around the developing airways by massive migration 

of endothelial cells, which forms a secondary connection to the main circulation (30). The 

canalicular phase is characterized by a further lining of the airways by blood vessels in 

response to VEGF, expressed by the differentiating epithelial cells (31). The saccular 
and alveolar phases are furthermore characterized by a diminishing of the space 

between epithelium and endothelium as well as further growth of the capillary bed under 

increasing expression of VEGF concentrations (32). The ‘sprouting of blood vessels from 

pre-existing vessels’ is termed angiogenesis (33, 34). Angiogenesis, however, is not the 

only method of growth. Parallel to this process occurs intussusceptive microvascular 

growth, during which a sheet of connective tissue divides the lumen of one capillary into 

two (35).  

 

The capillary network keeps developing after finalization of alveolarisation and is 

completed in a process called ‘microvascular maturation’. It spans from several months 

after birth until adolescence (11). In this phase, the two layers of capillaries within the 

secondary septae fuse to form a single capillary sheet (36). After microvascular 

maturation, changes in the number of capillaries are still possible through microvascular 

remodeling. This remodeling allows for a continuous growing and regression of vessels 

under the influence of environmental factors (e.g. ischemia, inflammation, wound 

healing) and a persistent potential for lung growth into adulthood (25, 37, 38).  

 

The close relationship between angiogenesis and alveolarisation has been studied in 

detail (39-43). It has been shown that impaired angiogenesis through inhibition of 

angiogenic factors such as VEGF or angiopoetins leads to arrest of alveolarisation (27, 

39). As epithelial cells express VEGF to increase proliferation of endothelial cells, these 

cells in turn express hepatocyte growth factor (HGF) to induce the formation of primary 

septae in return (44). The same reciprocal interaction between the two cell types can be 

observed in the formation of secondary septae. The accumulation of elastin in specific 
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areas of the primary septae signals the location of outgrowth of the secondary septae. 

Elastin attracts endothelial cells and induces angiogenesis into the secondary septum 

(45). In return, the endothelial cells produce retinoic acid, which increases the synthesis 

and deposition of elastin (46).  

 

Pulmonary development, including alveolarisation, is tightly orchestrated by a large set 

of growth factors that also control accompanying angiogenesis and proper extracellular 

matrix (ECM) formation. A complex interaction between all these factors is the 

fundamental basis for proper lung growth and function. Dysregulation of these factors, 

i.e. an imbalance of growth factors, can disrupt alveolarisation and lead to aberrant lung 

growth and ultimately lung disease. Critical adverse influences comprise antenatal and 

postnatal factors (such as mechanical ventilation and hyperoxia)(47-53). Antenatal 

factors include maternal (e.g. preeclampsia (54), inflammation (55), malnutrition (56), 

obesity (57)), placental (placental insufficiency due to preeclampsia (58)), and fetal 
factors (e.g. genetics (59)). These factors can cause significant adverse changes to the 

lungs, but also induce the risk of a second hit to the developing fetus: premature birth. 

 

1.2.  The lung at birth 

The most drastic pulmonary transformation takes place at birth. In the intrauterine 

environment, the lung is filled with amniotic fluid and fetal lung fluid that allow for a 

positive pressure within the lungs, pushing the alveoli to unfold and expand (60, 61). 

During and after birth, the fluid is in part removed from the lungs by mechanical forces, 

and in part resorbed by the lungs, and replaced by air (60). When the lung is ‘dry’, the 

surfactant that has been produced in the last weeks before birth by the AEC II´s is 

essential to decrease the surface tension within the alveoli and allow for their proper 

expansion (8). This process is usually completed within hours from birth.  

 
Figure 4: schematic of the pulmonary transition at birth: from a fluid filled state, to full expansion and air-
filled alveoli. Altered picture after Cabral and Belik, 2013 (62), reprinted with permission from Sociedade 
Brasileira de Pediatria [Brazilian Society of Pediatrics].  




















































































































 11 

1.2.1.  Prematurity 

Infants born before finalizing 37 weeks of pregnancy are born premature (63). 

Prematurity is related to a high risk of postnatal complications, due to the immaturity of 

all organs. These complications include intracerebral or intraventricular hemorrhage, 

persisting ductus arteriosus, necrotizing enterocolitis, high rates of infection and feeding 

intolerance (64, 65). In addition, their lungs are not fully developed; alveolarisation is 

incomplete, the vascular bed is still in the early stage of maturation and the surfactant 

production is not yet sufficient. Consequently, pulmonary complications have a high 

incidence in premature neonates (65). The respiratory distress often requires supportive 

oxygen therapy and mechanical ventilation/continuous positive airway pressure 

(CPAP)(52). While these treatments are indispensable in the majority of the cases, they 

also increase the risk for neonatal chronic lung disease or bronchopulmonary dysplasia 

(51, 53) with life-long pulmonary sequelae. As epidemiological studies have pointed out, 

premature infants have a higher risk for chronic obstructive pulmonary diseases 

(COPD)(66), emphysema (67, 68), asthma (69-71) and pulmonary arterial hypertension 

(72, 73).  

 

1.2.2. Bronchopulmonary dysplasia 

A major pulmonary complication of premature birth is bronchopulmonary dysplasia 

(BPD). The ‘old BPD’, initially described by Northway et al. in 1967, was referred to as a 

need for supplemental oxygen at postnatal day 28 as well as abnormal radiological 

findings in the lungs, that include ´a cystlike appearance´ and signs of membranous 

disease (74, 75). Advances in neonatal management over the last decades, including 

surfactant therapy and antenatal corticosteroids along with the avoidance of mechanical 

ventilation and high oxygen supplementation, have improved the treatment of postnatal 

respiratory distress and increased the survival rate of preterm neonates considerably. 

The changes in neonatal management have led to a transformation of the ‘old BPD’ into 

the ´new BPD’ (76). New BPD, also called neonatal chronic lung disease (CLD), is 

characterized by the preterm neonate’s need for supplemental oxygen therapy at 36 

weeks of corrected age (77, 78). The German society of neonatology and pediatric 

intensive care medicine (GNPI) has defined grades of severity for BPD, measured at 

gestational week 36 and/or discharge from the hospital; patients with mild BPD are 

respiratory stable with room-air (21% O2), patients with moderate BPD require little 

additional oxygen (22-29% O2) and patients with severe BPD require high concentrations 

of additional oxygen (>30% O2 and/or CPAP/ventilation) (GNPI Leitlinie, Register-

Nummer: 024-014, Klasse: S2, Stand: 01.06.2009). Histologically, BPD lungs are 

characterized by an arrest of pulmonary development with a lack of alveolarisation and 
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microvasculature (47, 50, 76, 79). In severe cases of BPD, the lungs also show structural 

damage with large areas of emphysema and fibrosis (80). 

 

BPD is associated with prolonged postnatal hospitalization and mortality. In addition, 

infants with BPD have an increased risk of childhood diseases (e.g. growth failure, 

cardiovascular diseases, neurodevelopmental disorders) when compared to premature 

children without BPD (81). The incidence of BPD varies per group of premature infants; 

the incidence is much higher in the extremely premature and extreme-low-birthweight 

(ELBW, <1000g) infants. In addition, the rates differ largely between the different 

definitions of BPD and between institutions. In Europe, the incidence of BPD was 10,5-

21,5% for infants born before 32 weeks of gestation in 2003 (82), and in the US ca. 50% 

for premature infants born with an extremely low birth weight (<1000g) (65). Between 

2006 and 2017, the global incidence rate for BPD was 17-75%, dependent on the 

gestational age, birthweight and the amount of medical care available (83).  

 

As stated before, prematurity causes respiratory distress, requiring supportive oxygen 

therapy and ventilation, thereby causing lung injury and inducing BPD (51-53, 65). 

However, not all premature infants develop BPD, because additional risk factors can 

determine the susceptibility for BPD (77). Amongst others, these additional risk factors 

for BPD comprise IUGR, pre-eclampsia and prenatal inflammation 

(chorioamnionitis)(81). In addition, BPD in itself is a risk factor for the development of 

other pulmonary diseases as well; multiple studies have shown that children with a 

history of BPD have long-term impaired lung function as well as an increased risk of 

asthma (66, 84, 85). Adolescents and adults born premature are prone to develop 

asthma, COPD or pulmonary hypertension as well (66, 71, 84, 86). This clearly shows 

the long-term consequences of premature birth on lung development and highlights the 

importance of adequate therapy and prevention of (respiratory) complications, for which 

knowledge about the pathophysiology is essential.  

 

1.3.  Intrauterine growth restriction (IUGR) 

Intrauterine growth restriction (IUGR) indicates an abnormal low birth weight for the 

gestational age (87, 88). It was originally assumed that infants with a low birth weight 

were all premature and the gestational age of the infant had been wrongly calculated. 

However, in the 1950’s and 1960’s, the first reports of a distinction between prematurity 

and IUGR arose (89, 90). Classically, IUGR was defined as a birthweight below 2500 

grams (87). More recently however, it has been characterized as ‘not reaching the 

biologically based potential’, which accounts for a clinical diagnosis at birth, as well as 
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close monitoring of the intrauterine growth (88, 91). Consequently, infants that show 

evidence of underperfusion in utero or malnutrition at birth are diagnosed with IUGR (92).  

 

IUGR is often confused with ‘small for gestational age’ (SGA), which indicates a 

birthweight of -2 SD/mean and is therefore an exact measure (93). However, IUGR can 

occur in infants that have a normal birthweight, just as an infant with SGA might not have 

IUGR (92). Over the past decades, many epidemiological studies have been performed 

to assess the effects of IUGR. However, due to changing definitions, not all studies have 

used the same measures for IUGR. In addition, most recent studies interchange IUGR 

and SGA as synonyms, which makes it increasingly difficult to interpret and compare 

studies.  

 

 
Figure 5: low birth weight (cut off: <2500g) prevalence in developing countries in 2011(94). © 2016 Danaei 
et al., distributed under the terms of the Creative Commons Attribution License.  

 

IUGR affects approximately 10% of all liveborns, with up to six times higher incidences 

in developing countries (figure 5)(94, 95). IUGR often coincides with prematurity; about 

30-50% of all extremely premature infants are IUGR (96). The causes for IUGR can be 

divided into two major groups: maternal factors (including placental factors) and fetal 

factors. Maternal factors include maternal comorbidity (e.g. diabetes, preeclampsia 

(97)), malnutrition (98) and deficient utero-placental function (99). The second group 

includes all fetal factors, e.g. congenital disorders (100) or intrauterine infections (101). 

All infants with IUGR tend towards a post-natal catch-up growth during the first 2 years 

of life, if the proper treatment of perinatal complications and appropriate nutrient intake 

can be provided (102).  
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1.3.1. IUGR and postnatal pulmonary complications 

Independent of prematurity, IUGR infants are at an increased risk for perinatal asphyxia 

(associated with meconium aspiration syndrome) and neonatal (adaptation-) 

complications, resulting in an increased mortality rate of 10-20 times (96, 103). In the 

early postnatal period, there is a significantly increased risk of pulmonary complications 

such as persistent pulmonary hypertension of the neonate (PPHN)(104), respiratory 

distress syndrome (105) and pulmonary hemorrhage (106). In addition to these acute 

respiratory complications, IUGR infants are also at increased risk for BPD (107). Since 

IUGR generally occurs in the last stages of pregnancy, during the late saccular and 

alveolar phase of development, the changes might be comparable to those seen in 

premature born infants. Indeed, animal models for IUGR have shown a lack of 

alveolarisation and an increase of ECM deposition; these changes are similar to those 

seen in lungs of premature newborns and infants with BPD (108-111). As explained in 

chapter 1.1.2., angiogenesis plays a vital role in alveolarisation. The question therefore 

arises whether the lack of alveolarisation is the result of dysregulated angiogenesis.  

 

1.3.2. IUGR causes perinatal programming 

In the late 20th century, David Barker was the first to hypothesize a causal relationship 

between IUGR, low birth weight and prematurity, and adults’ diseases such as arterial 

hypertension, coronary heart disease and type 2 diabetes (112, 113). This hypothesis 

was supported by the observations of large cohort studies that clearly reflect this 

relationship (114-120). It became known as the ‘thrifty phenotype hypothesis’, which 

assumes a fetal programming in the late intrauterine phase in response to its 

environment and the consequences of which persist throughout life (121). From an 

evolutionary viewpoint, this results in a genetic alteration of the individual that allows for 

a better adaptation to an environment with deficient nutrient supply. If, however this 

depleted environment does not persist, the adapted individual cannot metabolically cope 

with the nutritional richness and is more likely to have a pathologic accumulation of these 

nutritional extras (122-125). The result is a mismatch of prenatal restricted growth and 

postnatal accelerated growth, due to a mismatch of fetal adaptation and environmental 

exposure (126, 127). Epidemiological studies have shown that IUGR and consecutive 

catch-up growth cause an increased risk for early childhood obesity and metabolic 

diseases such as diabetes, metabolic syndrome, cardiovascular diseases, hypertension 

and chronic kidney diseases (114, 115, 119, 128-130). In contrast, experimental models 

of IUGR have shown that a postnatal restriction of nutritional intake decreases the risk 

for metabolic disease (131, 132).   
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1.3.3.  IUGR and chronic lung diseases 

IUGR and the therewith associated catch-up growth are major risk factors for childhood 

pulmonary disease. Recent studies in experimental IUGR and infants born IUGR have 

shown an increased risk of morbidity in all organ systems, but especially the lung, later 

on in life (74, 133, 134). Several cohort studies have shown that schoolchildren born 

IUGR have a significantly lower FEV1 and airway resistance as well as a higher 

susceptibility to airway infections, independent of catch-up growth (70, 71, 135, 136). 

Moreover, in long-term follow-up studies it was shown that a low birthweight (the old 

definition of IUGR) decreases lung function in adulthood, with a reduction of lung 

capacity and elasticity, resembling a COPD phenotype (56, 137).  

 

The postnatal catch-up phase overlaps with the final stages of pulmonary alveolarisation 

and vascular maturation (138). Previous research has shown that the influence of catch-

up growth on lung development is most notable in the organization of the ECM (108, 

133, 139). In addition, accelerated postnatal weight gain is clinically associated with 

early-childhood obesity and pulmonary symptoms such as asthma and wheezing (140). 

It becomes clear that the influence of IUGR on the lung has two phases: altered lung 

development, followed by altered lung maturation. In other words, the two-hit model of 

the Barker-hypothesis, of prenatal intrauterine growth restriction and postnatal 

extrauterine growth acceleration applies to the lung as well.   

 

1.4.  Angiogenic signaling 

The growth and differentiation of all organs depend on the specific spatio-temporal 

expression of growth factors as well as interactions between the different cell types and 

components of the developing tissues. The individual cells in the developing tissue 

receive signals from outside the cell (amongst which are transcription factors and growth 

factors) that determine the cell fate (141). The location and concentration of these factors 

are guiding the cell. Accordingly, the precise differentiation and spatial organization of 

the blood vessels is directed by an intricate process comprising many growth factors 

along with intercellular communication (33, 142).  

 

1.4.1.  Angiogenic signaling: the vascular endothelial growth factor (VEGF) pathway 

Vascular endothelial growth factor (VEGF) is the best-studied angiogenic factor. There 

are several subtypes of VEGF (in humans VEGF-A to VEGF-D) and three receptors 

(VEGFR1, VEGFR2 and VEGFR3)(143). The most significant role in angiogenesis is 
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reserved for VEGF-A, which exerts its function through VEGF Receptor 1 (VEGFR1, also 

known as Flt-1) and VEGFR2 (also known as Flk-1), both expressed on endothelial cells 

(144). VEGFR2 is an early molecular indicator of the endothelial cell precursor (145). In 

addition, studies with recombinant human Recombinant Human VEGF165 have shown 

that it also directly binds to alveolar type II cells, stimulating proliferation and 

differentiation (146). The expression of VEGFs is induced by several stimuli, and exerts 

its influence on the proliferation, migration and differentiation of endothelial cells (26, 

147-149) through several signaling pathways, influenced by a vast body of pro- and 

antiangiogenic factors. The following segment provides an overview of the current 

knowledge on the role of VEGF in pulmonary development. 

 

Hypoxia is a well-documented stimulator of sprouting activity during tissue development 

(150-154). An essential mediator in this process are the hypoxia inducible factors (HIF). 

Under normoxic circumstances, HIF proteins are degraded by signaling of prolyl 

hydroxylase domain (PHD) proteins, that function as oxygen sensors (155). Under 

hypoxia, these proteins do not hyroxylate HIF, allowing them to induce the transcription 

of genes promoting direct oxygen flow to the tissue, while also stimulating angiogenesis 

(152, 155). An important part of pro-angiogenic action is their binding to the VEGF gene 

promotor (150). Early exposure of the developing lung to hyperoxia appears to 

downregulate HIF and VEGF expression (156), a mechanism that could occur in 

premature birth and respiratory therapy, and lead to BPD (157). This process is based 

on a chemoattractive gradient, in which the growth factor is expressed from a central 

source and diffuses over the tissue, directing growth in the direction of the source (158).  

The direct inhibition of angiogenesis in vivo with VEGF-inhibitors causes a BPD-like 

phenotype with reduced alveolarisation (39, 159). Reversely, animal studies have shown 

that this lack of alveolarisation induced by inhibition of angiogenesis can be partly 

rescued when angiogenesis is induced by addition of angiogenesis stimulating factors 

such as nitric oxide and retinoic acid (46, 159). These studies highlight the importance 

of VEGF for proper lung development, and its sensitivity to other signaling molecules.  

 

VEGF is one of the growth factors that activates the converging pathway of extracellular 

signal regulated kinases 1 and 2 (Erk1/2 or Erk42/44)(160-163). ERK1/2 is a member of 

the mitogen-activated protein (MAP) kinases and part of the larger Ras-Raf-MEK-ERK 

signal transduction cascade, which has a central function in tissue development and the 

maintenance of various cell functions such as survival, differentiation and migration 

(figure 6)(46, 162, 164). In addition to VEGF, other factors like cytokines, epidermal 

growth factor, insulin and insulin-like growth factor, platelet-derived growth factor (PDGF) 
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as well as osmotic stress also activate ERK1/2 (165, 166). VEGF induces Erk1/2-

mediated promotion of epithelial cell survival (167), as well as migration, proliferation and 

differentiation of endothelial cells (160). 

 

Figure 6: The Erk1/2 serine/threonine kinases are part of the Ras-Raf-MEK-ERK signal transduction 
cascade that regulates various vital cellular processes. The signaling cascade is activated by growth factors 
such as VEGF that activate Ras-GDP into Ras-GTP, setting the cascade into motion by the activation of the 
Raf kinase family (A-Raf, B-Raf and C-Raf) that subsequently phosphorylate MEK1/2 (Mitogen-activated 
protein kinase). Roskoski Jr., 2012 (166), reprinted with permission of Elsevier, license number 
4972991146840. 

1.4.2.  Angiogenic signaling: the bone morphogenetic protein (BMP) pathway 

Another group of growth factors that regulates pulmonary angiogenesis is the bone 

morphogenetic protein (BMP) family. Originally, the BMP family was investigated in the 

field of bone and cartilage research. However, subsequent studies identified diverse 

functions of the BMPs in various tissues ranging from organ development to 

maintenance of vascular homeostasis (amongst others)(168). In particular, BMP 

receptor 2 (BMPR-II) is critical in the pathogenesis of pulmonary arterial hypertension 

(PAH); about 20% of the patients with idiopathic PAH and more than 70% of patients 

with familiar PAH exhibit mutations in the Bmpr2 gene (169-171). Indeed, a 

heterozygous, lung-specific BMPR-II knockout induces a PAH phenotype in a mouse 

model (172). Moreover, an increased activity of the BMP-signaling pathway has been 

described at atherosclerotic sites, indicating a stiffening of the extracellular matrix 

(ECM)(173). In more recent years, the BMP family has raised interest in cancer research, 

due to its role in angiogenesis. It has been shown that BMP directly influences 

neovascularization during tumor growth (174). Recent studies, in addition, have also 

indicated a role for BMP in the response to nutritional changes. It has been shown for 

example, that activation of bile acid signaling after food uptake, in part due to glucagon-
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like peptide-1 (GLP-1), activates BMP4 expression (175, 176). This pluripotent family of 

growth factors therefore deserves further studying.  

 

The BMPs are members of the Transforming Growth Factor-b (TGFβ) family, 

encompassing over 20 molecules (177). The BMPS bind to two groups of receptors: 

BMP type I (activin receptor-like kinases 1-7 (ALK-1-7), including BMPR-IA and BMPR-

IB) and type II receptors (BMPR-II)(177). For pulmonary development and angiogenesis, 

BMP2/4/9/10, BMPR-IA, BMPR-IB and BMPR-II are of interest. Because there is such a 

variety of BMPs working in concert, the present study primarily focused on the BMP 

receptors. The type I receptors mainly activate the signaling cascade of Smad1, 5 and 8 

(figure 7)(177). Interestingly, a crosstalk with the VEGF signal transduction of Erk1/2 has 

been observed here: Erk1/2-signaling is a regulator for BMP-4 dependent capillary 

sprouting (178).  

 
Figure 7: SMAD-dependent bone morphogenetic protein (BMP) signaling. BMPs induce heterodimeric 
complex formation between two BMP receptors (BMPRs). The type II receptor kinase phosphorylates the 
type I receptor and subsequently activates intracellular signaling. Upon BMPR activation, Smad1–Smad5–
Smad8 forms heterodimeric complexes with Smad4, which then translocate to the nucleus where they act 
directly and/or cooperate with other molecules to regulate the transcription of target genes. Inhibitory 
Smad6–Smad7 specifically inhibits BMP signaling. Simic and Vukicevic, 2007 (179). Reprinted with 
permission of Wiley and Sons, license number 4998120131556.  

 

The activation of the BMP receptors induces the expression of many effector genes. 

Worth noticing in the light of pulmonary angiogenesis are apelin, inhibitor of DNA-binding 

protein 1 (ID1) and Krüppel-like factor 4 (Klf4). BMP reduces apelin expression under 

hypoxic circumstances, thereby inhibiting hypoxia-induced endothelial cell proliferation 

(180, 181). Apelin agonism has even been demonstrated to be an effective treatment for 

PAH by promoting angiogenesis via sprouting in vitro as well as in rodent models and in 

humans (182-185). In addition, treatment of hyperoxia-induced BPD with apelin agonists 

has been shown to increase alveolarisation in a rat model (186). The transcription factors 

ID-1 and Klf4 represent another crosstalk between the BMP and VEGF-signaling 

pathway. ID-1 is an activator and effector gene of both the VEGF-Erk1/2 and the BMP-

Smad1/5/8 pathway. Tumor research in various tissues has shown that deletion of ID-1 
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leads to impaired angiogenesis and halting of tumor growth (187-190). Similarly, Klf4, a 

transcription factor with zinc-finger domain, is known to be expressed in endothelial cells, 

inducing proliferation and tube formation in response to VEGF, as well as protecting 

vascular integrity and regeneration during inflammation in response to BMPs (191-193). 

 

1.4.3.  Angiogenic signaling and nutrient sensing: the mechanistic Target of 

Rapamycin (mTOR)- and AMP-activated serine/threonine protein kinase (AMPK)-

pathway. 

All processes in the developing fetus are dependent on adequate energy supply. In the 

absence of nutrients, growth cannot take place. Therefore, nutrient sensing is extremely 

important for developmental processes such as angiogenesis. The mechanistic Target 

of Rapamycin (mTOR)-pathway controls cell growth in response to its environment (e.g. 

stress, oxygen, nutrient status) through protein synthesis as well as lipid, nucleotide, and 

glucose metabolism (194, 195). Eukaryotic translation initiation factor 4E-Binding Protein 

1 (4E-BP1), a member of the family eukaryotic initiating factor 4E (elF4E) binding 

proteins, is one of the main effectors activated by mTOR. elF4E proteins bind to the 5´-

cap recognition site on mRNA, preventing the recruitment of translation initiation 

complexes (196, 197). Phosphorylation of 4E-BP1 allows its binding to elF4E, thereby 

preventing inhibition of larger translation initiation complexes for protein synthesis, and 

so promoting protein synthesis (197-199). Similarly, AMP-activated serine/threonine 

protein kinase (AMPK), is a sensor for nutrient status (mainly glucose), activated under 

starving conditions and suppressed when there is enough energy in the form of ATP in 

the cells (200). It has a predominant role in the inhibition of fatty acid and sterol synthesis, 

but also binds to Raptor, thereby inhibiting mTOR activity (figure 8)(195, 201). The 

mTOR pathway has recently been implicated in angiogenesis, primarily as a therapeutic 

target in cancer research (202). Multiple crosstalks between the mTOR-pathway and the 

VEGF-signaling pathway have been identified. For example, activation of the mTOR-

pathway can increase VEGF via induction of HIF1a expression (203). Likewise, 

interaction between the mTOR- and BMP-signaling pathways have been shown in some 

cases as well. For example, insulin-like growth factor 1 (IGF-1) has been shown to 

suppress BMP-signaling in prostate cancer by activating mTOR-signaling and thereby 

dysregulating pro-proliferative and anti-apoptotic functions of the BMP-signaling (204). 

In the interest of this research project, mTOR and AMPK might provide a link between 

nutrient sensing and aberrant angiogenesis and lung development.  
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Figure 8: Major components and regulators of mTORC1 signaling. Key players in mTORC1 signaling, 
including upstream regulators that integrate growth factor and cellular energy signaling into mTORC1, and 
downstream major effectors that mediate mTORC1 effects on mRNA translation, autophagy and lysosome 
biogenesis are shown. Kim and Guan, 2019 (194). Reprinted with permission of Springer Nature, license 
number 4994720063646.  

 

1.4.4.  The influence of the extracellular matrix on pulmonary angiogenesis 

The alveoli and the vessels are embedded in the ECM of the lung (literally, the space 

outside of the cells). This matrix provides the external structure and stability of ‘soft’ 

tissue like the vessels and conductive airways, as well as elasticity for the alveoli (205, 

206). It is essential for cell function, growth and differentiation; changes in the ECM are 

associated with various lung diseases such as COPD, asthma, PAH and BPD (205, 207-

210). The pulmonary ECM is composed of over 150 components that can be divided into 

two groups: the basement membrane that lines the endothelium and epithelium as a 

scaffold, and the interstitial matrix that provides the structural frame for the lungs (205, 

211, 212). The main components are elastic fibers, collagen and connective proteins 

(211, 212).  

 

The composition of the ECM determines its rigidity/elasticity, influencing the shape and 

function of the cells imbedded in it and therefore determining a large part of organ 

function (205, 206). The elastic fibers especially are a crucial factor regulating 

angiogenesis as well as alveolarisation. Elastin directs the outgrowth of primary and 

secondary septae, accumulating at the tips of these septae (23, 213). Studies have 
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shown a lack of alveolarisation and angiogenesis in mouse models with elastin 

haploinsufficiency, as well as platelet derived growth factor-A-deficiency (PDGF-A), 

which causes a reduction of elastic fibers organization (23, 213). The disruption of elastic 

fiber assembly at the tips of secondary septae has also been observed in neonatal 

chronic lung diseases (24, 25).  

 

The communication between the vessels and ECM is not unidirectional: not only does 

the ECM influence vessel growth, the vessels also influence the composition of the ECM. 

For example, VEGF has been shown to induce metalloproteinase (MMP) expression in 

immortalized chondrocytes, an in vitro model for osteoarthritic inflammation (214). 

Likewise, an in vitro model for melanoma has shown that BMPs induce MMP expression 

as well (215). The MMPs are endoproteases that play a lead role in tissue and vascular 

remodeling (205, 216). MMP-2 and MMP-9 are gelatinases, found predominantly in 

vasculature, and can degrade collagen, elastin, fibronectin and various other ECM 

components. Interestingly, both MMP-2 and MMP-9 have binding capacity for TGFb, 

member of the BMP family (216). In addition, it has been shown that MMP-9-/- mice 

exhibit a decreased level of VEGF, associated with decreased angiogenesis and tumor 

growth (217). Patients with COPD have elevated concentrations of MMP-2 that are 

positively correlated with severity of the emphysema (218). Similarly, an increase of 

MMP-2 was found in arterial smooth muscle cells in PAH (219). In asthma, however, 

where tissue remodeling is not a main aspect of disease, no effect on MMP-2 expression 

levels has been reported (218). 

 

As has been demonstrated by previous studies, pulmonary angiogenesis is vital for 

alveolarisation, and is controlled by the expression of angiogenic growth factors as well 

as composition of the ECM. The process of angiogenesis can be adversely influenced 

by prenatal conditions as well as postnatal lung injury caused by mechanical ventilation 

and/or oxygen therapy, as has been studied extensively in models for BPD. This type of 

neonatal lung injury decreases the number of microvessels and capillaries in the lung 

(48, 220). As a result of dysregulated vessel formation, alveolarisation is reduced, 

thereby increasing the risk for acute and chronic lung diseases.  

 

1.5.  Studying IUGR 

Ideally, the influence of IUGR on pulmonary angiogenesis is explored in humans. Since 

samples of newborn lungs are scarce and a controlled study is impossible, we used a 

rat model of IUGR in order to study angiogenic pathways.  
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Figure 9: stages of pulmonary development in humans, as compared to rodents (PN=postnatal, 
E=embryonic)(221) © 2015 Chao, El Agha, Tiozzo, Minoo and Bellusci, distributed under the terms of the 
Creative Commons Attribution License (CC BY). 

 

1.5.1.  The animal model: a rat model of IUGR 

A variety of animals are to be taken into consideration for studies that investigate and 

translate into human pathomechanisms. On the one side of the spectrum are the larger 

models, such as sheep and pigs. The advantage is the likeness to human intra- and 

extrauterine development and the size of the organs. The downside of these larger 

animals are the high costs related to the keeping of these animals and the complexity of 

procedures. On the other side of the spectrum, are the rodents (mainly mice, rats and 

rabbits) that come in to consideration. The clear advantage here are the lower costs for 

keeping these animals, the quick reproduction cycle and the option to hold and 

investigate larger groups simultaneously (i.e. under identical circumstances)(222). The 

disadvantage is that the pulmonary development does not completely align with the 
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development in humans (figure 9): rats are typically born with lungs in the middle-late 

saccular phase and mice in the early saccular phase. Their lungs are therefore 

comparable with those of premature human infants at birth (221). To minimize the 

disadvantages as well as profiting from the many advantages, we have chosen a rat 

model.  

 

IUGR can be induced in rats in various ways, each corresponding or mimicking different 

causes for IUGR in humans. Several models have been established to study the impact 

of placental dysfunction on fetal development, including bilateral uterine ligation, 

uteroplacental embolization, the surgical removal of endometrial caruncles, single 

umbilical artery litigation, and hypoxic chambers to mimic placental dysfunction (223). In 

the present study, IUGR was induced using a maternal low protein diet (LP, Altromin 

C1003) during gestation, whereas the control dams are fed normal protein (NP, Altromin 

C1000) diet. After birth, dams of both groups receive standard chow. The rat pups of LP-

fed dams are born with low birth weight and exhibit a postnatal catch-up growth. This rat 

model of IUGR is well documented and established in our research group(108, 131-133, 

139, 224-227).   

 

1.6.  Hypothesis and goals 

Neonatal chronic lung disease (CLD, BPD) is characterized by alveolar and 

microvascular hypoplasia. Angiogenesis has been recognized to play a crucial role in 

alveolarisation and is reduced in lungs with CLD (BPD). Moreover, IUGR results in a loss 

of alveolarisation and an increased risk of CLD, independent of prematurity. Initial 

studies show that IUGR adversely affects postnatal lung endothelial cell function and 

micro-vascular formation. However, to date it has not been investigated whether IUGR 

itself causes an intrauterine and postnatal dysregulation of angiogenesis. Therefore, I 

hypothesized that IUGR disrupts pro-angiogenic and nutrient sensing signaling, and 

matrix remodeling during intrauterine and postnatal lung development, thereby adversely 

affecting angiogenesis.   

 

To test this hypothesis, I defined three specific aims: 

(1) To investigate micro-vascular formation in the lungs by vessel quantification and 

assessment of mRNA and protein expression of vessel markers.  

(2) To study pro-angiogenic (including VEGF- and BMP- pathway) and nutrient 

sensing signaling (AMPKα and mTOR pathway) using qRT-PCR and western 

blotting for the measurement of mRNA and protein expression, respectively.  
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(3) To study elastic fiber assembly and proteolytic activity in lungs after IUGR using 

histological staining and zymography. 

The hypothesis will be tested in a rat model for IUGR, induced by a low protein diet, and 

compared with control animals that have received a normal diet during gestation. My 

own work in this animal model will be complemented with human data from Mendelian 

Randomization studies, to provide a translational link from the rat to the human. 
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2. CUMULATIVE PART OF THE DISSERTATION 

 

The contents of this chapter were published: 

 

Kuiper-Makris C, Zanetti D, Vohlen C, Fahle L, Muller M, Odenthal M, Felderhoff-Müser 

U, Dötsch J, Alejandre Alcazar MA. Mendelian randomization and experimental IUGR 

reveal the adverse effect of low birth weight on lung structure and function. Sci Rep 10, 

22395 (2020). https://doi.org/10.1038/s41598-020-79245-7. 

 

The journal Scientific Reports is an open access journal, publishing original research 

on natural and clinical sciences. The article was reprinted for the purposes of this 

cumulative dissertation under the Creative Commons CC BY license, Copyright © 

2020, Celien Kuiper-Makris et al.(1), with the explicit permission of all coauthors. 
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Mendelian randomization 
and experimental IUGR reveal 
the adverse effect of low birth 
weight on lung structure 
and function
Celien Kuiper‑Makris1,2, Daniela Zanetti3,4, Christina Vohlen1,2, Luise Fahle1,2, 
Marion Müller5, Margarete Odenthal5,6, Ursula Felderhoff‑Müser7, Jörg Dötsch2 & 
Miguel A. Alejandre Alcazar1,6,8,9*

Intrauterine growth restriction (IUGR) and low birth weigth (LBW) are risk factors for neonatal 
chronic lung disease. However, maternal and fetal genetic factors and the molecular mechanisms 
remain unclear. We investigated the relationship between LBW and lung function with Mendelian 
randomisation analyses and studied angiogenesis in a low protein diet rat model of IUGR. Our data 
indicate a possible association between LBW and reduced FEV1 (p = 5.69E−18, MR‑PRESSO) and FVC 
(6.02E‑22, MR‑PRESSO). Complimentary, we demonstrated two‑phased perinatal programming 
after IUGR. The intrauterine phase (embryonic day 21) is earmarked by a reduction of endothelial 
cell markers (e.g. CD31) as well as mRNA expression of angiogenic factors (e.g., Vegfa, Flt1, Klf4). 
Protein analysis identified an activation of anti‑angiogenic mTOR effectors. In the postnatal phase, 
lung capillaries (< 20 µm) were significantly reduced, expression of CD31 and VE‑Cadherin were 
unaffected, whereas SMAD1/5/8 signaling and Klf4 protein were increased (p < 0.01). Moreover, 
elevated proteolytic activity of MMP2 and MMP9 was linked to a 50% reduction of lung elastic fibres. 
In conclusion, we show a possible link of LBW in humans and reduced lung function in adulthood. 
Experimental IUGR identifies an intrauterine phase with inhibition of angiogenic signaling, and a 
postnatal phase with proteolytic activity and reduced elastic fibres.

Intrauterine growth restriction (IUGR) is a multifactorial disease a!ecting approximately 10% of the newborn 
population and is classically de"ned as a birthweight two standard deviations below the 50th percentile for the 
gestational  age1. Recently, IUGR has been characterised as a failure of a foetus to reach its full growth potential 
due to genetic or environmental factors, including maternal, placental, and fetal causes, which then leads to 
restricted nutrient and oxygen  supply1,2. Infants with IUGR are at higher risk for adverse perinatal complications, 
such as prematurity, respiratory distress, and bronchopulmonary dysplasia (BPD)2. It has also been demonstrated 
that IUGR followed by postnatal catch-up growth increases the susceptibility to chronic adult’s diseases beyond 
infancy, including hypertension and  vasculopathies3.
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Intrauterine exposure to adverse nutritional, metabolic, and hormonal alterations can interfere with organ 
development and induce life-long changes in structure and physiology. #is was initially described as fetal, peri-
natal or metabolic programming by Barker and colleagues in the  1990s4,5. Previous studies have shown that IUGR 
impairs alveolar formation and lung growth, leading to reduced lung function in adult rats. #ese structural and 
functional changes may be related to a disruption of key developmental signaling pathways, such as TGFβ signal-
ing, and in%ammatory response. #is may induce matrix remodeling, including distorted elastic "bre  assembly6,7. 
While clinical studies associated IUGR with lower di!usion capacity, increased susceptibility to infections, and 
obstructive pulmonary  disease8–10, the genetic disposition remain elusive. Recent studies demonstrated that low 
birth weight (LBW), used as a proxy for IUGR, is causally related to an increased susceptibility to coronary artery 
disease, and hightens the risk for pulmonary arterial hypertension (PAH) in infants with  BPD11. #ese clinical 
data suggest a causual genetic association of IUGR and susceptibility to lung diseases that needs to be elucidated.

Angiogenesis is essential for alveolar formation and lung growth. #e activation of endogenous pro-angio-
genic pathways increases endothelial cell survival, proliferation and migration, thereby driving  alveolarisation12. 
#e concerted interaction of growth factor signaling, such as vascular endothelial growth factor (VEGF) and 
bone morphogenetic protein (BMP) signaling, is central in endothelial cell  function13,14. #e disruption of these 
critical angiogenic pathways impairs microvessel formation and arrests lung growth, as is seen in  BPD13,15. 
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Figure 1.  Schematic representation of the study layout, using Mendelian randomisation (le') as a strategy 
to study the genetic origin of low birth weight, vs. using molecular methods to study the e!ect of intrauterine 
growth restriction (IUGR) on lung development (right) (A). Timeline of the experimental model in which 
IUGR is induced with a low protein diet (LP) during gestation in Wistar rats; control dams received normal 
protein diet (NP). Lungs were harvested at embryonic day 21 (E21), postnatal day 3 (P3) and P23 (B). 
Measurements provide a quanti"cation of the mean body weight of the control and IUGR group on time points 
E21, P3, and P23 (C). Mean ± SEM (n = 10/group). A non-parametric T-test was used to compare IUGR to the 
control group, *p < 0.05, ****p < 0.0001.
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Previous studies have shown that IUGR decreases pulmonary vessel growth in sheep and impairs proliferation, 
migration, and tube formation of pulmonary artery endothelial  cells16. However, the molecular mechanisms 
disrupting developmental processes and angiogenesis in lungs following IUGR remain unclear.

Based on the association of IUGR resulting in LBW and BPD we pursued two approaches: Firstly, we studied 
the long-lasting causal relationship of LBW and reduced lung function in humans with Mendelian randomisa-
tion; secondly, we investigated whether disruption of developmental pathways at intrauterine and postnatal 
time points contributes to impaired angiogenesis and elastic "bre metabolism a'er IUGR, thereby causing failed 
alveolarisation and functional impairment (Fig. 1A).

Materials and methods
Mendelian randomisation. We performed two-sample Mendelian randomisation analyses to infer cau-
sality between birth weight and forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC), used as 
proxies for lung function. We selected and used as exposure the genome-wide signi"cant independent hits (p 
value ≤ 5E10−8) associated with own and o!spring birth weight (Supplemental Table 1) from the genome-wide 
association meta-analyses of own and o!spring birth weight performed by the Early Growth Genetics (EGG) 
 Consortium17. We used the genome-wide association studies (GWAS) summary statistics of FEV1 ("eld ID 
3063) and FVC ("eld ID 3062) performed in the UK Biobank by Neale et al. (http://www.neale lab.is/uk-bioba 
nk/) as outcomes.

We used four separate methods to estimate causal e!ects: the standard inverse-variance weighted (IVW) 
regression with and without MR-PRESSO18 (Mendelian Randomization Pleiotropy RESidual Sum and Outlier; 
to minimise the risk of horizontal pleiotropy); as well as two robust regression methods, the weighted median-
based method, and Egger  regression19. We applied robust methods with special assumptions about the behavior 
of pleiotropic variants, such as MR-Egger20, which assumes pleiotropic e!ects are uncorrelated with the genetic 
associations with the risk factor, the InSIDE assumption; and the MR-PRESSO18, that excludes outlying variants 
as being potentially pleiotropic. In addition, we performed leave-one-out sensitivity analyses to identify if a single 
SNP was driving an association. We estimated statistical power for the MR analyses assuming a clinically relevant 
"xed e!ect size of 0.1 SD with an alpha threshold of 0.05. Power for MR analyses was estimated using the method 
reported by Burgess et al.21,22. We performed the two-sample MR  analyses19,23 with the R package TwoSampleMR.

Animal studies. All animal procedures were performed as previously  described6,7, in accordance with the 
German regulations and legal requirements and approved by the local government authorities (Regierung von 
Mittelfranken, AZ 621-2531.31-11/02 and AZ 621-2531.31-14/05)24. #ree time points were investigated: (1) 
Embryonic day 21 (E21): caesarean section was performed and the foetuses were euthanised; (2) Postnatal day 
3 (P3); (3) P23; 2–6 dams for each group. n = 10 for each experimental group. Lungs were excised enblock and 
either snap frozen and stored − 80 °C or "xed with 4% paraformaldehyde for para*n embedding as previously 
 described7.

Tissue assays. RNA extraction and real-time qPCR. Total RNA extraction and quantitative RT-PCR were 
performed as previously  described7. Quantitative changes in mRNA expression were assessed with Taqman or 
SYBR Green PCR Master Mix (Invitrogen, 11743500 & 11760500, Germany) using a 7500 Real-Time PCR Sys-
tem (Applied Bioscience). Primers were designed using Primer Express So'ware (Applied Biosystems) (Supple-
mental Table 2). #e ΔΔCt method, as previously described, was used for  quanti"cation25.

Protein extraction, quanti!cation, and immunoblot. Protein was isolated from homogenised whole-lung tissue 
and quanti"ed, followed by immunoblotting as previously  described7. #e primary antibodies and the second-
ary peroxidase-conjugated anti-mouse, anti-rabbit or anti-rat antibodies (commercially available and tested) 
are listed in Supplemental Table 3. Quantitative analysis was performed with densitometry (Bio-Rad ImageLab 
so'ware, Bio-Rad, Munich, Germany) using hypoxanthine–guanine phosphoribosyltransferase (HPRT) and 
β-Actin as loading controls. All data represent contiguous lanes, complete blots are shown in the Supplemental 
Figures.

Zymography. Protease activity of metalloproteinase 2 (MMP2) and MMP9 was analysed by gelatin-based 
zymography as previously  described7. Activity was quanti"ed by densitometric analysis on negative images 
(Image Lab So'ware, Bio-Rad Laboratories, Germany). All data represent contiguous lanes, blots are not 
cropped.

Histology and immunhistochemistry. Microvessel count. Randomly selected lung sections  (3  µm 
thickness) were stained with the primary antibody anti-von Willebrand Factor, followed by a secondary an-
tibody (for details see Supplemental Table 3). #e sections were then scanned using the slide scanner (Leica 
SCN400). Microvessels (2–20 µm and 20–100 µm, displaying a lumen) were quanti"ed in a total of ten "elds of 
20× view per tissue section and 6 random tissue sections per animal (6 animals per group).

Elastic !bre quanti!cation. Lung sections were stained for elastic "bres using Resorcin Fuchsin from Weigert 
(Weigert’s Iron Resorcin and Fuchsin Solution; Carl Roth, X877.3)26, and counterstained yellow with Tatrazine 
[0.5% in 0.25% acetic acid (Dianova, cat. no. TZQ999, USA)]. #e elastic "bre density as an index of parenchy-
mal elastin content was analysed in up to ten "elds of 20× view per tissue section and 6 random tissue sections 
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per animal (6 animals per group). Measurement was performed using Cell D 3.4 Olympus So' Imaging Solu-
tions (Olympus; CellSens, Germany).

Statistical analysis. All results are displayed as mean ± SEM. #e unpaired non-parametric T-test was 
used to compare the control (normal protein) to the IUGR (low protein) group. For a quantitative comparison 
between time points, a two-way ANOVA followed by Bonferroni post-test was performed. #e p-value was 
adjusted using Bonferroni post-test and less than 0.05 was considered signi"cant. #e statistical analyses were 
carried out using the Graph Pad Prism so'ware (GraphPad so'ware Version 6.0 and 7.0, San Diego, CA, USA).

Results
MR analyses indicate a possible association of birth weight with adult lung function. With 
more than 80% statistical power our data suggest an association of birth weight with lung function (FVC and 
FEV1) in all Mendelian randomisation analyses performed. #e leave-one out sensitivity analysis did not high-
light any SNPs with a large e!ect on the results. A'er excluding outlying variants as being potentially pleiotropic 
using MR-PRESSO, the analysis showed neither signi"cant heterogeneity or directional horizontal pleiotropy. 
#e analyses using MR-Egger and weighted median methods consistently yielded similar e!ect estimates. #e 
direction of the e!ect was positive (i.e., LBW was associated with reduced lung function). Full results are shown 
in Table 1 and Supplemental Figure 1.

IUGR was established in a low‑protein diet rat model. Low protein diet of dams during gestation 
induced IUGR in the o!spring when compared to controls. #e experimental rat model of IUGR is illustrated in 
Fig. 1B. As shown in Fig. 1C, o!spring had LBW at (E21) and P3, whereas their weight was signi"cantly higher 
at P23, indicating a postnatal catch-up growth a'er IUGR.

IUGR alters pulmonary vessel growth and regulates endothelial cell markers. Quanti"cation 
of lung microvessels with CD31 immunostaining at P3 and P23 (Fig. 2A) revealed a signi"cant formation of 
larger microvessels (20–100 µm) between P3 und P23 in control pups, not visible in IUGR. Small microvessels 
(< 20 µm) were signi"cantly decreased in IUGR when compared to control at P23, suggesting dysfunctional 
postnatal angiogenesis a'er IUGR (Fig. 2B). #e mRNA expression of Pecam1 (CD31) was signi"cantly reduced 
at E21 and immunoblot showed a non-signi"cant reduction of VE-Cadherin protein expression at P3, but not at 
P23 a'er IUGR, compared to control (Fig. 2C,D).

IUGR dynamically regulates the pro‑angiogenic VEGF pathway in lungs. #e mRNA expression 
of the ligand Vegfa as well as its receptors, VEGF-R1 (Flt1) and VEGFR2 (Flk1), were signi"cantly reduced 
in lungs a'er IUGR at E21, but not at P3 and P23 (Fig.  3A). #e analysis of the VEGF-signaling pathway 
ERK1/2 revealed a signi"cant reduction of total ERK1/2 at E21, with slightly increased phosphorylated ERK1/2 
(pERK1/2) relative to total ERK1/2. Early postnatal (P3), IUGR increased total ERK1/2 protein as well as 
pERK1/2. Finally, we detected an inhibition of pERK1/2 in lungs a'er IUGR when compared to controls at the 
late postnatal stage (P23) (Fig. 3B).

IUGR dysregulates the pro‑angiogenic BMP signaling pathway in lungs. BMP-receptor1a 
(Bmpr1a) was signi"cantly reduced at E21, whereas Bmpr1b mRNA expression was signi"cantly reduced a'er 
IUGR at P23. Bmpr2 mRNA was also expressed di!erentially, with a slight reduction at E21 and a signi"cant 
upregulation at P3 a'er IUGR (Fig. 4A). Immunoblot of the downstream signaling cascade of BMPRs showed 
activation of SMAD1/5/8 (pSMAD1/5/8) a'er IUGR at P3, but no di!erence at P23 (Fig. 4B). #e mRNA expres-

Table 1.  Mendelian randomisation analyses of birth weight with expiratory volume in 1 s (FEV1) and forced 
vital capacity (FVC). #e estimates represent SD change in outcome variable per SD change in the exposure 
tested. P-values signi"cant a'er Bonferroni correction (p ≤ 1.25*10−1) are bold. se, standard error; P, p-value; 
nsnp, number of single-nucleotide polymorphism; IVW, inverse variance weighted method.

Method
FVC FEV1
nsnp b se p nsnp b se p

Own birthweight
IVW 220 0.214 0.024 7.79E−20 220 0.185 0.022 4.56E−17
MR-PRESSO 174 0.151 0.014 6.02E−22 180 0.132 0.014 5.69E−18
MR Egger 220 0.264 0.064 5.59E−05 220 0.218 0.060 3.47E−04
Weighted median 220 0.091 0.014 1.07E−10 220 0.059 0.014 3.86E−05
O#spring birthweight
IVW 118 0.193 0.032 2.25E−09 118 0.183 0.030 1.50E−09
MR-PRESSO 82 0.121 0.017 3.67E−10 87 0.110 0.017 2.95E−09
MR Egger 118 0.276 0.102 7.57E−03 118 0.284 0.095 3.42E−03
Weighted median 118 0.067 0.017 6.13E−05 118 0.067 0.018 2.40E−04
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sion of apelin (Apln), inhibitor of di!erentiation (Id1), and Krüppel-like factor 4 (Klf4), regulators of endothelial 
cell homeostasis or BMP interactors, were also reduced a'er IUGR at E21. Apln remained signi"cantly lower in 
IUGR than Control at P3, whereas Klf4 gene expression was signi"cantly downregulated at P23 (Fig. 4C). #e 
protein abundance of Klf4, a regulator of stem cell capacity, was slightly reduced at E21 and more than twofold 
increased at P23 (Fig. 4D).

IUGR dysregulates cell metabolism through AMPKα and mTOR signaling. Immunoblot analysis 
revealed that IUGR signi"cantly inhibited AMPKα signaling during the intrauterine phase (E21) (Fig. 5A). In 
contrast, assessment of mTOR signaling using 4E-BP1 as a downstream e!ector showed a marked activation at 
E21 (Fig. 5B). However, during postnatal lung development neither AMPKα nor mTOR signaling were signi"-
cantly regulated by IUGR.

IUGR increases lung protease activity and reduces lung elastic fibre content. A Hart stain for 
elastic "bres (Fig. 6A) revealed a reduction of relative elastic "bre content by 50% at both time points P3 and P23 
(Fig. 6B). Assessment of Eln (elastin) mRNA expression did not signi"cantly di!er between IUGR and Control 
group (Fig. 6C), suggesting increased degradation as a result of proteolytic activity. To test this notion we used 
zymography, and determined a signi"cant increase of metalloproteinase 2 (MMP2) and MMP9 activity a'er 
IUGR at P3 (Fig. 6D).

Figure 2.  Intrauterine growth restriction (IUGR) impairs angiogenesis. (A, B) Representative images 
(×20  magni"cation) of pulmonary microvessels (0–100 µm) on postnatal day 3 (P3), and on postnatal day 
23 (P23). Random lung sections were stained with von Willebrand Factor as an indicator of endothelial cells, 
followed by counting of microvessel count for vessels with a diameter of 20-100 µm (marked with  ), 
and vessels with a diameter < 20 µm (marked with  ). #e respective quanti"cation is shown below the 
immunhistochemical stainings (n = 6/group). (C) Assessment of mRNA expression of pulmonary endothelial 
cell markers, VE-Cadherin (Cdh5) and CD31 (Pecam1) on embryonic day 21 (E21), P3 and P23 using qRT-
PCR; Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) served as housekeeping gene; the control group was 
set at 1. (D) Measurement of protein abundance using immunoblot; the respective densitometric quanti"cation 
of protein expression of VE-Cadherin on P3 and P23 is shown below the immunblots; VE-Cadherin was related 
to the loading control HPRT (n = 5–6/group). Mean ± SEM. A non-parametric T-test was used to compare 
IUGR to the control group,*p < 0.05. Comparison between P3 and P23 with a two-way ANOVA test, #p < 0.05, 
##p < 0.01.
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Discussion
#e present study shows a possible association between LBW in humans, used as a proxy of IUGR, and reduced 
lung function in adulthood. In addition, it provides a pathomechanism of acute and long-term impact of IUGR 
on pulmonary microvascular formation and elastic "bre formation in an experimental rat model of IUGR. #e 
combined results of these two approaches paint the picture of dynamic intrauterine programming of pulmonary 
development. Speci"cally, during the intrauterine phase, restricted nutrient supply and cellular stress are related 
to a signi"cant disruption of pro-angiogenic VEGFA- and BMP-signaling, activation of anti-angiogenic mTOR 
signaling, downregulation of angiogenic growth and transcription factors, and loss of endothelial cell markers. 
Whereas during the postnatal phase, angiogenic signaling caught up, but small microvessels were signi"cantly 
reduced and associated with an increased lung proteolytic activity, resulting in a persistent reduction of elastic 
"bre content. #ese processes accumulate in a loss of microvasculature and alveolarisation, evidenced by a loss 
of lung function in adulthood.

Linking LBW to reduced lung function using Mendelian randomization. With Mendelian ran-
domisation, we have shown a positive association between LBW and reduced lung function (FEV1, FVC), indi-
cating a possible reduced functional lung volume in individuals with LBW. It has been previously shown that 
a reduction of FVC is associated with lung  emphysema27, de"ned as a decrease in elastic  recoil28. In addition, 
previous studies have shown an association between LBW and type 2 diabetes and cardiovascular  diseases11. 
Our data provide a direct link between maternal e!ects and LBW-associated lung function that is in line with 
the Barker Hypothesis.

Strengths and limitations of Mendelian randomization. Our study included the large sample size 
and the most recent and powerful GWAS summary statistics used as exposures and outcomes. In addition, we 
used a wide range of sensitivity analyses increasing robustness of our "ndings. Our study also has several limita-
tions. First, the participants included in the genetic analyses were of European ancestry. Hence, our results may 
not be generalizable to other ethnic groups with signi"cantly di!erent prevalence/predispositions with regard 
to the outcome. Second, we analyzed birth weight as a continuous variable without speci"cally looking at LBW. 
Moreover, we cannot exclude the importance of additional environmental factors implicated in the relation-
ship between birth weight and lung function. Finally, samples of the GWAS for the exposure (the genome-wide 
association meta-analyses of own and o!spring birth weight) and the GWAS for the outcome [FEV1 ("eld ID 

Figure 3.  IUGR dysregulates gene expression of components and the activation of vascular endothelial 
growth factor (VEGF) signaling in lungs. (A) Assessement of Vegfa, VEGF-Receptor 1 (Flt1) and VEGF-R2 
(Flk1) on embryonic day (E21), postnatal day 3 (P3), and P23 using qRT-PCR; Glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh) served as housekeeping gene; the Control group was set at 1 (n = 10/group). (B) 
Immunoblots illustrating protein abundance of total ERK1/2 and phosphorylated ERK1/2 (pERK1/2) on E21, 
P3 and P21; pERK1/2 was related to βActin or to total ERK1/2; the densitometric analysis is shown next to the 
respective immunoblot (n = 5–6/group). Mean ± SEM. A non-parametric T-test was used to compare IUGR to 
the control group,*p < 0.05, **p < 0.01.
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3063) and FVC ("eld ID 3062) performed in the UK Biobank] have in part some overlaps and could thereby 
potentially bias our results.

Translational approach: dysregulation of angiogenic signaling is associated with impaired 
lung growth in rats with IUGR . VEGF promotes angiogenesis and alveolarisation in animal models of 
neonatal lung  injury29. In the present study, we demonstrate a signi"cant downregulation of Vegfa and Flk1 
(VEGF-R2) in the intrauterine phase, which is followed by a catch-up to reach Control levels. Interestingly, the 
downstream e!ector ERK1/2  protein30 is reduced on E21, and increased a'er birth. However, the activation of 

Figure 4.  IUGR dysregulates gene expression and activation of the bone morphogenetic protein (BMP)-
signaling pathway components. (A) Assessement of gene expression of BMP-Receptor 1a (Bmpr1a), Bmpr1b 
and Bmpr2 on embryonic day (E21), postnatal day 3 (P3), and P23 using qRT-PCR; Glyceraldehyde 3-phosphate 
dehydrogenase (Gapdh) served as housekeeping gene; the Control group was set at 1 (n = 10/group). (B) 
Immunoblots showing protein abundance of phosphorylated SMAD1/5/8 (pSMAD1/5/8) and total SMAD1 
on P3 and P23; βActin served as loading control; pSMAD1/5/8 was related to βActin or to total SMAD1; 
densitometric summary data are shown next to the respective immunoblot (n = 5–6/group). (C) Measurement 
of mRNA expression of angiogenic transcription factors apelin (Apln), inhibitor of di!erentiation 1 (Id1), and 
Krüppel-like factor 4 (Klf4); Gapdh served as housekeeping gene; the Control group was set at 1 (n = 10/group) 
(C), as well as the protein expression of transcription factor Klf4 (D), with densitometric quanti"cation shown 
below (n = 5–6/group). Mean ± SEM. A non-parametric T-test was used to compare IUGR to the control group, 
*p < 0.05, **p < 0.01, ***p < 0.001.
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ERK1/2 remains reduced at P23, suggesting a possible programming of intracellular VEGF-A resistance. Moreo-
ver, VEGF signaling is also activated by AMPK, a pathway that promotes endothelial cell di!erentiation, pro-
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Figure 5.  IUGR dysregulates nutrient-sensing signaling pathways that are involved in angiogenesis. (A) 
Immunoblots showing the analysis of AMP-Activated protein kinase (AMPK)α-pathway in total lung 
homogenate on embryonic day (E21), postnatal day 3 (P3), and P23; total AMPKα and phosphorylated AMPKα 
(pAMPKα) were assessed; βActin served as loading control; pAMPKα was related to β-Actin or to total 
AMPKα; densitometric summary data are shown next to the respective immunoblot (n = 6/group). (B) Total 
4E-BP1 and phosphorylated 4E-BP1 (p4E-BP1) as a downstream e!ector of mTOR-pathway were assessed with 
immunoblot on E21, P3, and P23; βActin served as loading control; p4E-BP1 was related to βActin or to total 
4E-BP1; densitometric summary data are shown next to the respective immunoblot (n = 6/group). Mean ± SEM. 
A non-parametric T-test was used to compare IUGR to the Control group, *p < 0.05, **p < 0.01, ***p < 0.001.
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liferation and  migration31. Reduced activation of the AMPKα signaling pathway during the intrauterine period 
may further contribute to the inhibition of the VEGF signaling machinery.

BMP signaling drives angiogenesis and is essential for the maintenance of endothelial cell homeostasis, and 
mutations in this family are associated with hereditary PAH. #e transduction of BMP signaling is facilitated 
by complex formation between BMP receptors 1 and 2, activating its downstream canonical SMAD1/5/8 and 
non-canonical ERK1/2  signaling14. Our data show that IUGR signi"cantly downregulates Bmpr1a and Bmpr2 
during the intrauterine period, whereas Bmpr1b was una!ected. In the postnatal phase, we found opposing 
e!ects, with similar gene expression of Bmpr1a and Bmpr2, but signi"cant lower Bmpr1b in IUGR than control 
lungs. IUGR may block the proliferative Bmpr1a/Bmpr2 pathways during the intrauterine phase, while it is 
shi'ed to pro-proliferative signaling by postnatal reduction of Bmpr1b as an attempt to promote vascularisation 
and compensate for the intrauterine growth  restriction32. #is notion is further sustained by a postnatal activa-
tion of the downstream e!ector pSMAD1/5/8. #is early developmental blockade of VEGF and BMP-receptor 
signaling in the lung may impair angiogenesis, induce arrest of alveolarisation and contribute to early origin of 
chronic lung diseases, such as BPD and PAH.

To determine whether the disruption of developmental signaling a'er IUGR may be related to changes in 
growth and transcription factors, we assessed Id1, Apln, and Klf4 expression. In accordance with our previous 
data, Id1, Apln, and Klf4 were signi"cantly reduced by 50% in fetal lungs with IUGR, and postnatally upregulated. 
Downregulation of these factors has been associated with the pathogenesis of  PAH15,33,34. #e growth factor apelin 
is pro-angiogenic and regulates endothelial cell migration, proliferation and  survival15, and preserves lung growth 
in a model of  BPD35. Similarly, the expression of Id1 is induced by BMPR2 signaling, and maintains endothelial 
cell  function33,36. On the other hand Klf4, promotes angiogenesis through activation of VEGF  signaling34, and 
regulates cell survival and di!erentiation. Loss of these angiogenic factors may impair vascular development 
and induce chronic vascular lung disease.

Linking nutrient sensing pathways to angiogenic signalling in lungs of rats with IUGR . #e 
pathways that signal anti-angiogenic e!ects during lung development remain uncertain. Organ growth requires 
an increased metabolic rate, which requires oxygen and nutrient supply. Nutritive restriction or placental insuf-
"ciency forces adaptation of the metabolism by changing cellular energy consumption. #e serine/therosine 
kinase, mammalian target of rapamycin (mTOR) senses nutrient status in growing vessels, and modulates cel-
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Figure 6.  IUGR activates lung proteolytic activity and reduces lung elastic "bre content. (A) Representative 
images (20x  magni"cation) of Hart stained lung at postnatal day 3 (P3) and P23, depicting elastic "bres as 
indicated with black arrows. (B) #e quanti"cation of elastic "bre content, relative to total lung tissue at P3 and 
P23 (n = 6/group). (C) Measurement of Elastin (Eln) mRNA expression on P3 and P23 using qRT-PCR analysis; 
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) served as housekeeping gene; the Control group was set at 
1 (n = 10/group). (D) Analysis of the proteolytic activity of matrix metalloprotease 2 and 9 (MMP2, MMP9) at 
P3 and P23 using zymography. Both MMP2 and MMP9 are regulators of matrix remodelling; the densitometric 
quanti"cation of the zymography is shown below (n = 6/group). Mean ± SEM. A non-parametric T-test was used 
to compare IUGR to the control group, *p<0.05, **p < 0.01. Comparison between P3 and P23 with a two-way 
ANOVA test, ###p < 0.001.
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lular responses during  angiogenesis37. For example, rapamycin inhibits VEGF synthesis, has antiproliferative 
activity, and blocks angiogenesis in vivo37. Likewise, it was shown that mTOR signaling regulates angiogenic 
 sprouting38. Our data supports the notion that activated mTOR signaling in the intrauterine phase may interact 
with BMP, and disrupt angiogenic signaling a'er IUGR.

Proteolytic activity and disruption of elastic fiber formation may contribute to impaired lung 
structure and function after IUGR . Despite the postnatal catch-up of angiogenic signaling a'er IUGR, 
the number of small microvessels remains reduced. #is initial paradox let us study processes independent of 
angionic signaling. Lung matrix is crucial in alveolarisation and serves as a sca!old that directs secondary septa-
tion and microvascular  formation39. Experimental studies demonstrate that microvascular formation is reduced 
in genetically modi"ed mice with elastin haplo-insu*ciency, possibly increasing the risk for  PAH40. Similarly, 
disturbed elastic "bre assembly and distribution are related to inhibition of angiogenesis in animal models of 
 BPD41. BMPR2 signaling might contribute to impaired elastic "bre assembly via the BMP4-TGFβ1  pathway40,42. 
Additionally, we show a postnatal activation of metalloproteinases MMP2 an MMP2, linked to 50% reduction 
of elastic "bre content, persisting until P23. Increased degradation of elastic "bres might contribute to the post-
IUGR alteration of lung function throughout life, including reduced FVC and increased FEV1. While our model 
of nutrient deprivation is highly relevant in countries, in which pregnant women are exposed to malnutrition, it 
does not re%ect the pathomechanisms of placental insu*ciency. In future studies, we recommend to con"rm our 
"ndings in other models of IUGR. With our translational data from genome wide association studies, however, 
we aimed to correct for all causes of IUGR by de"ning a genetic association between LBW and lung function, 
independent of the cause, in a cross-sectional cohort.

Conclusion
In conclusion, our translational data show a possible association between low birth weight and lung function. 
Our study provides novel insight as to how IUGR disrupts lung angiogenic signaling, elastic "bre formation, 
and microvascular formation in a time dependent manner in an experimental rat model. Using this approach, 
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Figure 7.  Speculative working model of two-step perinatal microvascular programming a'er intrauterine 
growth restriction (IUGR) with low birth weight (LBW). Fetal genetic factors contribute to low birth, linked to 
reduced lung function later in life. Intrauterine phase: IUGR inhibits angiogenic signaling, including vascular 
endothelial growth factor (VEGF), AMP-Activated protein kinase (AMPK)α, and bone morphogenetic protein 
(BMP) signaling, whereas the anti-angiogenic mechanistic Target of Rapamycin (mTOR) signaling is activated. 
Postnatal phase: transient activation of angiogenic signaling; the loss of elastic "bres is associated with increased 
proteolytic activity a'er IUGR. Both intrauterine and postnatal phase are related to reduced microvascular 
formation in lungs a'er IUGR and could account for the reduced lung function determined in infants born with 
low birth weight using Mendelian randomisation.
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we identi"ed two phases of perinatal vascular programming (Fig. 7): !rst, an intrauterine phase with inhibition 
of angiogenic signaling; and second, a postnatal phase, in which vascular signaling catches up, but lack of forma-
tion of small microvessels is related to increased proteolytic activity, and ultimately marked reduction of elastic 
"bre content. #ese data highlight how adverse intrauterine malnutrition programs the microvascular system, 
increasing the susceptibility to chronic lung diseases such as BPD and PAH.
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3. CONTRIBUTION OF COAUTHORS 

This cumulative doctoral thesis is based upon the work recently published in Scientific 

Reports, under the title “Mendelian randomization and experimental IUGR reveal the 

adverse effect of low birth weight on lung structure and function”(1). In order to provide 

a clear overview of the contribution of the various coauthors to this publication, this 

chapter provides two clarifying tables. 

 
Table 1: contribution of the coauthors to the article “Mendelian randomization and experimental IUGR reveal 
the adverse effect of low birth weight on lung structure and function”, Kuiper-Makris et al., 2020 (1).   

Coauthor Contribution 

D. Zanetti Mendelian Randomization studies 

C. Vohlen Introduction to experimental methods  

L. Fahle Interpretation of the data and revising manuscript 

M. Müller Immunohistochemical staining 

M. Odenthal Immunohistochemistry (anti-vWF staining) 

U.Felderhoff-Müser Interpretation of the data and revising manuscript 

J. Dötsch Interpretation of the data and revising manuscript  

M.A. Alejandre Alcázar Supervision, introduction to theoretical methods 
 

Table 2: contribution of the coauthors to the various figures and tables in the article. Animal studies were 
performed by Miguel A. Alejandre Alcázar, as previously described (103, 134), in accordance with the 
German regulations and legal requirements and approved by the local government authorities (Regierung 
von Mittelfranken, AZ 621-2531.31-11/02 and AZ 621-2531.31-14/05)(222).  

Figure Part Contributing author 

1 A Study design (C. Kuiper-Makris and M.A. Alejandre Alcázar) 

 B Scheme depicting the rat model of IUGR (C. Kuiper-Makris) 

 C Graphical presentation of body weights of rats at embryonic day 

21 (E21), postnatal day 3 (P3) and P23 (C. Kuiper-Makris) 

2 A Immunohistochemical staining of lung vessels using vWF as a 

marker (M. Odenthal and M. Müller) and representative images 

(C. Kuiper-Makris) 

 B Quantification of microvessels in lungs at P3 and P23 (by C. 

Kuiper-Makris)  

 C Measurement of gene expression of endothelial cell markers 
Cdh5 and Pecam1 at E21, P3 and P23 using qRT-PCR (C. 

Kuiper-Makris) 

 D Assessment of protein abundance of the endothelial cell marker 

VE-Cadherin) using western blot followed by protein 

quantification relative to the loading control (C. Kuiper-Makris) 
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3 A Measurement of gene expression of VEGF-signaling 

components (Vegfa, Flt1, Flk1) using qRT-PCR (C. Kuiper-

Makris) 

 B Assessment of protein abundance of phosphorylated Erk1/2 

(pErk1/2) and total Erk1/2 at E21 (C. Vohlen), P3 (C. Kuiper-

Makris) and P23 (C. Kuiper-Makris) using western blot, followed 

by protein quantification relative to the loading control (C. Kuiper-

Makris) 

4 A Measurement of gene expression of BMP-signaling components 
(Bmpr1a, Bmpr1b, Bmpr2) using qRT-PCR (C. Kuiper-Makris) 

 B Assessment of protein abundance of phosphorylated Smad1/5/8 

(pSmad1/5/8) and total pSmad1 at E21, P3 and P23 using 

western blot, followed by protein quantification relative to the 

loading control (C. Kuiper-Makris) 

 C Measurement of gene expression of angiogenic and 

transcription factor (Apln, Id1, Klf4) using qRT-PCR (C. Kuiper-

Makris) 

 D Assessment of Klf4 protein abundance at E21, P3 and P23 using 

western blot, followed by protein quantification relative to the 
loading control (C. Kuiper-Makris) 

5 A Assessment of protein abundance of phosphorylated AMPKα 

(pAMPKα) and total AMPKα at E21, P3 and P23 using western 

blot, followed by protein quantification relative to the loading 

control (C. Kuiper-Makris) 

 B Assessment of protein abundance of phosphorylated 4E-BP1 

(p4E-BP1) and total 4E-BP1 at E21, P3 and P23 using western 

blot, followed by protein quantification relative to the loading 

control (C. Kuiper-Makris) 

6 A Hart’s elastin stain to assess lung elastic fibers at P3 and P23; 

representative images (C. Kuiper-Makris) 

 B Quantification of elastic fibers at P3 and P23 (C. Kuiper-Makris) 

 C Measurement of gene expression of elastin (Eln) using qRT-PCR 

(C. Kuiper-Makris) 

 D Gelatin Zymography of lungs at P3 and P23 (C. Vohlen), 

followed by quantification (C. Kuiper-Makris) 

7 A Working Model by C. Kuiper-Makris and M.A. Alejandre Alcázar 

Table  Contributing author 

1  Mendelian randomization by D. Zanetti 
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4. DISCUSSION        

The present study provides evidence for the first time, that IUGR as a result of maternal 

malnutrition leads to an intrauterine and postnatal dysregulation of angiogenic signaling 

pathways along with elevated lung proteolytic activity and a marked reduction of elastic 

fibers. These adverse effects of intrauterine nutrient deprivation are related to reduced 

formation of pulmonary microvessels. Collectively, these data offer a novel insight into 

the pathomechanisms by which IUGR increases the risk for CLD. To provide a link 

between the experimental data in the animal model and human data, we performed 

Mendelian Randomization in close collaboration with Dr. Daniela Zanetti (Division of 

Cardiovascular Medicine, Department of Medicine, Stanford University School of 

Medicine and Stanford Cardiovascular Institute, Stanford University, Stanford, CA, USA). 

Experimental and human data show that low birth weight as a proxy for IUGR not only 

influences the lung on a molecular and structural level, but is also associated with 

impaired lung function (reduced FEV1 and FVC). This possible causal association 

between birthweight and lung function supports the theory of pulmonary perinatal 

programming after IUGR. These results are thoroughly discussed in the paper and 

therefore will not be part of this discussion chapter.  

 

4.1.  The molecular link between IUGR and angiogenesis 

The present study identifies two distinct phases of altered lung development: first, the 

prenatal phase in which growth factors are reduced, and second, the postnatal phase 

that shows a diminished capillary formation while the expression of growth factors in 

IUGR is similar to non-IUGR rats. In the prenatal phase, we have shown that two major 

families of growth factors are dysregulated: angiogenic signaling, including VEGF and 

BMP; and pathways that are central in nutrient sensing, namely the AMPKα and mTOR-

signaling cascade. While the VEGF and BMP families are involved in angiogenesis and 

ultimately in alveolarisation (43, 46, 50, 143, 168, 178, 228, 229), they additionally 

regulate ECM formation. Interestingly, mTOR-signaling is essential for nutrient sensing, 

but also for anti-angiogenic stimuli during vessel sprouting (194, 195, 202). In the 

following sections, the individual signaling pathways are discussed in detail in the context 

of IUGR and the data of the present work. 

 

4.1.1. The VEGF-pathway 

Our study has shown that IUGR causes a transient reduction of VegfA expression and 

its receptors, intimately linked to impaired vascular formation. As stated before, VEGF 

induces endothelial cell proliferation, migration and sprouting as well as primitive vessel-
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like tubule formation (26, 147-149). In addition, VEGF is essential for the maintenance 

of vessel integrity (143, 230). Studies in rodent models demonstrated that knocking out 

VEGFR1, VEGFR2 or VEGF-A results in embryonic lethality due to lack of vessel 

formation (143, 230, 231). Moreover, research has shown that the inhibition of VEGF by 

Su-5416, a VEGF-receptor inhibitor, impairs pulmonary angiogenesis and results in a 

BPD-like phenotype in a neonatal rat model (39, 232). Finally, an overexpression of 

VEGF also disrupts the VEGF-signaling pathway and causes a phenotype of 

disorganized, ‘leaky’ vessels, resembling pulmonary inflammatory processes similar to 

those seen in asthma (233, 234). These data highlight the finely-tuned VEGF pathway 

in the developing lung and how an imbalance of this system disrupts angiogenesis and 

affects quality of newly formed microvessels, and could thereby have a far-reaching 

influence on the pulmonary vascular bed as well as lung growth and function.  

 

A consequence of the early dysregulation of Vegf(-receptor) expression is the 

dysregulation of the Erk1/2-signaling cascade, as demonstrated by our data. Multiple 

studies have shown that Erk1/2 is essential for angiogenesis. Knocking out Erk1/2 in 

endothelial cells during fetal development is lethal in mice, likely related to reduced 

proliferation and migration of endothelial cells (162). Similarly, in vitro studies showed 

that pharmaceutical blockage of Erk1/2 reduces fetal endothelial cell proliferation and 

migration in cell culture (49, 161). In addition, a mouse study of hyperoxia-induced BPD 

has shown that acute hyperoxia transiently activates Erk1/2, whereas prolonged 

hyperoxia reduces Erk1/2 activation (49). Our data, combined with the existing body of 

knowledge for BPD models, therefore provides a possible molecular link of VEGF-

signaling between IUGR and CLD.  

 

4.1.2. The BMP-pathway 

In addition to the VEGF pathway, the BMPs and their receptors are a focus of research 

into the pathomechanisms of chronic lung vascular diseases such as PAH (170-172). 

The present study provides initial evidence that a dysregulation of Bmp-expression and 

receptor activation could be involved in the pathogenesis of IUGR-associated lung 

disease as well. Reduced Bmp(-receptor) expression has been previously associated 

with a reduction of angiogenesis and a stiffening of the ECM, as discussed in chapter 

1.3.2.. However, until now, no studies have shown an additional role for the BMP family 

in the predisposition for neonatal CLD.  

 

In addition to a dysregulated expression of Bmpr-Ia, Bmpr-Ib and Bmpr-II, we show an 

increased phosphorylation of Smad1/5/8 at P3 after IUGR. This activation of BMP-
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signaling might be a response to reduced vascularization during the intrauterine phase. 

Research has shown interactions between VEGF and BMP-2, 4 and 6, demonstrating a 

role for BMP as an activator of VEGF-mediated angiogenesis (229, 235, 236). It is also 

noteworthy that altered BMP-expression does not only affect angiogenesis, but also has 

a direct influence on alveolarisation: BMP has a role in the activation and proliferation of 

AEC II cells as well as differentiating AEC I cells, thereby contributing to lung 

regeneration after acute or chronic injury (168).  

 

An important target of the BMP-pathway is apelin. Our work shows that Apln mRNA 

expression is reduced in the prenatal and early postnatal phase. This finding together 

with an increased expression of Bmpr-II on P3 possibly shows the inhibitory effect of 

BMP on apelin, as it was reported before (181). However, in the prenatal phase, when 

the BMP expression is also significantly lower than in the control group, Apln expression 

is reduced as well. While this finding does not match with the reported inhibitory 

properties of BMP on apelin, it is consistent with contradictive reports in literature 

showing an increase of apelin after stimulation with BMP-2 (237). We hypothesize that 

this might reflect the two-phased mechanism of prenatal and postnatal reduction of 

angiogenesis and alveologenesis. The present data demonstrate a marked prenatal 

reduction of angiogenic signaling along with reduced expression of angiogenic 

transcription factors such as apelin. On the other hand, the catch-up and normalization 

of angiogenic signaling, in particular BMPR-II, during the postnatal phase might 

contribute to a persistent dysregulation of angiogenic transcription factors and cause a 

reduction of apelin. Interestingly, a study in neonatal rats with hyperoxic lung injury has 

shown that apelin administration reduces hyperoxic lung injury, increasing 

alveolarisation and pulmonary angiogenesis compared to control groups, indicating a 

possible therapeutic role for apelin in hyperoxia-induced BPD and CLD (186).  

 

In addition to the dysregulation of Apln expression, we have demonstrated altered Id1 

and Klf4 mRNA expression in the prenatal phase as well. In line with the current 

knowledge on ID1 (chapter 1.3.2.), a reduction of Id1 would be expected to be 

accompanied by a reduction of angiogenesis (187-190). The marked prenatal 

downregulation of Klf4 might affect the vessel integrity as well and cause a reduction of 

angiogenesis (191-193). In conclusion, the dysregulation of the BMP-signaling pathway 

and its targets (apelin, ID1 and Klf4) as seen in our model for IUGR are likely part of a 

pathomechanism leading to reduced pulmonary angiogenesis and alveolarisation. 
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4.1.3.  The mTOR- and AMPKα pathway 

An interesting link between the reduced nutrient status during IUGR and dysregulated 

angiogenic signaling is the mTOR- and AMPKα pathway. In chapter 1.3.3., a summary 

of the current knowledge on this pathway highlighted a cross talk between nutrient 

sensing cascades and the angiogenic signaling pathways studied here (203, 204). This 

further underscores that angiogenesis does not only depend on cell division, migration 

and differentiation, but also on cellular nutrient status. In this light, our data, showing an 

increase of 4E-BP1 and a decrease of AMPKα at E21 during nutrient deprivation indicate 

a downregulation of the mTOR- and AMPK pathway, respectively. The consequences of 

this altered nutrient sensing machinery might be a lack of cell growth and other anabolic 

processes, thereby reducing the potential for angiogenesis and alveologenesis.  

 

4.2.  The structural link between IUGR and angiogenesis 

IUGR adversely influences lung structure significantly in three possible ways: 1) previous 

research has shown that alveolarisation is reduced directly after birth, but catches up 

during the postnatal phase (238-240), 2) the present data shows a significantly reduced 

number of capillaries after the completion of alveolarisation and 3) a persisting 

significantly reduced number of elastic fibers linked to an increased activity of ECM-

degrading metalloproteinases . This reflects the plasticity of lung development and the 

complexity of pulmonary development and maturation under the influence of IUGR as a 

prenatal hit, followed-by the postnatal hit of catch-up growth.  

 

4.2.1.  IUGR causes a persistent loss of capillaries  

The present data show a persistent loss of capillaries after IUGR in a rat model. Our 

study focused on the elucidation of the effect of IUGR on the pulmonary vasculature 

along with the dynamic of the intrauterine-to-postnatal transition. The main body of 

current knowledge focusses on the effect of prematurity, postnatal injury, and 

subsequent BPD (for which IUGR is a risk factor) on pulmonary angiogenesis (241, 242). 

A single study inducing IUGR in sheep by placental dysfunction through temperature 

elevation showed a decrease of small vessels in IUGR fetuses. However, no gestational 

age at investigation or cut-off values for vessel quantification were described (111). The 

finding that IUGR results in postnatal reduction of capillaries supports the notion that 

IUGR is a single risk factor within a larger framework of multiple hits that collectively 

could lead to BPD. In addition, it would explain for the clinical observation that IUGR is 

associated with CLD beyond infancy and less with acute neonatal lung diseases that is 

independent of prematurity and BPD (136).  
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Interestingly, the expression of vessel markers platelet endothelial cell adhesion 

molecule (Pecam1) and vascular endothelial- Cadherin (VE-Cadherin) mRNA are 

significantly reduced prenatally. Pecam1, also known as CD31 (cluster of differentiation 

31), is expressed by endothelial cells and promotes vessel formation and migration 

(243). Research in baboons has shown that its expression physiologically increases in 

the last third of gestation and is intimately linked with the migration and differentiation of 

pulmonary endothelial cells (244). In addition, they showed a significantly lower 

expression of Pecam1 after premature birth and successive respiratory therapy, in line 

with our finding of prenatal reduction of Pecam1 (244). VE-Cadherin (also known as 

Cdh5, Cadherin 5) provides the cell-cell adherence of endothelial cells and is therefore 

vital for the vessel integrity (245, 246). The prenatal and directly postnatal decrease of 

VE-Cadherin expression is not only in accordance with the reduction of Pecam1 

expression but also suggests that the integrity of the already formed vessels might be 

adversely affected. The reduced expression of vessel markers after IUGR corresponds 

with previous reports of reduced angiogenesis in BPD patients and animal models (41, 

43, 49, 50, 241).  

 

The significant increase of the absolute number of microvessels between P3 and P23 

indicate a catch-up growth of the pulmonary vasculature, but could possible result in 

impaired quality of vessels. It has been demonstrated that accelerated vessel growth 

such as seen in tumor growth and under therapy with recombinant VEGF, induces the 

outgrowth of morphologically immature microvessels (50, 247). Although the current 

study does not investigate the functional properties of the pulmonary vessels, it gives 

rise to further research questions involving endothelial cell integrity and their spatial 

organization within the alveolar septae. In addition, dysregulated BMP-signaling after 

IUGR could be associated with remodeling of the vessel wall, thereby increasing the risk 

for PAH. Of course, this might have implications for other organs, including the 

cardiovascular system, as well, but that is beyond the scope of this study.  

 

4.2.2. Lung ECM remodeling after IUGR 

The present study shows a persisting marked reduction of elastic fibers that is linked to 

an increased activity of ECM-degrading MMPs. The scaffold of the ECM is not only vital 

for the development of vessels, but its components also have signaling roles for 

pulmonary cells. For example, research has shown that the vessel marker VE-Cadherin 

was significantly reduced in elastin haploinsufficient mice (213). In addition, the previous 

paragraphs as well as chapter 1.4.2. have shown that pathways involved in angiogenesis 

also exert an influence on the ECM composition, especially the BMP-pathway. 
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The results presented here show a (non-significant) increase of mRNA expression of the 

elastin gene (Eln). An increase of Eln expression has been reported in hyperoxia-

induced BPD models as well (248, 249). While the deposition of elastin in the lung along 

with the assembly and distribution of elastic fibers is disrupted in experimental models 

of BPD (209), our results show an absolute reduction of elastic fibers rather than a 

perturbed distribution. This could indicate a different pathomechanism, possibly linked to 

the reduction of cellular nutrients. Indeed, there is an interaction between the mTOR-

signaling pathway and elastin expression and deposition; research in a model for 

Williams syndrome, an elastin deficiency induced by a heterozygous loss of Eln causing 

obstructive aortopathy, has shown that elastin deficiency increases mTOR-signaling 

(250). To date, a reversed interaction, where decreased mTOR-signaling influences 

elastic fiber assembly, has not been described. However, this would provide a possible 

mechanism, by which a deprived nutrient status reduces elastic fiber assembly through 

nutrient sensing pathways (i.e. mTOR), thereby negatively influencing angiogenesis.  

 

Another reason for the reduction of elastic fiber deposition in the lungs after IUGR could 

be an increase of fiber degradation. The balance between production and degradation 

of lung ECM is crucial for proper development and growth of the lungs. In particular 

MMP-2 and MMP-9 play a crucial role in tissue and vascular remodeling (205, 216, 217, 

251, 252). Both MMP-2 and MMP-9 have binding capacity for TGFb, a member of the 

BMP family (216). In addition, research on ovarian tumors in mice have shown that MMP-

9-/- mice exhibit a decreased level of VEGF, associated with decreased angiogenesis 

and tumor growth (253). These prior studies along with our data indicate that IUGR 

causes an increase of MMP-activity, which may lead to ECM remodeling as indicated by 

a reduction of elastic fibers, negatively influencing angiogenesis.  

 

4.3.  Clinical Significance 

The overall goal of the present study was to provide new insights in the pathogenesis of 

IUGR-associated lung disease, offering novel translational cues for patients. An 

improved understanding of the pathomechanisms of adverse outcomes after IUGR offers 

the opportunity to start ‘tweaking’ the process. The long-term mission of the present 

research is the elucidation of the molecular mechanisms in lungs after IUGR in order to 

identify novel preventive and therapeutic targets for treatment of infants born IUGR. We 

have shown two critical windows for the origins of CLD, and therefore windows of 

opportunity for intervention: first, the prenatal phase with a marked dysregulation of 

angiogenic signaling; and second the postnatal phase with partial catch-up of angiogenic 

signaling, but with significant changes of the ECM such as a reduction of elastic fibers 
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by 50%. One important take-home message is therefore, that not only the prenatal 

nutrient status, but also the postnatal nutrient status and catch-up growth play an 

important role in angiogenesis and the developmental origins of CLD.  

 

Further research into the mechanism of disease is essential to define novel therapeutic 

targets. There are strategies to influence the major dysregulated pathways of VEGF, 

BMP and mTOR, but these pathways are so finely-tuned and interdependent that 

targeting only one pathway will unlikely offer an ultimate treatment for newborn infants. 

There have been multiple attempts for the treatment of BPD; given the similarity between 

IUGR and BPD pathology, it is likely that a prevention of IUGR-associated lung 

complications would also beneficially affect the outcome of BPD. Several investigations 

have shown promising results: induction of VEGF expression has been shown to rescue 

vascularization in BPD models (43, 50), MMP-9 treatment for stimulation of BMPR-II 

after hyperoxia improves alveolarisation (228), and the inhibition of MMPs has been 

shown to improve PAH (254, 255). Since the present study has proven IUGR to cause 

fundamental and persisting damage to the developing lung, the importance of further 

research into the therapeutic strategies is crucial.  

 

4.4.  Limitations 

This study describes IUGR in a rat model with low-protein diet-induced IUGR. Although 

this is a well described and established model of IUGR caused by malnutrition (225, 226, 

239, 256), it does not reflect all causes for IUGR accurately. For instance, malnutrition is 

not the leading cause for IUGR in European countries. As described in the introduction, 

a large part of IUGR in the western society is caused by placental dysfunction and 

inflammation. These pathologies may cause an additional ‘hit’ to the developing embryo, 

because not only nutrient status but also inflammatory mechanisms and hypoxia are at 

work. The present study has not covered any influences of IUGR on the immune system, 

although there is strong evidence suggesting a link between the BMP-pathway (TGFb, 

especially) and inflammation as well as between ECM changes and inflammation, 

indicating IUGR as a possible trigger of chronic pulmonary inflammation.  

 

A second, important limitation of this study is its descriptive nature. In order to provide 

therapeutic targets and interventional goals, a mechanistic explanation for the observed 

findings is required. This research, however, provides ample directions for further 

investigations. For example, it would be of interest to connect the nutrient sensing 

pathway mTOR to the angiogenic signaling pathways. This could be done by actively 

stimulating mTOR activity in vitro in endothelial cells, and measuring the expression 
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levels of the VEGF and BMP pathway. In addition, the connection between the mTOR 

pathway and ECM composition could be studied into further detail as well. In particular, 

mice with genetic modification in components of the mTOR-signaling cascade or 

pharmacological treatment of pregnant dams or newborn rats with Rapamycin would 

provide additional insight in the mechanisms of IUGR-associated angiogenesis and CLD.  

Studying these mechanisms might offer the opportunity to disentangle and balance the 

molecular interactions driving angiogenesis and alveolarisation in the future and offer the 

possibility to modify them under pathological conditions for the eventual benefit of the 

patient.  

 

4.5. Conclusion 

This study describes for the first time the possible molecular link between IUGR and 

aberrant angiogenesis, via a two-phased mechanism of prenatal and postnatal 

dysregulation. Our data show a significant dysregulation of the VEGF- and BMP-pathway 

along with nutrient-sensing mTOR pathway that is ultimately associated with aberrant 

angiogenesis. In addition, the present findings demonstrate increased postnatal 

proteolytic activity in the lung coupled with a reduction of elastic fibers by 50%. Finally, 

dysregulation of angiogenic and nutrient sensing signaling during the intrauterine-to-

postnatal phase of lung development along with matrix remodeling after IUGR were 

associated with reduced number of capillaries after birth.  

 

Collectively, these data support my hypothesis that IUGR impairs pulmonary 

angiogenesis, possibly through dysregulation of angiogenic and nutrient sensing 

signaling as well as lung matrix remodeling. These findings have resulted in a better 

understanding of the long-term effects of IUGR, highlighting the need for prevention and 

treatment of complications as well as providing possible molecular therapeutic targets.  

 
 
 
 
 
 
 

5. SUMMARY (EN) 
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Intrauterine growth restriction (IUGR) has been identified as a risk factor for reduced 

formation of alveoli, extracellular matrix (ECM) remodelling and impaired long-term lung 

function, features also seen in neonatal Chronic Lung Disease (nCLD). Previous 

research has shown that pulmonary angiogenesis is essential for alveolarisation, and 

has linked impaired alveolar formation to dysregulated angiogenesis in various models 

for nCLD and reduced postnatal lung growth. I therefore hypothesised that IUGR and 

subsequent postnatal catch-up growth disrupt microvascular formation in late lung 

development through dysregulation of angiogenic factors, thereby affecting 

angiogenesis, ECM formation and ultimately alveolarisation.   

Experiments were performed using frozen lungs and paraformaldehyde (PFA)-fixed 

lungs of a low-protein diet-induced IUGR rat model at three different time points: 

embryonic day 21 (E21), postnatal day 3 (P3) and P23. The mRNA and protein 

expression of endothelial cell markers (Pecam1 and VE-Cadherin) and angiogenic 

factors (VEGF-family and BMP-family signalling), as well as the nutrient-sensing mTOR 

and AMPKα pathways were measured in whole lung homogenates, with qRT-PCR and 

immunoblot, respectively. The quantity of microvessels and elastic fibres was assessed 

with histomorphometry. In addition, the activity of metalloproteinases was assessed with 

zymography.  

The data demonstrate two-phased perinatal programming after IUGR. The intrauterine 

phase (E21) is characterized by a reduction of endothelial cell markers as well as 

reduced mRNA expression of angiogenic factors. Protein analysis identified reduced 

VEGF- and BMP-signalling, as well as an activation of anti-angiogenic mTOR effectors. 

In the postnatal phase (P23), the lung capillaries (<20µm) are significantly reduced, the 

expression of angiogenic factors and endothelial cell markers were unaffected, but 

Smad1/5/8 signalling and Klf4 protein mRNA expression were increased. Zymography 

demonstrated elevated proteolytic activity of MMP2 and MMP9, linked to a 50% 

reduction of lung elastic fibres. 

The results provide initial evidence that IUGR reduces angiogenic signalling in the lung. 

Even though a catch-up growth induces a stabilisation of angiogenic markers in the 

postnatal lung, there is a persisting loss of capillaries and disrupted ECM formation, 

possibly associated with a predisposition for chronic lung diseases.   
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6. ZUSAMMENFASSUNG (D) 

 
Kurzfassung der Dissertationsschrift 

 
‘Dysregulation of angiogenic signaling and reduced elastic fibers are associated with impaired 

formation of microvessels in rat lungs after intrauterine growth restriction.’ 
 

von Centina Kuiper-Makris 
 

Aus der Klinik und Poliklinik für Kinder- und Jugendmedizinder Universität zu Köln 
Direktor: Univ.-Prof. Dr. Jörg Dötsch 

 
Intrauterine Wachstumsrestriktion (IUGR) ist ein Risikofaktor für verminderte 
Alveolenbildung, Veränderungen der extrazellulären Matrix (ECM) sowie einer 
Minderung der langfristigen Lungenfunktion, wie auch beschrieben in neonataler 
chronischer Lungenerkrankung (nCLD). Vorarbeiten haben gezeigt, dass die 
Gefäßbildung essentiell ist für die Alveolenbildung und dass die Störung der 
Alveolenbildung in verschiedenen Modellen für nCLD und reduziertes postnatales 
Lungenwachstum auf eine Dysregulation der Gefäßbildung zurück zu führen ist. Diese 
Kenntnisse führten zu der Hypothese, dass IUGR und das darauffolgende 
Aufholwachstum die Gefäßentwicklung in den letzten Stadien der Lungenentwicklung 
dysregulieren und dabei zu einem Entwicklungsstillstand der Lungen führen.  
IUGR wurde in Ratten durch eine Proteinmangel-Diät (8% Casein; IUGR) der Muttertiere 
während der Gestation induziert; die Kontroll-Muttertiere erhielten stets Normal-Protein-
Diät (17% Casein; Co). Die Lunge wurde an folgenden Zeitpunkten entnommen: 
embryonalen Tag 21 (E21), postnatalen Tag 1 (P1) und postnataler Tag 23 (P23), und 
entweder in Paraformaldehyd (PFA) fixiert oder bei -80°C  eingefroren. Die mRNA und 
Protein Expression von Endothelzellmarkern und angiogenetische Faktoren wurde an 
den Lungenproben mittels qRT-PCR und Westernblot untersucht. Außerdem wurden zur 
Quantifizierung der Mikrogefäße und elastischen Fasern histomorphologische 
Untersuchung an den PFA fixierten Lungen durchgeführt. 
Die erhobenen Daten zeigen eine zweiphasige Programmierung nach IUGR. Die 
intrauterine Phase kennzeichnet sich durch eine Minderung der Endothelzellmarker und 
angiogenetischen Faktoren. Proteinanalysen zeigten reduzierte VEGF- und BMP-
Signalkaskaden, sowie eine Aktivierung der anti-angiogenetischen mTOR-Kaskade. In 
der postnatalen Phase zeigten sich die Endothelzellmarker unverändert, allerdings war 
die Anzahl der Kapillaren signifikant reduziert, begleitet von einer erhöhten Smad1/5/8 
und Klf4 Protein Expression. Zudem zeigte sich in die Zymographie eine erhöhte Aktivität 
von MMP2 und MMP9, im Zusammenhang mit einer 50%-igen Reduktion der elastische 
Fasern.  
Die Ergebnisse zeigen zum ersten Mal einen negativen Effekt von IUGR auf die 
pränatale Expression von angiogenetischen Faktoren und die Lungengefäßbildung. 
Obwohl sich während des Aufholwachstums die Expression der angiogenetischen 
Faktoren normalisiert, zeigt sich eine dauerhaft reduzierte Anzahl von Kapillaren und 
Veränderung der ECM, welche zu einer Prädisposition für CLD beitragen könnten.  
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