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“…sent	before	my	time		
Into	this	breathing	world,	scarce	half	made	up…”	
	
	
	

from	William	Shakespeare’s	Richard	III		 	
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ABSTRACT	
	
At	birth,	the	fluid-filled	lung	must	be	cleared	to	enable	postnatal	air	breathing.	Fluid	clearance	
is	mediated	by	the	ion	and	water	channels	at	the	alveolar	epithelium.	The	sodium-potassium	
pump—sodium	 potassium	 adenosine	 triphosphatase	 (NaKATPase)—generates	 the	
transepithelial	ion	gradient,	a	prerequisite	for	the	functioning	of	the	key	players	at	the	apical	
alveolar	epithelium.	These	players	 include	the	epithelial	sodium	channel	 (ENaC)	and	cystic	
fibrosis	transmembrane	conductance	regulator	(CFTR).	Impaired	ion	and	fluid	transport	leads	
to	respiratory	problems,	the	most	common	of	which	in	late	preterm	and	full-term	infants	is	
transient	tachypnea	of	the	newborn	(TTN).	In	preterm	infants,	the	leading	cause	of	respiratory	
problems—respiratory	distress	syndrome—results	from	surfactant	deficiency,	but	impaired	
lung-fluid	clearance	is	also	partly	involved.	 		
	
This	thesis	investigated	the	earliest	postnatal	changes	in	the	gene	expression	of	the	molecules	
involved	 in	 ion	and	fluid	transport	 in	 the	airway	epithelium.	 In	doing	so,	we	attempted	to	
identify	 associations	between	cord-blood	hormones	and	gene	expressions	 in	preterm	and	
term	human	infants.	
	
Thus,	 we	 gathered	 nasal	 epithelial	 samples	 at	 birth	 and	 on	 the	 first	 day	 postnatally	 to	
determine	the	gene	expression	of	the	molecules	involved	in	the	airway	epithelial	ion	and	fluid	
transport.	 Gene	 expression	was	 detected	 through	 reverse	 transcription	 polymerase	 chain	
reaction	(RT-PCR).	We	also	collected	cord	blood	at	birth	and	measured	the	glucocorticoid	(GC)	
and	catecholamine	concentrations	using	liquid-chromatography	tandem-mass	spectrometry.	
In	addition,	we	used	a	static	lung	compliance	measurement	to	estimate	the	fluid	content	in	
the	lungs.	National	registries	were	used	to	study	the	associations	between	early	pulmonary	
maladaptation	and	hospitalization	due	to	respiratory	syncytial	virus	(RSV)	later	in	infancy.	
	
In	 term	 infants,	 we	 found	 associations	 between	 the	 gene	 expression	 of	 the	 molecules	
involved	in	the	airway	epithelial	sodium	transport	and	birth	stress	hormones—that	is,	cortisol	
and	 catecholamines.	 Vaginally	 delivered	 (VD)	 newborns	 exhibited	 higher	 stress	 hormone	
concentrations	than	infants	born	via	elective	cesarean	section	(CS).	Higher	stress	hormone	
levels	 in	 the	 umbilical	 cord-blood	 correlated	 positively	 with	 the	 gene	 expressions	 of	 the	
sodium	transporters.	A	lower	gene	expression	of	the	chloride	channel	at	birth	associated	with	
better	static	lung	compliance	during	the	initial	postnatal	hours.	
	
In	preterm	infants,	we	determined	the	betamethasone	(BM)	and	cortisol	levels	in	the	cord	
blood	 following	 antenatal	 corticosteroid	 treatment.	 The	 BM	 levels	 in	 the	 cord	 blood	
decreased	to	low	levels	two	days	after	the	last	dose.	Preterm	infants	with	respiratory	distress	
syndrome	 (RDS)	 had	 lower	 cord-blood	 GC	 concentrations	 than	 those	 without	 RDS.	
Additionally,	we	found	that	the	gene	expressions	of	the	airway	epithelial	sodium	transporters	
associated	with	the	GC	concentrations	in	preterm	human	infants.		
	
These	findings	in	term	and	preterm	infants	provide	evidence	of	the	promoting	effect	of	stress	
hormones	in	the	lung-fluid	clearance	and,	thus,	for	enhanced	pulmonary	adaptation.	
	
Finally,	we	identified	an	association	between	early	postnatal	pulmonary	maladaptation	and	
hospitalization	 due	 to	 RSV,	 which	may	 reveal	 the	 same	 pathogenetic	 background	 behind	
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these	 two	diseases,	 suggesting	 that	 TTN	may	not	 be	 related	 to	 the	 early	 postnatal	 phase	
alone.	
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TIIVISTELMÄ	
	
Sikiön	keuhkot	ovat	nestetäytteiset.	Syntymän	yhteydessä	keuhkonesteen	pitää	poistua,	että	
kaasujen	 vaihto	 olisi	 mahdollista.	 Keuhkonesteen	 kuljetuksessa	 keskeisiä	 ovat	
keuhkorakkuloiden	 pintasolukossa	 sijaitsevat	 ionikuljetuksen	 välittäjät:	 natrium-kalium-
pumppu	 (NaKATPase),	 joka	 muodostaa	 elektrokemiallisen	 gradientin,	 ja	 epiteliaalinen	
natriumkanava	 (epithelial	 sodium	 channel	 —	 ENaC)	 sekä	 kloridikanava	 (cystic	 fibrosis	
transmembrane	 regulator	 —	 CFTR).	 Häiriintynyt	 ioni-	 ja	 nesteenkuljetus	 johtaa	
hengitysvaikeuksiin,	 joista	 lievästi	 ennenaikaisilla	 ja	 täysiaikaisilla	 lapsilla	 tavallisin	 on	
vastasyntyneen	 ohimenevä	 hengitysvaikeus.	 Enneaikaisilla	 hengitysvaikeuden	 syynä	 on	
pääosin	 surfaktantin	puute,	mutta	 keuhkonesteen	hidas	 imeytyminen	on	myötävaikuttava	
tekijä.	
	
Tämä	 väitöskirja	 käsittelee	 hengitysteiden	 ioni-	 ja	 nesteenkuljetukseen	 vaikuttavien	
molekyylien	 geeni-ilmentymän	 muutoksia	 välittömässä	 syntymänjälkeisessä	 vaiheessa,	 ja	
etsii	 yhteyksiä	 geeni-ilmentymän	 ja	 napaveren	 stressihormonien	 välillä	 täysiaikaisilla	 ja	
ennenaikaisilla	vastasyntyneillä.	
	
Tutkimuksessa	keräsimme	vastasyntyneiltä	nenän	pintasolukon	näytteitä	syntymähetkellä	ja	
myöhemmin	 ensimmäisen	 elinpäivän	 aikana.	 Nenän	 pintasolukon	 näytteistä	 määritettiin	
geeni-ilmentymä	 käyttäen	 käänteistranskriptio-polymeraasiketjureaktion	 (reverse	
transcription	polymerase	chain	reaction	—	RT-PCR)	menetelmää.	Napaverinäytteistä	mitattiin	
glukokortikoidien	 ja	 katekolamiinien	 pitoisuuksia	 käyttäen	 nestekromatografia	 tandem-
massaspektrometriaa.	 Keuhkojen	 nestetäytteisyyttä	 arvioitiin	 keuhkokomplianssin	
mittauksilla.	 Rekisteripohjaisen	 tutkimuksen	 kautta	 selvitimme	 vastasyntyneen	
keuhkoadaptaatiohäiriön	 ja	 sairaalahoitoa	 vaativan	 RS-viruksen	 aiheuttaman	 bronkioliitin	
yhteyttä.	
	
Täysiaikaisilla	 vastasyntyneillä	 löysimme	 yhteyden	 hengitysteiden	 pintasolukon	
natriumkuljetuksesta	 vastaavien	 välittäjien	 geeni-ilmentymän	 ja	 stressihormonien	 —	
kortisolin	 ja	 katekolamiinien	 välillä.	 Alateitse	 syntyneillä	 lapsilla	 oli	 korkeammat	
stressihormonien	 pitoisuudet	 kuin	 suunnitelulla	 keisarileikkauksella	 syntyneillä.	
Stressihormonien	 korkeat	 pitoisuudet	 korreloivat	 positiivisesti	 natriumkuljetuksesta	
vastaavien	 yksiköiden	 geeni-ilmentymään.	 Kloridikanavan	 matalampi	 geeni-ilmentymä	
syntymähetkellä	 assosioitui	 parempaan	 keuhkokomplianssiin	 ensimmäisten	 elintuntien	
aikana.	
	
Syntymää	 edeltävän	 kortikosteroidihoidon	 saanneilla	 ennenaikaisilla	 vastasyntyneillä	
määritimme	 napaverestä	 beetametasonin	 ja	 kortisolin	 pitoisuudet.	 Beetametasonin	
pitoisuudet	 laskivat	 matalalle	 tasolle	 kahden	 päivän	 jälkeen	 beetametasonihoidosta.	
Hengitysvaikeusoireyhtymää	 sairastaneilla	 lapsilla	 todettiin	matalammat	 glukokortikoidien	
pitoisuudet	 kuin	 vastasyntyneillä	 ilman	 hengitysvaikeusoireyhtymää.	 Lisäksi	 löysimme	
ennenaikaisilla	vastasyntyneillä	positiivisen	yhteyden	ENaC	ja	NaKATPase	geeni-ilmentymän	
ja	glukokortikoidien	pitoisuuksien	välillä.		
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Tutkimuksemme	 löydökset	 täysiaikaisilla	 ja	 ennenaikaisilla	 vastasyntyneillä	 puhuvat	
stressihormonien	 myönteisen	 vaikutuksen	 puolesta	 keuhkonesteen	 imeytymiseen	 ja	 sen	
myötä	nopeampaan	keuhkoadaptaatioon.	
	
Lopuksi	osoitimme,	että	vastasyntyneenä	keuhkoadaptaatiohäiriön	sairastaneilla	lapsilla	on	
suurempi	 riski	 joutua	 ensimmäisen	 elinvuoden	 aikana	 sairaalahoitoon	 RS-viruksen	
aiheuttaman	bronkioliitin	vuoksi.	Näiden	tilojen	taustalla	ovat	mahdollisesti	samat	sairautta	
aiheuttavat	 mekanismit.	 Tutkimuksemme	 paljasti,	 että	 vastasyntyneen	 ohimenevään	
hengitysvaikeuteen	saattaa	liittyä	ongelmia	vastasyntyneisyyskauden	jälkeenkin.		
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LÜHIKOKKUVÕTE	
 
Looteeas	 on	 kopsud	 vedelikuga	 täidetud.	 Sünnihetkel	 tuleb	 kopsudel	 vabaneda	 üleliigsest	
vedelikust,	 et	 võimaldada	 gaaside	 vahetust	 hingamisteedes.	 Kopsuvedeliku	 imendumine	
toimub	kopsude	epiteeli	membraanil	asetsevate		iooni-	ja	veekanalite	vahendusel.	Nendest	
kesksemad	vahendajad	on	naatrium-kaalium-pump	 (NaKATPase),	mis	 tekitab	epiteelirakus	
elektrokeemilise	gradiendi,	epiteliaalne	naatriumkanal	 (epithelial	 sodium	channel	—	ENaC)	
ning	kloriidikanal	(cystic	fibrosis	transmembrane	regulator	—	CFTR).	Ioonide	liikumise	häire	ja	
seeläbi	 aeglustunud	 vedeliku	 imendumine	 põhjustab	 hingamisprobleeme,	 millest	 kõige	
sagedasem	 on	 hilisenneaegsetel	 ja	 ajalistel	 lastel	 vastsündinu	 transitoorne	 tahhüpnoe.	
Enneaegsetel	 vastsündinutel	 on	 peamiseks	 hingamispuudulikkuse	 põhjuseks	 surfaktandi	
vähesus,	kuid	kopsuvedeliku	imendumise	häire	on	samuti	üks	osa	kaasfaktoritest.		
	
Antud	 väitekiri	 käsitleb	 hingamisteede	 epiteeli	 ioonide	 ja	 vedeliku	 liikumist	 juhtivate	
molekulide	 geeniekspressiooni	 muutuseid	 vastsündinu	 varajases	 sünnijärgses	 perioodis.	
Eesmärk	 oli	 otsida	 seoseid	 nende	molekulide	 geeniekspressiooni	 ja	 vastsündinu	 nabavere	
stressihormoonide	vahel	nii	ajalistel	kui	enneaegsetel	vastsündinutel.	
	
Uuringu	 käigus	 kogusime	 vastsündinutelt	 ninaepiteeli	 proove	 sünnihetkel	 ja	 esimese	
elupäeva	 jooksul.	 Ninaepiteeli	 ioonikanalite	 geeniekspressiooni	 määramiseks	 kasutasime	
pöördtranskriptsiooni	polümeraasahela	reaktsiooni	(reverse	transcription	polymerase	chain	
reaction	 —	 RT-PCR)	 meetodit.	 Nabavere	 glükokortikoidide	 ja	 katehhoolamiinide	
kontsentratsiooni	 määrasime	 vedelikkromatograafia-tandem-massispektromeetria	 abil.	
Kopsude	 vedelikusisalduse	 kaudseks	 hindamiseks	 mõõtsime	 kopsude	 komplianssi.	 Lisaks	
teostasime	registripõhise	uuringu,	et	selgitada	seost	vastsündinu	kopsude	adaptatsioonihäire	
ja	haiglaravi	vajava	RS-viiruse	põhjustatud	bronhioliidi	vahel	imikueas.		
	
Ajalistel	lastel	leidsime	seose	hingamisteede	epiteeli	naatriumioonide	transporti	vahendavate	
üksuste	 geeniekspressiooni	 ja	 stressihormoonide	—	 kortisooli	 ja	 katehhoolamiinide	 vahel.	
Vaginaalselt	 sündinud	 lastel	 olid	 stressihormoonide	 tasemed	 kõrgemad	 kui	 plaanilise	
keisrilõikega	 sündinud	 lastel.	 Nabavere	 stressihormoonide	 kõrge	 tase	 oli	 positiivses	
korrelatsioonis	 naatriumi	 transporterite	 geeniekspressiooniga.	 Sünnihetkel	 määratud	
madalam	 kloriidikanali	 geeniekspressioon	 seostus	 kopsude	 kompliansi	 kõrgemate	
väärtustega	esimestel	elutundidel.	
	
Enneaegsetel	 lastel,	 kes	 olid	 saanud	 sünnieelse	 glükokortikosteroidravi,	 määrasime	
nabaverest	beetametasooni	 ja	 kortisooli	 kontsentratsioonid.	 Kaks	päeva	peale	 sünnieelset	
glükokortikosteroidravi	oli	nabaveres	beetametasooni	kontsentratsioon	 järsult	vähenenud.	
Vastsündinutel,	 kellel	 esines	 respiratoorse	 distressi	 sündroom	 (RDS),	 oli	 nabaveres	
glükokortikoidide	kontsentratsioon	madalam	kui	nendel	vastsündinutel,	kes	ei	haigestunud	
RDSi.	Lisaks	leidsime	enneaegsetel	lastel,	et	hingamisteede	epiteeli	naatriumi	transporterite	
madal	geeniekspressioon	seostus	glükokortikoidide		madala	tasemega	nabaveres.	
	
Antud	töö	tulemused	nii	ajalistel	kui	enneaegsetel	lastel	viitavad	stressihormoonide	soodsale	
mõjule	 kopsuvedeliku	 imendumisel	 ja	 seeläbi	 kiiremale	 kopsude	 adaptatsioonile	
sünnijärgselt.		
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Registripõhises	 uuringus	 näitasime,	 et	 vastsündinutel,	 kellel	 esines	 sünnijärgne	 kopsude	
adaptatsioonihäire,	on	hilisemas	 imikueas	suurem	risk	sattuda	haiglaravile	RS-viiruse	poolt	
põhjustatud	 bronhioliidi	 tõttu.	 Nendel	 kahel	 haigusseisundil	 on	 tõenäoliselt	 ühised	
patogeneetilised	 mehhanismid.	 Seega	 vastsündinu	 transitoorne	 tahhüpnoe	 võib	 ka	 peale	
neonataalperioodi	seostuda	hilisemate	hingamisteede	haigustega.	
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1		 INTRODUCTION	
	
The	fetal	 lung	 is	 fluid	 filled,	a	precondition	essential	 for	normal	 lung	development.	Airway	
epithelial	fluid	secretion	is	driven	by	the	active	ion	transport,	where	water	follows	ions	toward	
the	alveolar	lumen	and	an	increasing	pressure	in	the	alveolar	space	causes	the	distal	airways	
to	extend,	thus	facilitating	lung	development.	By	birth,	secretion	in	the	alveolar	epithelium	
must	 transition	 to	 absorption,	 preparing	 the	 lungs	 for	 extrauterine	 gas	 exchange.	 This	
transition	 from	 secretion	 to	 absorption	 is	 associated	 with	 maternal	 and	 fetal	 hormonal	
changes.	Critical	changes	take	place	around	birth	and	high	levels	of	stress	hormones	serve	as	
contributors	preparing	the	newborn	for	extrauterine	life.	Birth	stress	results	in	high	levels	of	
cortisol	 and	 catecholamines,	 shown	 in	 in	 vitro	 and	 in	 animal	 studies	 to	 induce	 the	 gene	
expression	and	activity	of	airway	epithelial	ion	transporters.		
	
Delayed	or	impaired	lung-fluid	absorption	alters	the	pulmonary	gas	exchange	in	the	lungs	and	
leads	to	respiratory	failure—that	is,	transitory	tachypnea	of	the	newborn	(TTN).	TTN	occurs	
in	 late	 preterm	 and	 full-term	 infants,	 and	 represents	 one	 of	 the	 predominant	 respiratory	
problems	 causing	 admission	 to	 neonatal	 intensive	 care	 unit	 (NICU)	 soon	 after	 birth.	 In	
preterm	 infants,	 the	main	 cause	 of	 respiratory	 failure	 is	 a	 lack	 of	 surfactant,	 resulting	 in	
respiratory	distress	syndrome	(RDS),	where	impaired	lung-fluid	clearance	contributes	to	this	
clinical	 condition.	 Antenatal	 steroid	 treatment	 (ANS)	 is	 the	 standard	 in	 perinatal	 care	 to	
prevent	RDS	as	well	as	other	morbidities	in	preterm	infants.	Yet,	the	optimal	dose	and	timing	
of	ANS	remains	under	discussion.	
	
This	 thesis	 examines	 issues	 concerning	 the	 early	 phase	 of	 postnatal	 lung	 adaptation	 in	
preterm	 and	 full-term	 human	 infants,	 focusing	 on	 the	 role	 of	 the	 epithelial	 sodium	 and	
chloride	transporters	and	channels	 in	 lung-fluid	clearance.	Furthermore,	 it	 investigates	the	
associations	 between	 the	 expression	 of	 the	 airway	 epithelial	 sodium	 transporters	 and	
hormonal	factors	involved	in	early	postnatal	pulmonary	adaptation	in	preterm	and	healthy	
full-term	infants.	Finally,	it	examines	whether	early	postnatal	pulmonary	adaptation	is	related	
to	respiratory	problems	later	in	infancy.	
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2	 REVIEW	OF	THE	LITERATURE	
	
2.1	Lung	development	
The	organogenesis	of	 the	 respiratory	 system	begins	 in	early	 gestation.	At	 around	28	days	
gestation,	the	lung	bud	protrudes	from	the	foregut	endoderm,	and	through	further	branching	
produces	bronchi	and	later	more	distal	small	airways	[1–3].	Lung	development	is	divided	into	
five	overlapping	stages.	First,	during	the	embryonic	stage	(0	to	6	weeks),	the	two	endodermal	
buds,	 forming	 the	 future	 right	 and	 left	 lung,	 extend	 inside	 the	 mesenchyme	 [4].	 The	
embryonic	 stage	 is	 followed	 by	 the	 pseudoglandular	 stage	 (6	 to	 16	 weeks)	 when	 the	
conducting	 airways	 are	 formed	 [3].	 The	 first	 fetal	 breathing	 movements	 are	 already	
detectable	at	this	stage,	likely	contributing	to	lung	development	through	mechanical	stimuli	
[4].	 Next,	 further	 branching	 during	 the	 canalicular	 stage	 (16	 to	 26	 weeks)	 ends	 with	 the	
formation	of	the	early	acini,	the	functional	part	of	the	lung	[5].	The	canalicular	stage	partly	
overlaps	with	the	saccular	stage,	which	lasts	from	week	24	until	term	[3,	6].	The	saccular	stage	
accompanies	acinar	septation	preparing	the	lung	for	the	formation	of	the	final	units	between	
the	gas	exchange—that	is,	the	alveoli.	The	alveolar	stage	begins	from	36	weeks	and	continues	
at	least	into	early	childhood	[3,	6,	7].	Recently,	the	alveolar	stage	was	suggested	lasting	into	
young	adulthood	[4]	(Figure	1).	
	
While	the	branching	of	the	airways	intensively	continues	during	the	canalicular	and	saccular	
stages	of	lung	development,	differentiation	of	the	airway	epithelial	cells	also	begins	during	
this	 period	 [8].	 In	 the	 saccular	 stage,	 the	microvasculature	 develops	 and	 attaches	 to	 the	
alveolar	epithelium,	thereby	establishing	the	structure	necessary	for	postnatal	gas	exchange	
[2].	The	alveolar	epithelium	consists	of	more	than	95%	of	squamous	alveolar	type	I	(ATI)	cells,	
which	together	with	the	surrounding	capillary	bed	forms	the	main	gas	exchange	unit,	and	2%	
to	5%	of	cuboidal	alveolar	type	II	(ATII)	cells,	that	are	responsible	for	producing	and	secreting	
the	surfactant.	The	beginning	of	surfactant	production	and	secretion	in	small	amounts	occurs	
during	the	late	canalicular	stage	and	continues	into	the	saccular	stage	[4,	5],	thus	allowing	
extremely	premature	babies	to	survive.		
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Figure	1.	The	five	overlapping	stages	of	lung	development.		
	
	
Fluid-filled	lungs	
The	fetal	lung	is	fluid	filled.	Fluid	secretion	into	the	fetal	lung	is	a	prerequisite	for	normal	lung	
development.	Nearly	a	century	ago,	Fauré-Fremiet	and	Dragiou	(reviewed	by	[9,	10])	found	
that	that	the	fetal	lung	is	fluid	filled	and	that	the	amount	of	fluid	decreases	upon	birth.	In	the	
early	1940s,	Potter	and	Bohlender	described	the	dilatation	of	the	distal	airways	accompanying	
tracheal	stenosis	or	atresia	(reviewed	by	[11]).	This	discovery	established	a	turning	point	in	
thinking	that	lung	fluid	differs	from	amniotic	fluid	and	must	be	secreted	by	the	lung	tissue.	
Subsequent	studies	confirmed	that	fetal	lung	fluid	was	not	aspirated	amniotic	fluid	[12,13]	
and	not	even	a	plasma	ultrafiltrate,	despite	its	secretion	by	the	lung.	Lung-fluid	secretion	was	
determined	as	resulting	from	active	chloride	ion	transport	[14].		
	
The	 study	by	Alcorn	 et	 al.	 in	 1977	 represented	 a	 landmark	 in	 understanding	 of	 lung-fluid	
secretion	and	its	effect	on	lung	development.	In	that	study	among	fetal	 lambs,	they	found	
that	ligating	the	trachea	results	in	the	overdistension	of	the	lungs,	which	induced	lung	growth	
and	a	more	advanced	morphological	maturity	of	the	alveolar	tissue.	Furthermore,	tracheally	
drained	 lungs	exhibited	retarded	growth	and	morphology,	although	type	 II	cells	were	well	
differentiated	 [15].	 Subsequent	 studies	 confirmed	 that	 fluid	 secretion	 determines	 lung	
growth,	 although	 airway	 maturation	 remains	 unaffected	 [16–18].	 Conditions	 or	
malformations,	 such	 as	 a	 diaphragmatic	 hernia	 or	 oligohydramnion	 in	 which	 lung-fluid	
secretion	has	been	partially	 interrupted,	appear	to	play	a	role	in	determining	the	deficient	
growth	of	the	lung.	In	neuromuscular	disease	as	well,	the	diaphragm	does	not	conduct	the	
optimal	 intra-thoracic	and	 intra-alveolar	pressure	allowing	the	 lungs	to	expand	sufficiently	
during	fetal	development	[19].		
Additionally,	 fetal	 breathing	 movements	 actively	 promote	 fetal	 lung	 growth	 with	 an	
increasing	 intrapulmonary	 pressure	 [20].	 During	 fetal	 breathing	 movements,	 inspiratory	
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efforts	resist	the	tracheal	efflux	of	the	fluid	and	in-between	fetal	breathing	movements	during	
apnea	when	the	glottis	is	closed,	and	thus	maintains	the	extension	of	the	lungs	to	maintain	
the	intraluminal	pressure	via	the	fluid	[21,	22].		
	
Chloride	secretion	in	the	fetal	airway	epithelium	
The	 fetal	 lung	 is	 fluid	 filled	as	a	 result	of	active	 chloride	 ion	 transport	 through	 the	airway	
epithelium	 [11].	 During	 the	 fetal	 period,	 chloride	 ions	 move	 through	 the	 basolateral	
membrane	into	the	cell	and	by	exceeding	the	balance	of	the	intracellular	chloride	gradient,	
the	chloride	ions	are	secreted	apically	to	the	lumen	of	the	alveoli	[11].	The	amount	of	lung	
fluid	increases	from	midgestation	through	late	gestation,	and	then	begins	to	decrease	(Figure	
2)	[23,	24].	There	are	two	primary	channels	responsible	for	apical	chloride	secretion:	the	cystic	
fibrosis	 transmembrane	 conductance	 regulator	 (CFTR)	 and	 the	 chloride	 channel	 2	 (ClCN2)	
[25].	CFTR	is	the	most-studied	chloride	channel	because	of	its	role	in	cystic	fibrosis	(CF),	and	
given	that	 it	plays	a	crucial	role	 in	chloride	 ion	transport	on	the	apical	side	of	the	alveolar	
epithelium	 [26,	 27].	 In	 the	 fetal	 rabbit	 lung,	 CFTR	 expression	 was	 detected	 during	 the	
pseudoglandular	stage,	and	later	during	the	saccular	stage	its	expression	becomes	even	more	
prominent	on	the	apical	side	of	the	bronchiolar	epithelial	cells	 [28].	While	during	fetal	 life	
chloride	secretion	is	predominant,	sodium	reabsorption	activity	remains	low	or	inactive	[29].	
The	epithelial	sodium	channel	(ENaC)	expression	is	detected	in	the	epithelium	of	the	human	
fetal	lung	bud	at	4	to	5	weeks	gestational	age	(GA)	[30],	and	CFTR	messenger	ribonucleic	acid	
(mRNA)	 is	present	beginning	at	6	weeks	GA	[31].	 In	 the	 fetal	 sheep	 lung,	CFTR	expression	
decreases	gradually	towards	term	[32],	while	in	rodents	the	decrease	continues	during	the	
first	 postnatal	 days	 [33].	 In	 the	 human	 fetus,	 CFTR	 protein	 expression	 increases	 until	
midgestation	and	then	decreases	until	term	(Figure	2)	[34].	

	
Figure	2.	Fetal	lung	fluid	amounts	and	changes	in	CFTR	and	ENaC	expressions	according	to	gestational	age.		



	 17	

2.2	Airway	epithelial	ion	and	fluid	transport	
Transepithelial	 fluid	 transport	 is	 regulated	by	 ion	 transporters	 in	 the	epithelial	basolateral	
membranes	such	as	NaKATPase	and	sodium-potassium-2-chloride-cotransporter	(NKCC),	as	
well	as	the	apically	situated	ion	channels	including	the	sodium	and	chloride	channels	[29,	35].	
Chloride	ions	help	to	maintain	electroneutrality	in	the	epithelial	cell.	Water	follows	ions	either	
osmotically,	paracellularly,	or	transepithelially	through	the	aquaporins	(AQPs,	see	Figure	3)	
[36].	

	
	
Figure	3.	The	airway	epithelial	cell	with	the	ion	channels.	ENaC,	epithelial	sodium	channel;	CFTR,	cystic	fibrosis	
transmembrane	conductance	regulator;	AQP,	aquaporin;	NaKATPase,	sodium-potassium-pump;	NKCC,	sodium-
potassium-2-chloride-cotransporter.	
	
	
At	the	luminal	side	of	the	alveolar	epithelia,	the	apically	situated	amiloride-sensitive	epithelial	
sodium	 channel	 (ENaC)	 is	 expressed	 throughout	 the	 airway	 epithelium.	 However,	 the	
expression	differs	between	different	parts	of	the	airways	[37].	ENaC	is	thought	to	cover	60%	
to	80%	of	the	airway	epithelial	sodium	transport,	while	amiloride-insensitive	sodium	channels	
carry	20%	 to	40%	of	 the	 transepithelial	 sodium	 transport	 [38,	39].	 ENaC	consists	of	 three	
subunits:	 α,	 β,	 and	 γ,	 which	 are	 the	 primary	 determinants	 of	 the	 transepithelial	 sodium	
transport	(Figure	4)	[40–42].	Additionally,	the	fourth	subunit,	δ,	also	appears	to	contribute	to	
sodium	 transport	 in	human	airway	epithelial	 cells	 [43].	A	 recent	 cryo-electron	microscopy	
study	revealed	that	human	ENaC	constitutes	subunits	α,	β,	and	γ	at	a	ratio	of	1:1:1	[44].	α-
ENaC	plays	the	most	vital	role	in	fluid	transport	since	α-ENaC	knockout	mice	died	within	40	h	
postnatally	in	respiratory	failure	resulting	from	impaired	lung-fluid	reabsorption	[45].	The	β-	
and	γ-subunits	carry	a	more	 regulatory	 role,	but	 the	co-expression	of	all	 three	subunits	 is	
necessary	to	reach	the	maximal	effect	of	the	ENaC	activity	[41,	46–48].		
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Figure	4.	Epithelial	sodium	channel	(ENaC)	with	the	three	subunits	in	the	alveolar	epithelium.	
	
Basolaterally	situated	NaKATPase	is	essential	for	creating	an	electrochemical	gradient	[49–
51]	in	the	cell	and	synergistically	activates	with	sodium	transport	through	the	apically	situated	
amiloride-sensitive	 sodium	 channels	 [52].	NaKATPase	 has	 a	 pore-forming	α-subunit	 and	 a	
regulatory	β-subunit	[50].	NaKATPase	together	with	ENaC	creates	the	predominant	pathway	
for	 sodium	absorption,	 and	 thus,	osmotically	driven	 fluid	absorption	 [35,	 53].	Blockage	of	
NaKATPase	decreases	by	half	the	alveolar	fluid	clearance	in	a	human	resected	lung	[49].		
	
The	 interaction	 between	 ENaC	 and	 CFTR	 has	 also	 received	 attention,	 while	 chloride	 and	
sodium	 transport	 together	 determine	 the	 balance	 of	 the	 epithelial	 fluid	 [27,	 35].	 Several	
studies	determined	the	role	of	CFTR	as	the	primary	airway	epithelial	chloride	channel	[26,	54,	
55],	as	well	a	regulator	of	ENaC	activity	[56–58].	ENaC	and	CFTR	are	both	expressed	in	ATI	and	
ATII	 cells	 [59].	 While	 ENaC	 and	 NaKATPase	 activate	 sodium	 transport,	 CFTR	 serves	 as	 a	
bidirectional	chloride	channel	serving	to	neutralize	the	electrochemical	imbalance	[55].	Here,	
NKCC	was	also	found	to	participate	in	chloride-ion	transport	on	the	basolateral	membrane	
(Figure	3)	[55,	60,	61].		
	
Osmotically	driven	fluid	transport	is	partially	conducted	via	water	channels—AQPs—that	are	
important	 in	 postnatal	 lung-fluid	 clearance	 [62].	 However,	 the	 change	 in	 AQP	 expression	
during	the	fetal	period	was	also	associated	with	fetal	lung	growth	[63].	Several	AQPs	appear	
to	be	involved	in	lung-fluid	movement	[62].	In	particular,	AQP5	is	present	in	ATI	and	ATII	as	
well	 as	 in	 the	nasal	 superficial	 cells	 [64,	 65],	 and	appears	 to	 contribute	 to	 fetal	 lung-fluid	
homeostasis,	and	thus	lung	growth	and	water	movement	in	the	alveolar	epithelia	[66].	While	
in	rodents	AQP5	is	present	postnatally	[67],	in	sheep	the	expression	of	AQP5	is	detected	well	
before	birth	[63].	It	is	particularly	noteworthy	that	in	sheep	AQP5	expression	increases	during	
late	gestation	[63].	Furthermore,	AQP5	is	affected	by	the	same	factors	important	to	regulating	
lung-fluid	secretion—that	is,	corticosteroids	and	beta-adrenergic	agonists	[25,	67–69].		
	
The	stimulating	role	of	GCs	on	sodium	transport	is	partly	mediated	through	serum-induced	
glucocorticoid	kinase	1	(SGK1)	[70].	SGK1	regulates	the	sodium	transport	by	activating	ENaC	
transcription,	increasing	the	numbers	of	channels	in	the	plasma	membrane	[70],	and	reducing	
the	downregulation	of	the	channels	by	the	neural	precursor	cell	expressed	developmentally	
downregulated	protein	4-2	(Nedd4-2)	[70–72].	Phosphorylation	of	Nedd4-2	by	SGK1	inhibits	
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the	interaction	between	Nedd4-2	and	ENaC,	thereby	reducing	ENaC	degradation	[73].	SGK1	
also	increases	the	expression	and	activity	of	NaKATPase	[74,	75].	
	
	
2.3	The	hormonal	regulation	of	the	airway	epithelial	ion	and	fluid	transport		
The	 induction	of	 ENaC,	NaKATPase,	 and	SGK1	 via	endogenous	or	 synthetic	GCs	 and	beta-
adrenergic	agonists,	such	as	catecholamines,	has	been	demonstrated	in	several	in	vitro	and	
animal	studies	[72,	76–81].		
	
	
Glucocorticoids	(GCs)		
The	 inducing	 effect	 of	 GCs	 on	 sodium	 channel	 transcription	 and	 further	 translation	 is	
mediated	by	the	intracellular	GC	receptors	in	the	airway	epithelia	(Figure	5).	The	effect	of	GC	
is	further	mediated	via	activation	of	the	glucocorticoid	response	elements	in	the	nucleus	by	
the	glucocorticoid	receptors	(GRs)	[50,	82,	83].	In	the	human	lung	epithelial	line	(H441),	the	
stimulating	effect	of	GCs	on	epithelial	sodium	transport	appears	as	an	increase	in	the	ENaC	
α-,	β-,	 and	γ-subunits	 and	SGK1	expression	visible	 following	1	h	of	GC	exposure	 [79].	 The	
maximal	expression	of	ENaC	in	a	cultured	human	fetal	lung	is	detectable	following	8	h	of	GC	
exposure	 [84].	 Among	 the	 ENaC	 subunits,	 α-ENaC	 expression	 increases	 first	 8	 h	 after	 GC	
exposure	 [78].	 The	 β-	 and	 γ-subunits	 provide	 a	 more	 regulatory	 role	 in	 ENaC,	 possibly	
requiring	24	h	or	more	to	achieve	the	maximal	mRNA	levels	[85,	86].	While	ENaC	is	induced	
by	GCs,	CFTR	expression	and	channel	activity	in	rat	fetal	distal	cells	and	human	adult	ATII	cells	
are	downregulated	by	GCs	[26].	
	
GCs	induce	NaKATPase	expression	and	activity	in	cultured	rat	ATII	cells,	although	induction	
becomes	evident	only	 in	 the	β1-NaKATPase	mRNA,	while	α1-NaKATPAse	mRNA	 remained	
unchanged	[77].	In	a	sheep	lung,	GCs	did	not	increase	the	α1-NaKATPase	expression	during	
late	 gestation	 [25].	 In	 another	 study	 based	 on	 adult	 rat	 alveolar	 epithelial	 cells,	
dexamethasone	increased	β1-NaKATPase	expression	already	at	8	h,	although	it	did	not	alter	
the	α1-NaKATPase	expression	[78].	Instead,	in	a	fetal	rat	lung,	β1-NaKATPase	mRNA	increased	
after	dexamethasone	at	6	h,	while	an	α1-subunit	mRNA	increase	was	detectable	at	18	h,	with	
both	 subunits	 peaking	 at	 24	 h	 [76].	 In	 addition,	 the	 induction	 of	 α1-	 and	 β1-NaKATPase	
expressions	 using	 GCs	 was	 affected	 in	 a	 dose-dependent	 manner	 [76].	 Furthermore,	
dexamethasone	increases	both	α1-	and	β1-NaKATPase	protein	amounts	and	the	activity	of	
NaKATPase,	thus	indicating	the	translational	and	posttranslational	effects	of	GCs	[76,	77,	87].		
	
The	 rapid	effect	of	GCs	on	 the	epithelial	 sodium	 transport	 is	primarily	 SGK1-mediated	via	
transcription	as	well	as	at	the	posttranslational	level	[70,	88].	The	initial	appearance	of	SGK1	
expression	already	appears	within	minutes	 following	GC	exposure	[89].	 In	human	cultured	
cell	lines	(H441	and	H549),	the	transcriptional	response	reaches	a	maximum	at	1	h	[72,	79,	
90,	 91].	 While	 a	 dexamethasone-induced	 SGK1-mediated	 short-term	 effect	 on	 ENaC	
appeared	at	3	h	through	the	increased	abundance	of	ENaC	subunits	on	the	lung	epithelial	cell	
membrane,	consistent	ENaC	activity	also	appeared	as	SGK1-dependent	at	24	h	[88].	
The	 SGK1	 promoter	 contains	 a	 GC	 response	 element	 [90]	 as	 well	 as	 a	 cyclic	 adenosine	
monophosphate	 (cAMP)	 responsive	 element-binding	 site	 [70].	 Thus,	 SGK1	 activity	 results	
from	GCs	and	is	augmented	by	cAMP,	a	second	messenger	of	catecholamines	[70,	72,	91].		
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Figure	 5.	 GCs	 and	 catecholamines	 regulating	 the	 transepithelial	 ion	 and	 fluid	 transport.	 GR,	 glucocorticoid	
receptor;	GC,	 glucocorticoids;	 βADR,	 beta-adrenergic	 receptor;	NaKATPase,	 sodium-potassium	pump;	 cAMP,	
cyclic	 adenosine	 monophosphate;	 ENaC,	 epithelial	 sodium	 channel;	 CFTR,	 cystic	 fibrosis	 transmembrane	
conductance	regulator.	
	
	
Catecholamines		
Several	in	vitro	and	animal	studies	primarily	among	sheep	have	shown	that	catecholamines	
induce	lung-fluid	absorption	[38,	91–96].	The	role	of	catecholamines	in	perinatal	 lung-fluid	
clearance	has	been	highlighted	when	 comparing	pulmonary	 adaptation	based	on	 delivery	
mode.	 Bland	 et	 al.	 [97–99]	 showed	 in	 newborn	 rabbits	 that	 differences	 exist	 in	 the	
extravascular	lung-fluid	content	whether	born	by	elective	CS	without	labor,	when	CS	precedes	
labor,	or	when	born	vaginally.	Based	on	these	previous	findings,	Bland	and	Boyd	[99]	further	
demonstrated	that	labor	stimulated	the	transmembrane	cation	transport	in	pneumocytes	in	
rabbits.	 In	 addition,	 in	 chronically	 catheterized	 lambs,	 Brown	 [93]	 showed	 that	 infusing	
catecholamines	inhibited	lung-fluid	secretion	and	augmented	absorption,	particularly	with	an	
advancing	gestational	age	approaching	term.	Soon	afterwards,	another	study	on	fetal	lambs	
measured	the	electrical	potential	difference	across	the	pulmonary	epithelium,	revealing	that	
epinephrine-induced	 fluid	absorption	depends	on	 the	 transepithelial	 sodium	transport,	 an	
effect	 blocked	 by	 amiloride	 [100].	 In	 the	 same	 study,	 Olver	 et	 al.	 [100]	 proposed	 a	 link	
between	sodium	and	chloride	ions,	while	their	transport	is	both	mediated	by	epinephrine	and	
possibly	 related	to	some	specialized	chloride	channels.	An	 increased	alveolar	clearance	by	
catecholamines	was	also	demonstrated	in	guinea	pigs,	where	an	increased	alveolar	clearance	
associated	with	high	catecholamine	levels,	and	the	beta2-adrenergic	effect	was	blocked	by	
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the	beta-adrenergic	antagonist	[95].	Furthermore,	they	also	pointed	to	the	role	of	amiloride-
sensitive	α-ENaC,	while	the	newborn	lung	exhibited	higher	levels	of	α-ENaC	mRNA	than	the	
adult	lung,	and	α-ENaC	mRNA	decreased	rapidly	during	the	first	days	postnatally	[95].	Labor-
induced	alveolar	clearance	also	appeared	among	late-gestation	guinea	pigs	[101].		
	
Beta2-adrenergic	 receptors	 (β2ADR)	are	present	 throughout	 the	 respiratory	epithelia	with	
the	 highest	 density	 in	 the	 alveolar	 epithelia	 [102].	 Beta-adrenergic	 agonists	 induce	 the	
expression	and	activity	of	the	sodium	transporters	(ENaC	and	NaKATPase)	and	SGK1	in	both	
animals	 and	 in	 the	 laboratory	 setting	 [80,	 102].	 The	 beta-adrenergic	 effect	 on	 sodium	
absorption	may	be	cAMP-mediated	through	the	activation	of	both	nonselective	and	highly	
selective	 sodium	 channels	 [103].	 However,	 the	 initial	 role	 of	 the	 transepithelial	 fluid	
movement	may	be	based	on	a	 cAMP-mediated	effect	 that	primarily	 involves	 chloride	 flux	
through	 CFTR	 [104,	 105].	 Activating	 the	 β2ADR	 also	 upregulates	 the	 NaKATPase	 activity	
through	transcription	and	translation,	as	well	as	by	increasing	the	amount	of	NaKATPase	on	
the	membrane	[106–108].	Altogether,	the	beta-adrenergic	effects	involve	the	upregulation	
of	ENaC,	CFTR,	and	NaKATPase	(Figure	5)	[102].	
	
In	animal	studies,	the	beta-adrenergic	agonists	also	regulate	AQPs	[68,	69].	The	biphasic	effect	
of	the	beta-adrenergic	agonist	on	AQP5	regulation	was	shown	in	mouse-lung	epithelial	cells,	
where	 the	 exposure	within	minutes	 caused	 the	 internalization	 of	 AQP5	 from	 the	 plasma	
membrane	and	degradation,	while	exposure	within	hours	 increased	the	AQP5	distribution	
and	protein	abundance	on	the	membrane	[69].		
	
In	humans,	significant	differences	exist	between	catecholamine	levels	in	vaginally	delivered	
and	 elective	 CS–born	 newborns	 [109,	 110].	 Furthermore,	 high	 catecholamine	 levels	
associated	 with	 better	 lung	 compliance	 within	 2	 h	 postnatally,	 reflecting	 the	 role	 of	
catecholamines	in	postnatal	pulmonary	adaptation	[111].	
	
Administering	a	beta-adrenergic	agonist	to	the	mother	prior	to	delivery	 improves	the	 lung	
function	of	newborn	infants	following	elective	CS	[112].	Some	intervention	studies	examining	
beta-adrenergic	 agonists	 in	 newborns	 reported	 clinical	 improvements	 in	 children	 with	
respiratory	 distress	 [113–115].	 However,	 based	 on	 Cochrane	 systematic	 reviews,	 inhaled	
epinephrine	or	salbutamol	offered	no	benefit	in	the	treatment	of	TTN,	primarily	due	to	the	
small	number	of	studies	[116,	117].	Additionally,	a	study	of	inhaled	GCs	in	late-preterm	and	
full-term	 infants	 found	no	benefit	on	the	course	of	TTN	 in	 terms	of	shortening	ventilation	
support	nor	the	length	of	hospital	stay	[118].	However,	long-acting	beta2	agonists	improve	
the	 alveolar	 fluid	 clearance	 and	 reduce	 the	 extravascular	 fluid	 content	 in	 adults	 in	 high-
altitude	pulmonary	edema	or	acute	lung	injury	[119,	120].	Furthermore,	the	role	of	specific	
β2ADRs	was	 also	described	 in	healthy	humans	during	exercise-induced	pulmonary	edema	
based	on	selective	and	nonselective	beta-adrenergic	blockers.	Alveolar	fluid	homeostasis	was	
altered	by	a	beta2-adrenergic	blocker	[121].		
	
	
Other	hormonal	factors	
GCs	and	catecholamine	represent	the	main	regulators	of	sodium	and	fluid	transport	in	the	
respiratory	epithelium,	although	other	hormones	act	synergistically	[122–126].		
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Insulin	 increases	ENaC	and	SGK1	activity	 in	 the	 isolated	alveolar	 cells	of	 rat	 fetuses	 [127].	
Insulin	also	increases	the	expression	of	the	ENaC	α-,	β-,	and	γ-subunits	and	SGK1,	and	inhibits	
the	downregulation	of	ENaC	involving	Nedd4-2,	thereby	helping	to	resolve	pulmonary	edema	
in	lung	injuries	in	mice	[128].	
	
Vasopressin	 regulates	 the	 alveolar	 fluid	 transport	 by	 inhibiting	 fetal	 fluid	 secretion	 and	
enhancing	the	alveolar	fluid	clearance	[126,	129,	130].	Using	sheep	fetuses,	Guetta	et	al.	[126]	
showed	that	indeed	the	interaction	of	vasopressin,	triiodothyronine,	and	hydrocortisone	is	
necessary	 to	 decrease	 fetal	 lung-fluid	 secretion	 and	 stimulate	 fluid	 reabsorption.	 In	 fetal	
sheep,	 the	 stimulating	 effect	 of	 vasopressin	 in	 lung-fluid	 clearance	 is	mediated	 by	 apical	
sodium	transport	[131,	132].	
	
The	 synergistic	 effect	 of	 thyroid	 hormones	 in	 stimulating	 sodium	 transporters	 was	 also	
demonstrated	 in	 several	 animal	 studies	 [133–136].	 Indeed,	 the	 potentiating	 role	 of	 the	
thyroid	hormone	in	alveolar	fluid	clearance	appears	to	act	via	NaKATPase	upregulation	[134,	
136,	137].	
	
Thome	et	al.	[138]	studied	the	differences	between	male	and	female	sex	hormones	that	also	
modulate	sodium	transport,	 finding	an	advantage	among	female	rat	 fetuses.	Estradiol	and	
progesterone	increase	the	ENaC	and	NaKATPase	expression	and	activity	 in	fetal	distal	 lung	
cells	in	rats	[139,	140],	whereas	estradiol	selectively	modifies	the	ENaC	channel	activity	via	
the	channel	gating	and	density	of	rat	alveolar	cells	[141].	While	progesterone	increases	ENaC	
expression	and	activity,	the	combination	of	dexamethasone	and	progesterone	decreased	the	
expression	 of	 α-ENaC	 and	 γ-ENaC	 subunits,	 as	 well	 sodium	 transport	 in	 fetal	 distal	 lung	
epithelial	cells	[142].		
	
Environmental	 factors	 like	oxygen	also	affect	the	airway	epithelial	transport	as	 found	in	 in	
vitro	and	animal	models	[143–146],	but	also	in	humans	in	high-altitude	induced	pulmonary	
edema	[147,	148].	Oxygen	induces	the	α-ENaC	expression	activity	based	on	postnatal	oxygen	
levels	[149,	150],	while	hypoxia	decreases	the	ENaC	and	NaKATPAse	activity	 in	vitro	and	 in	
vivo	in	a	rat	lung	[151].	However,	in	the	presence	of	dexamethasone,	this	inhibiting	effect	on	
sodium	transport	diminishes	[152].	Furthermore,	the	 inhibiting	effect	on	hypoxia	from	the	
sodium	transport	in	the	alveolar	epithelia	is	reversible	using	beta-adrenergic	agonists	[153].		
	
	
2.4	Transition	from	fluid-filled	lungs	to	air	breathing:	pulmonary	adaptation	at	birth	
As	birth	approaches,	the	transfer	from	lung-fluid	secretion	to	fluid	absorption	is	essential	to	
enable	air	breathing	[154].	At	birth,	the	role	of	gas	exchange	switches	from	the	placenta	to	
the	lungs	[155].	Here,	the	epithelial	sodium	channel	plays	a	vital	role	in	perinatal	lung-fluid	
clearance	[45,	52,	156].		
	
The	dynamics	of	 the	airway	epithelial	 ion	and	 fluid	 transport	 is	 associated	with	hormonal	
changes	during	the	fetal	and	perinatal	stages.	During	the	fetal	period,	 the	first	 increase	 in	
cortisol	 production	 takes	 place	 at	 30	 to	 36	 weeks,	 and	 the	 second	 increase	 reaches	 the	
maximum	 at	 term	 in	 the	 initial	 hours	 postnatally	 (Figure	 6)	 [23].	 GCs	 are	 well	 known	 to	
promote	lung	maturity	in	preterm	infants	through	the	induction	of	surfactant	synthesis,	as	
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well	 in	 the	 shift	 from	 fetal	 lung-fluid	 secretion	 to	 absorption,	 which	 promotes	 lung-fluid	
clearance	and	prepares	for	extrauterine	gas	exchange	[23].		
 
In	 sheep,	Bland	et	al.	 [157]	 found	 that	 lung	 fluid	decreased	by	45%	before	birth	and	38%	
following	birth.	Ultimately,	lung	fluid	production	increases	(from	2	mL/h	per	kg	to	5	mL/h	per	
kg)	until	late	gestation	when	it	begins	to	decrease	prior	to	delivery	[21,	24].	Catecholamines	
caused	a	decrease	in	the	lung-fluid	secretion	during	the	early	stages	of	labor	and	continued	
with	higher	absorption	rates	[93].	Catecholamines	peak	with	birth	stress	(Figure	6).	cAMP,	a	
second	messenger	of	catecholamines,	increases	lung-fluid	absorption	within	minutes	[78,	91],	
explaining	the	physiological	need	and	immediate	action	of	catecholamines	at	birth.	
	

	
Figure	6.	Changes	in	the	amount	of	lung	fluid	and	levels	of	cortisol	and	catecholamines	during	fetal	development.		
	
The	onset	of	air	breathing	demands	a	well-conducted	process	of	several	preceding	factors:	
normal	 lung	development,	well-defined	antenatal	 hormonal	 regulation,	 and	a	peak	 in	 the	
stress	hormones	before	birth.	Finally,	delivery	results	 in	the	transfer	to	a	new	atmosphere	
featuring	many	new	physical	stimuli.		
	
Previously,	the	 important	role	of	 lung-fluid	removal	was	dedicated	to	the	so-called	vaginal	
squeeze,	where	compression	and	the	subsequent	recoil	of	the	thorax	at	birth	would	exert	a	
primary	impact	on	the	onset	of	breathing	[158].	Subsequent	studies	revealed	that	only	one-
third	to	one-fourth	of	the	lung	fluid	is	removed	at	birth	[159–161].	The	first	breaths	are	critical	
to	overcoming	the	air–fluid	barrier	and	to	establishing	the	FRC—that	is,	the	end-expiratory	
gas	volume	[155].	Imaging	studies	of	lung	aeration	in	rabbits	at	birth	revealed	a	provocative	
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element	 in	 lung	 aeration	 and	 fluid	 clearance—the	 transpulmonary	 pressure	 induced	 by	
inspiration	[162].	During	the	inspiratory	phase,	the	air–fluid	line	is	drawn	towards	the	distal	
part	of	the	lungs,	while	during	the	expiratory	phase	and	apnea,	only	a	small	change	in	the	air–
fluid	 zone	movement	 is	 detected	 [162–164].	 Lung-fluid	 clearance	 remains	most	 intensive	
during	the	first	20	min	postnatally,	but	the	process	continues	for	hours	[98,	157,	165,	166].	
	
While	several	studies	established	the	role	of	ENaC	in	lung-fluid	clearance	[45,	52,	167],	ENaC	
may	also	contribute	to	establishing	an	“open	lung”	by	avoiding	the	re-entry	of	liquid	during	
expiration	 [164,	 168].	 Opening	 the	 lungs	 and	 establishing	 a	 FRC	 leads	 to	 a	 decrease	 in	
pulmonary	vascular	resistance,	increasing	the	pulmonary	blood	flow,	and	further	creating	a	
sufficient	preload	of	cardiac	output	[169,	170].	
	
	
Estimating	lung-fluid	clearance	early	postnatally		
The	imaging	of	lung-fluid	removal	during	the	first	breaths	is	well	described	in	animal	studies	
[162–164,	171].	Siew	et	al.	[162,	164,	172]	used	plethysmography	and	phase-contrast	X-ray	
imaging	to	describe	fluid	clearance	and	the	air	entering	the	lungs	by	establishing	the	FRC	in	
rabbit	pups.	Recently,	a	study	on	preterm	lambs	using	magnetic	resonance	imaging	combined	
with	lung	function	measurements	revealed	a	significant	difference	in	the	lung-fluid	content	
and	the	FRC	depending	on	the	gestational	age	and	ANS	treatment	[173].	
	
In	humans,	lung	ultrasound	has	served	as	a	feasible	and	informative	tool	to	differentiate	early	
neonatal	lung	pathology	[174–177].	In	addition,	estimating	the	lung-fluid	content	using	lung	
ultrasound	 has	 provided	 further	 information	 about	 the	 dynamics	 of	 lung-fluid	 clearance	
during	the	early	postnatal	hours	[166,	178–180].		
	
In	lung	ultrasound,	B-lines—the	comet-tail	artefacts	reflecting	the	lung-fluid	content—differ	
in	healthy	infants	based	on	the	mode	of	delivery	[179].	For	instance,	newborns	delivered	via	
elective	CS	exhibited	a	slower	resolution	of	the	B-lines	than	vaginally	born	infants,	indicating	
a	slower	fluid	clearance	in	the	CS	group	[179].		
	
We	previously	showed	that	postnatal	lung	compliance	improves	significantly	during	the	first	
postnatal	day,	in	agreement	with	lung-fluid	clearance	[167,	179,	180].	Postnatal	changes	in	
the	fluid	estimation	using	lung	ultrasound	indicated	improved	lung	compliance,	although	no	
statistically	significant	correlation	in	healthy	newborn	infants	was	found	[180].	Nevertheless,	
improving	lung	compliance	correlated	with	the	airway	epithelial	ion	transport	[167].	

	
	

2.5	Maladaptation:	 impaired	 lung-fluid	clearance	or	transient	tachypnea	of	the	newborn	
(TTN)	
TTN,	also	called	“wet	lung”	syndrome,	is	a	common	respiratory	disorder	in	late	preterm	and	
term	infants	caused	by	impaired	lung-fluid	clearance	during	the	early	postnatal	period	[181,	
182].	The	incidence	of	TTN	varies	according	to	gestational	age	and	delivery	mode,	occurring	
most	often	 in	 late-preterm	and	CS-delivered	 infants	 (i.e.,	 20%	 in	34-week	preterm	 infants	
born	via	CS)	[183].	Near	term,	at	37	weeks,	the	incidence	of	TTN	is	remarkably	lower,	falling	
to	4.8%,	and	decreasing	further	each	week,	falling	to	2.5%	at	40	weeks	[184].	
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Infants	born	by	elective	CS,	late-preterm	or	near-term	gestational	age,	and	being	male	serve	
as	risk	factors	for	TTN	[185].	The	pathophysiology	behind	TTN	seems	to	associate	with	delayed	
lung-fluid	clearance	[10].	Gowen	et	al.	[186]	demonstrated	a	higher	nasal	potential	difference	
in	 elective	 CS	 newborns	 than	 in	 vaginally	 born	 infants	 as	 well	 as	 in	 TTN.	 These	 results	
regarding	findings	in	nasal	potential	difference	in	symptomatic	children	and	in	an	elective	CS	
group	indicates	different	dynamics	in	the	ion	transport	in	the	airway	epithelium.	Recently,	a	
study	on	rabbit	kittens	highlighted	the	association	between	an	elevated	 lung-fluid	content	
following	birth	and	an	impaired	respiratory	function	[187].	

	
Symptoms	 of	 TTN	 include	 a	 high	 respiratory	 rate,	 grunting	 or	 burdensome	 breathing	
beginning	during	the	first	postnatal	hours	which	often	resolve	within	48	h	or	even	later	[187,	
188].	 However,	 this	 condition	 may	 deteriorate	 to	 respiratory	 failure	 and	 pulmonary	
hypertension	[29].	Radiological	findings	in	a	chest	X-ray	show	signs	of	a	perihilar	interstitial	
syndrome	 often	 with	 visible	 fluid	 in	 the	 interlobar	 fissure	 [189].	 TTN	 features	 in	 lung	
ultrasound	 diagnostics	 may	 include	 “double	 lung	 point”,	 pulmonary	 edema,	 alveolar-
interstitial	syndrome,	compact	B-lines,	and	white	lung	in	severe	cases	[190].		
	
A	 mild	 “wet	 lung”	 syndrome	 is	 primarily	 handled	 using	 noninvasive	 pressure	 support	 to	
maintain	positive	end-expiratory	pressure,	and	supplemental	oxygen	[191].	However,	a	high	
oxygen	 requirement	may	 lead	 to	 intubation	 and	mechanical	 ventilation,	 and	 in	 the	most	
difficult	 cases,	 while	 exceedingly	 rare,	 management	 with	 extracorporeal	 membrane	
oxygenation	 [29].	 Treatment	 with	 a	 beta-adrenergic	 agonist	 was	 analyzed	 in	 Cochrane	
reviews,	providing	no	evidence	to	support	treatment	with	epinephrine	or	salbutamol	in	TTN	
[116,	 117].	 However,	 recently,	 a	 triple-blinded	 study	 of	 inhaled	 salbutamol	 significantly	
reduced	 oxygen	 demand,	 respiratory	 support,	 and	 hospitalization	 time	 in	 the	 treatment	
group	compared	to	the	placebo	group	[192].	The	use	of	antenatal	glucocorticosteroids	in	late	
preterm	deliveries	successfully	reduced	respiratory	morbidity	and	admissions	as	well	as	the	
length	of	stay	 in	NICUs	 [193–195].	Furthermore,	prophylactic	GCs	 for	 full-term	elective	CS	
deliveries	intended	to	reduce	respiratory	morbidity	appear	promising,	although	no	definitive	
evidence	is	yet	available	[196].	

	
The	difference	between	RDS	and	TTN	is	not	so	clear-cut	evident	 in	 late	gestation.	 Instead,	
these	 seem	 to	 represent	 partially	 overlapping	 conditions	 or	 feature	 an	 invisible	
transformation	from	one	condition	to	another.	Specifically,	the	overlap	consists	of	a	lack	of	
surfactant	 and	 the	 delayed	 reabsorption	 of	 the	 alveolar	 fluid	 during	 postnatal	 pulmonary	
adaptation	(Figure	7)	[10,	197,	198].	
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Figure	7.	The	sliding	difference	between	respiratory	distress	syndrome	(RDS)	and	transitory	tachypnea	of	the	
newborn	(TTN)	according	to	gestational	maturation.	Modified	from	Helve	2009.	
	
	
2.6	Respiratory	distress	syndrome	in	newborns	(RDS)		
RDS	involves	respiratory	distress	primarily	because	of	a	surfactant	deficiency,	resulting	in	the	
collapse	 of	 the	 alveoli	 and	 manifesting	 as	 respiratory	 failure	 in	 a	 newborn	 [199,	 200].	
However,	 in	 addition	 to	 the	 surfactant	 deficiency,	 impaired	 lung-fluid	 clearance	 is	 a	
contributing	factor	in	the	pathophysiological	background	(Figure	8)	[201].	

	
Figure	8.	Respiratory	distress	syndrome	(RDS),	transient	tachypnea	of	the	newborn	(TTN),	and	an	adapted	lung.	
In	RDS,	surfactant	deficiency	represents	the	primary	reason	for	respiratory	distress,	although	impaired	lung-fluid	
clearance	is	a	contributing	factor.	In	TTN,	the	amount	of	surfactant	is	sufficient,	but	respiratory	distress	is	caused	
by	delayed	lung-fluid	clearance.	In	an	adapted	lung,	the	fluid	line	and	surfactant	amount	in	the	alveoli	remain	
optimal.	Modified	from	O’Brodovich	1996.	
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Surfactant	synthesis	in	the	ATII	cells	begins	at	22	weeks	and	reaches	an	optimal	level	for	the	
postnatal	transition	after	36	weeks	GA	[23].	Hence,	RDS	is	predominantly	a	disease	related	to	
prematurity.	 In	 rare	 cases,	 RDS	 can	 be	 considered	 a	 differential	 diagnosis	 in	 near-term	
newborns	experiencing	respiratory	distress	[188].		
	
A	 preterm	 newborn	 with	 RDS	 presents	 with	 signs	 of	 difficulty	 breathing	 with	 intercostal	
retractions,	grunting,	and	cyanosis	requiring	oxygen,	and	exhibiting	sings	of	an	inadequate	
gas	 exchange	 in	 a	 blood	 gas	 analyses	 [182,	 200].	 The	 classic	 signs	 of	 RDS	 are	 visible	 in	
radiographic	findings,	indicated	by	ground-glass	thorax	with	an	air	bronchogram	[200,	202].	
This	 prominent	 X-ray	 finding	 is	 rarely	 seen	 today	 given	 early	 ventilation	 support	 through	
continuous	positive	airway	pressure	(CPAP)	management	and	early	surfactant	administration	
[202].	 However,	 lung	 ultrasound	may	 be	 suitable	 for	 differentiating	 RDS	 from	 TTN	 [198].	
Therefore,	the	signs	mentioned	above	combined	with	surfactant	treatment	yielding	a	good	
response	support	the	diagnosis	of	RDS	without	any	remarkable	abnormality	visible	in	an	X-
ray.		
	
Antenatal	care	beginning	with	centralized	perinatal	 care	 for	mothers	showing	signs	of	 the	
imminent	birth	of	a	very	preterm	infant	plays	an	important	part	in	preventing	RDS.	Delivery	
in	 tertiary	 care	 allows	 healthcare	 staff	 to	 calculate	 the	 timing	 of	 the	 prenatal	 steroid	
treatment,	 well-coordinated	 delivery	 room	 management,	 early	 CPAP	 support,	 and	 early	
surfactant	treatment	through	a	minimally	invasive	administration	method	[202].	
	
	
2.7	Antenatal	steroid	(ANS)	treatment	
Antenatal	steroid	(ANS)	treatment	stands	as	the	standard	of	care	in	perinatology	serving	to	
improve	 the	 survival	 and	 outcomes	 in	 preterm	 infants	 [203].	 ANS	 treatment	 reduces	 the	
incidence	 of	 RDS,	 intraventricular	 hemorrhage,	 and	 necrotizing	 enterocolitis,	 all	 of	 which	
represent	severe	complications	accompanying	prematurity	up	to	34	weeks	GA	[202,	204].	In	
addition,	ANS	treatment	decreases	the	respiratory	support	required	and	admission	to	NICU	
in	 late-preterm	 and	 near-term	 newborns	 [193].	 Furthermore,	 maintaining	 the	 focus	 on	
respiratory	morbidity,	ANS	treatment	seems	cost-effective	in	late-preterm	deliveries	as	well	
[195].	The	American	College	of	Obstetricians	and	Gynecologists	recommends	a	single	course	
of	ANS	to	mothers	at	risk	for	birth	between	GA	34	weeks	through	36	weeks	and	6	days	[205].	
Despite	 serving	 as	 the	 standard	 of	 care	 in	 perinatology,	 ANS	 treatment	 also	 carries	 side	
effects,	particularly	related	to	repeated	use.	These	include	growth	retardation	and	possible	
undesirable	effects	such	as	neurodevelopmental	disability	possibly	reaching	into	adulthood	
[206,	207].	Since	the	timing	of	ANS	treatment	and	preterm	delivery	cannot	always	be	well	
predicted,	unnecessary	exposure	to	ANS	is	 likely.	An	imminent	premature	delivery	may	be	
postponed	and	the	beneficial	effect	of	achieving	better	lung	function	or	maturation	is	time-
limited.	Additionally,	in	extremely	preterm	infants,	the	protective	effect	of	ANS	on	survival	or	
neurodevelopmental	 outcomes	 relate	 to	 with	 how	 effectively	 ANS	 prior	 to	 delivery	 was	
administered	[208].	
	
The	timing	and	dose	of	ANS	play	a	critical	role	in	lung	maturation.	Recently,	in	animal	studies	
different	timings	and	dose	regimens	were	evaluated	in	attempts	to	detect	the	lowest	dose	
necessary	 for	 optimal	 maturation	 aiming	 for	 minimal	 side	 effects	 [209–211].	 The	 gold	
standard	 for	 ANS	 has	 remained	 in	 clinical	 use	 since	 Liggins	 and	Howie	 demonstrated	 the	
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benefit	of	ANS	in	a	1972	clinical	trial	[212].	The	clinical	drug	in	use	for	ANS	consists	of	a	1:1	
combination	 of	 6-mg	 BM	 phosphate,	 a	 rapidly	 hydrolyzed	 form	 of	 BM,	 and	 a	 slower	
hydrolyzed	component	 consisting	of	6-mg	BM	acetate	 [213].	Two	doses	of	12-mg	BM	are	
administered	 at	 a	 24-h	 interval	 intramuscularly.	 The	 alternative	 drug	 for	 ANS	 is	 6-mg	
dexamethasone	administered	 four	 times	12-h	apart,	while	BM	 is	 administered	 twice	24-h	
apart.	BM	and	dexamethasone	exhibit	only	a	minor	difference	in	terms	of	their	biochemical	
structure	[213,	214].	In	terms	of	the	beneficial	effects	on	respiratory	morbidity	and	reducing	
RDS,	 BM	 does	 not	 outweigh	 dexamethasone	 [215].	 BM	 is	 favored	 because	 of	 its	 higher	
potency	in	lung	maturation	and	an	accompanying	better	neurodevelopmental	outcome	than	
that	which	accompanies	dexamethasone	[216,	217].	However,	a	recent	study	showed	that	
BM	does	not	differ	from	dexamethasone	in	terms	of	the	survival	or	neurosensory	disability	
outcomes	at	two	years	[207].		
	
The	effect	of	ANS	on	lung	maturation		
ANS	 treatment	 serves	 as	 an	 exogenous	 GC	 accelerating	 lung	 parenchymal	 and	 structural	
maturation,	surfactant	production	as	well	lung-fluid	clearance	[215,	218].	Because	GCs	induce	
NaKATPase	and	α-ENaC,	GCs	also	enhance	lung-fluid	clearance	in	the	airway	epithelium	[25,	
70,	77–79,	84].	Surfactant	synthesis	and	secretion	are	also	regulated	by	GCs.	Indeed,	GCs	act	
also	in	transcriptional	level	of	surfactant	proteins,	thus	surfactant	protein	expression	serves	
as	a	marker	for	biochemical	lung	maturation	alongside	estimation	of	lung	function	[219–221].		
	
Recent	 animal	 studies	 demonstrated	 that	 lung	 function	 maturation	 responds	 to	 fetal	
exposure	of	ANS	even	at	a	low	dose	[209,	210].	In	preterm	sheep,	Kemp	et	al.	[210]	observed	
lung	function	using	indicators	such	as	gas	exchange	and	mechanical	ventilation,	where	the	
clinically	used	formula	and	low-dose	BM	phosphate	were	similarly	efficient	if	exposed	for	26	
h.	Furthermore,	they	also	observed	an	increase	in	the	surfactant	after	two	doses	of	the	clinical	
drug	durable	for	5	and	7	days,	whereas	a	single	dose	yielded	only	a	short-term	benefit	at	2	
days	[218].	Late-preterm	lambs	which	received	ANS	presented	significantly	higher	lung-fluid	
clearance	and	the	early	postnatal	establishment	of	the	FRC	than	untreated	lambs,	a	result	
that	correlated	well	with	passive	lung	compliance	measurements	[173].		
	
The	effect	of	ANS	in	reducing	RDS	is	mediated	by	improved	lung	function,	which	includes	lung-
fluid	clearance,	lung	compliance,	and	oxygenation	[222–225].	Preterm	infants	who	received	
ANS	 exhibited	 better	 lung	 function	 measured	 by	 static	 respiratory	 compliance,	 and	
established	a	better	FRC	at	birth	[226,	227].	Preterm	infants	who	received	a	full	course	of	ANS	
exhibited	better	 respiratory	 system	compliance	 than	 the	 infants	of	mothers	who	 received	
none	or	a	partial	course	of	ANS	[228].	Improved	static	lung	compliance	(Cst)	in	the	ANS	group	
was	detectable	also	at	follow-up	through	discharge	from	the	hospital	[226].	However,	infants	
to	mothers	who	received	ANS	less	than	7	days	prior	to	delivery	exhibited	higher	passive	lung	
compliance	than	those	exposed	to	ANS	over	7	days.	The	time-related	weaker	response	was	
even	more	evident	after	14	days	of	ANS	exposure	[229].	Furthermore,	an	interval	of	less	than	
23	 h	 is	 better	 than	 being	 unexposed.	 Hence,	 even	 short-term	 ANS	 is	 preferable	 to	 no	
treatment	at	all	[202,	230].		
	
Repeated	doses	of	ANS	have	been	administered	to	renew	the	effect	on	lung	maturation	which	
have	proved	reversible	[215,	218,	230].	Based	on	a	Cochrane	systematic	review,	a	repeated	
course	of	ANS	appears	to	reduce	the	risk	of	RDS	and	neonatal	morbidity	if	the	interval	from	
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the	 initial	 course	 exceeds	 7	 days	 [231,	 232].	 However,	 the	 long-term	 effects	 of	 ANS,	
particularly	associated	with	repetitive	treatment,	may	interfere	with	fetal	programming	and,	
therefore,	induce	adverse	effects	in	the	brain	or	in	the	endocrine	system	causing	diseases	in	
later	adolescence	and	adulthood	[233,	234].	Nevertheless,	a	single	repeated	course	may	be	
recommended	in	cases	involving	persistent	imminent	preterm	birth	within	7	days	before	32	
weeks	GA	[202]	or	before	34	weeks	[235].	However,	an	individual	approach	is	warranted	if	
the	first	course	exceeded	an	interval	of	one	to	two	weeks	from	the	initial	exposure,	keeping	
in	mind	the	long-term	effects	of	ANS	on	neurodevelopmental	outcomes,	particularly	in	late-
preterm	and	full-term	pregnancies	[236,	237].	
	
	
2.8	Impaired	lung-fluid	clearance	later	in	childhood	
Several	 studies	 have	 identified	 an	 association	 between	 TTN	 and	wheezing	 and	 childhood	
asthma	 [238–240].	 In	 addition,	maternal	 asthma	 served	as	 a	 risk	 factor	 for	 both	 TTN	and	
wheezing	 in	 infancy	 [241–243].	Moreover,	 respiratory	syncytial	virus	 (RSV)	associates	with	
subsequent	 recurrent	 wheezing	 and	 asthma	 in	 childhood	 [244].	 Here,	 the	 genetic	
predisposition	 emerged	 as	 a	 hyporesponsiveness	 of	 the	 βADRs	or	 a	 polymorphism	of	 the	
βADRs	possibly	contributing	to	TTN	and	asthma	or	wheezing	later	in	childhood	[245,	246].	

	
Different	respiratory	viruses,	such	as	RSV,	influenza	virus,	and	parainfluenza	virus,	interfere	
with	ion	and	fluid	transport	in	the	respiratory	epithelium	[247,	248].	RSV-induced	infections	
occur	frequently	during	infancy,	while	hospitalization	due	to	RSV	infection	is	highest	in	early	
infancy	below	3	months	of	age	(48.9/1000)	and	a	little	less	at	3	to	5	months	of	age	(28.9/1000)	
[249].	The	pathophysiology	of	RSV-induced	bronchiolitis	involves	an	altered	fluid	transport	in	
the	airway	epithelium	and,	thus,	the	accumulation	of	fluid	in	the	airways	[250].	The	inhibiting	
effect	of	RSV	on	the	amiloride-sensitive	sodium	transport	on	the	apical	side	of	the	epithelium	
is	already	evident	within	minutes	[250].	Hence,	the	mechanisms	behind	respiratory	distress	
in	RSV	bronchiolitis	may	mirror	those	in	TTN.		
	 	



	30	

3	 OBJECTIVES		
	
The	aims	of	this	thesis	were	to	study:	
	

• Early	postnatal	lung-fluid	clearance	focusing	on	the	gene	expression	of	ion	and	water	
transporters	in	the	airway	epithelium	in	preterm	and	full-term	infants.	

	
• The	association	of	the	airway	epithelial	expression	of	CFTR	and	static	lung	compliance.		

 
• The	association	of	the	airway	epithelial	gene	expression	of	sodium	transporters	and	

stress	hormones	in	the	umbilical	cord	in	term	infants.	
 

• Whether	the	gene	expression	of	the	airway	epithelial	sodium	transporters	associates	
with	the	exogenous	BM	and	GC	activity	in	preterm	infants.		

 
• Whether	TTN	associates	with	a	higher	risk	of	hospitalization	 later	 in	 infancy	due	to	

RSV	bronchiolitis,	a	disease	related	to	the	impairment	of	fluid	transport	in	the	airway	
epithelium.		
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4	 STUDY	POPULATION	AND	METHODS	
	
Studies	I	and	II	were	conducted	at	the	Women’s	Clinic	at	Helsinki	University	Hospital	and	the	
Helsinki	Maternity	Hospital	from	February	2011	to	June	2015.	Study	III	was	carried	out	at	the	
Women’s	Clinic	and	the	Children’s	Hospital	of	Helsinki	University	Hospital	during	the	periods	
2007	through	2008	and	2011	through	2013.		
	
Studies	 I,	 II,	 and	 III	 were	 approved	 by	 the	 local	 ethical	 committee	 of	 Helsinki	 University	
Hospital.	The	parents	of	the	newborns	provided	their	approval	antenatally.	Because	study	IV	
was	a	register-based	study,	no	parental	consent	was	necessary.	

	

4.1	Study	population	in	studies	I–III	
	
Table	1.	Clinical	characteristics	of	the	newborns	in	studies	I–II	and	study	III.	
	
	 Studies	I–II	(n	=	70)	 Study	III	(n	=	64)	

Gestational	age	in	weeks,	mean	(range)	 39.6	(38.3–41.9)	 29.0	(24.7–31.9)	

Birth	weight	in	g,	mean	(range)	 3613	(2890–4935)	 1194	(610–2190)	

Male,	n	(%)	 42	(60%)	 33	(52%)	

Vaginal	delivery,	n	(%)	
	
Cesarean	section,	n	(%)	

28	(40%)	
	

42	(60%)	

19	(30%)	
	

45	(70%)	
	
1-min	Apgar	score,	median	(range)	

	
9	(6–10)	

	
6	(1–9)	

	
Cord	artery	pH,	median	(range)	

	
7.29	(7.07–7.44)	

	
7.31	(6.98–7.44)	

	
Cord	artery	base	excess,	median	(range)	

	
-0.70	(-9.00–5.00)	

	
-1.80	(-11.00–2.40)	

	

	

Study	I		

We	recruited	70	full-term	newborns	from	uncomplicated	pregnancies,	42	born	via	elective	
cesarean	section	(CS),	and	28	born	via	vaginal	delivery	(VD;	Table	1).	In	CS,	the	indications	for	
section	included	a	breech	presentation,	previous	CS,	or	maternal	psychological	factors.	First,	
we	gathered	both	arterial	and	venous	blood	samples	at	birth	from	a	double-clamped	cord.	
The	samples	were	kept	on	ice	until	centrifuged,	and	further	plasma	samples	were	stored	at	-
80°C	until	analysis.	Second,	we	obtained	nasal	epithelial	cell	samples	as	abrasions	from	the	
nasal	epithelia	at	three	time	points:	a)	 immediately	after	birth	[median	(range)]	at	2	 (0–6)	
min,	b)	at	1.3	(0.8–2.9)	h,	and	c)	25.5	(24.0–30.4)	h.	We	used	the	time	points	2	min,	1	h,	and	
24	h	to	represent	the	critical	changes	during	the	early	adaptation	phase.		All	newborns	had	
uneventful	postnatal	courses.		
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Study	II		

Study	II	consisted	of	a	portion	of	the	same	population	recruited	in	Study	I.	All	62	subjects	were	
full-term	newborns.	The	mean	(range)	values	were	GA	39.6	(38.3–41.9)	weeks,	with	a	birth	
weight	of	3636	(2890–4935)	g,	39	(63%)	male	infants,	with	a	cord-blood	pH	7.28	(7.07–7.44),	
and	1-min	Apgar	scores	of	9	(6–10).	We	collected	nasal	epithelial	samples	at	age	2	min,	1	h,	
and	24	h.	We	measured	lung	compliance	twice	at	a	median	age	of	3	h	(1.5–4.5;	n	=	29)	and	at	
24	h	(23–30;	n	=	34).	

	

Study	III		

This	study	consisted	of	64	preterm	newborns	born	in	2007	and	2008	(n	=	24)	and	from	2011	
through	2013	(n	=	40).	Their	clinical	characteristics	are	described	in	Table	1.		

Celeston	 ChronodoseÒ	 (Schering-Plough/Merck	&	 Co.,	 Inc.,	Whitehouse	 Station,	NJ,	USA)	
was	used	for	the	clinical	drug	BM.	Treatment	consisted	of	two	12-mg	doses	administered	at	
a	24-h	interval.	If	delivery	was	delayed	for	more	than	7	to	14	days	from	the	initial	dose,	an	
additional	dose	was	administered	(n	=	14).	One	mother	received	a	total	of	four	doses	of	BM.	
Two	mothers	received	dexamethasone	instead	of	BM,	administered	in	four	6-mg	doses	at	a	
12-h	interval.		

We	obtained	cord-blood	samples	at	birth	for	the	further	measurement	of	the	cortisol	and	BM	
levels.		

We	gathered	nasal	epithelial	samples	at	age	0	to	2	h	and	at	day	1	postnatally.	All	preterm	
newborns	were	admitted	to	the	NICU.	

Clinical	 data	 were	 gathered	 from	 electronic	 medical	 records.	 The	 diagnosis	 of	 RDS	 was	
registered	 according	 to	 a	 clinician-made	 diagnosis.	 Chorioamnionitis	 was	 diagnosed	 by	
amniotic-fluid	 puncture	 or	 histological	 examination	 of	 the	 placenta.	 The	 mean	 oxygen	
supplement	data	were	retrieved	from	the	electronic	patient	database	by	calculating	the	mean	
hourly	rate	of	oxygen	supplementation	during	the	first	72	h.		

	

Study	IV	

We	performed	a	population-based	 cohort	 study	 to	 investigate	whether	 children	with	TTN	
were	at	higher	risk	for	hospitalization	due	to	RSV	bronchiolitis	during	the	first	year	of	life.	We	
included	all	children	born	live	at	full-term	in	Finland	from	January	1996	through	December	
2015	 (n	 =	 1	 042	 045)	 using	 the	 Medical	 Birth	 Register	 (MBR)	 and	 the	 National	 Hospital	
Discharge	Register	(NHDR).	The	International	Classification	of	Diseases,	tenth	revision	(ICD-
10)	code	P22.1	was	used	to	identify	TTN	and	ICD-10	code	J21.0	was	used	for	RSV	bronchiolitis.	
We	 used	 the	 unique	 personal	 identity	 code	 to	 link	 the	 two	 registries	 to	 determine	 the	
connection	between	the	two	medical	conditions.	
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4.2	Methods	
4.2.1	Determination	of	the	cord-blood	hormone	levels	

Cord-blood	samples		

The	 cord	 blood	 was	 obtained	 at	 birth	 after	 double-clamping	 the	 cord.	 Both	 arterial	 and	
venous	blood	samples	were	collected	 immediately	 into	sterile	ethylenediaminietetraacetic	
acid	(EDTA)	tubes	and	kept	on	ice	until	centrifuged	at	+4°C	for	5	min	at	1000	x	g	to	separate	
the	plasma	within	20	min	of	birth.	Before	further	analysis,	samples	were	stored	at	-80°C.	

	

Catecholamines	in	the	cord	blood		

Deuterated	norepinephrine	(D6-NA)	was	added	as	an	internal	standard	(IS)	to	250-μL	plasma	
or	calibrators	containing	0.5	to	50	nM	of	norepinephrine.	Calibrators	were	injected	directly	
into	the	mass	spectrometer.	Plasma	samples	were	prepurified	by	solid-phase	microelution	
plates	 (Oasis®	WCX).	We	added	0.2	mL	of	methanol	and	0.2	mL	of	water,	 followed	by	the	
samples	with	IS.	The	plate	was	washed	with	0.2	mL	of	20	mM	ammonium	acetate	followed	
by	0.2	mL	of	acetonitrile/isopropanol	(50/50).	After	drying,	2	x	50	μL	of	2%	formic	acid	in	95%	
acetonitrile/water	was	added,	and	the	eluate	collected.	Sample	extracts	and	calibrators	(35	
μl)	were	analyzed	using	liquid	chromatography	tandem	mass	spectrometry	system	(API	4000	
QTrap,	AB	Sciex)	with	an	Agilent	1200	binary	pump.	Separation	was	performed	on	an	Atlantis	
HILIC	column	(2.1	x	50	mm,	3	μm).	The	mobile	phase	was	0.2%	formic	acid	in	21%	water	in	
acetonitrile	at	a	flow	rate	of	300	μL/min.	Norepinephrine	was	detected	in	the	electrospray	
ionization	 positive	mode	with	 the	 following	 transitions:	m/z	 170.1	 to	m/z	 107.0	 and	m/z	
152.1;	and	with	IS:	m/z	176.0	to	m/z	158.1.		
	

Cortisol	and	betamethasone	(BM)	in	the	cord	blood		

The	serum	cortisol	and	BM	concentrations	were	measured	by	liquid	chromatography	tandem	
mass	 spectrometry	 system	 after	 dichlormethane	 extraction.	 Before	 analysis,	 deuterated	
cortisol	and	deuterated	BM	as	IS	in	50%	methanol	were	added	to	50	μl	of	serum,	followed	by	
extraction	with	3-ml	dichlormethane.	After	mixing	and	centrifugation,	the	lower	phase	was	
evaporated	to	dryness	under	nitrogen	and	the	residue	dissolved	in	0.5	ml	of	40%	methanol.	
Calibrators	 containing	 1-500	nmol/l	 of	 cortisol	 and	BM	were	 immersed	 in	 40%	methanol.	
Then,	20	μl	of	the	sample	extracts	and	calibrators	were	analyzed	on	an	LC-MS/MS	system	
equipped	with	an	API	4000	triple	quadrupole	mass	spectrometer	(AB	Sciex)	and	an	Agilent	
series	1200	HPLC	system	with	a	binary	pump.	Separation	was	performed	on	a	SunFire	C18	
column	(3.5	μm,	2.1	x	50	mm).	The	mobile	phase	was	a	linear	methanol	gradient	(40–100%	
methanol)	at	a	flow	rate	of	300	μl/min.	The	column	was	directly	connected	to	the	electrospray	
ionization	probe.	Cortisol	and	BM	were	detected	 in	 the	negative	mode	with	 the	 following	
transitions:	m/z	361.2	 to	m/z	331.2	 (cortisol),	m/z	391.5	 to	361.5	 (BM),	m/z	364.2	 to	m/z	
334.1(IS–cortisol)	and	m/z	396.5	to	m/z	364.5	(IS–BM).		
	 	
1	 nmol/L	 BM	 =	 0.393	 ng/mL,	 and	 1	 nmol/L	 cortisol	 =	 0.362	 ng/mL.	 Total	 GC	 index	 was	
calculated	as	a	sum	of	BM	and	cortisol	concentrations,	where	BM/cortisol	ratio	=	33.3.		
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4.2.2	Expression	of	the	epithelial	sodium	and	chloride	transporters	

Nasal	epithelial	cell	samples	

Nasal	 epithelial	 cell	 samples	 were	 used	 as	 a	 surrogate	 for	 the	 distal	 lung	 epithelia.	 We	
gathered	 nasal	 epithelial	 cell	 samples	 from	 the	 nasal	 cavity	 using	 a	 sterile	 plastic	 probe	
(RhinoProbe,	 Arlington	 Scientific).	 The	 cell	 samples	were	 diluted	 immediately	with	 a	 lysis	
buffer	 (Rneasy,	 Qiagen,	 Valencia,	 CA,	 USA),	 and	 RNA	 was	 further	 quantified	 using	 a	
spectrophotometric	 analyzer	 (NanoDrop,	 Thermofischer,	 Wilmington,	 DE,	 USA).	 Samples	
were	stored	at	-80°C.	

	

Reverse	transcription	polymerase	chain	reaction		

The	reverse	transcription	of	the	epithelial	cell	RNA	was	analyzed	with	the	TATAA	GrandScript	
cDNA	Synthesis	Kit	(TATAA	Biocenter,	Gothenburg,	Sweden).	The	complementary	DNA	was	
subjected	 to	 real-time	 quantitative	 PCR	 (ABI	 7900	 Sequence	 Detection	 System)	 using	 the	
TaqMan	Universal	PCR	Master	Mix	(Applied	Biosystems,	Foster	City,	CA,	USA).	Pre-developed	
TaqMan	assays	were	used	 for	 the	PCR	of	α-,	 β-,	 γ-ENaC,	α1-NaKATPase,	AQP5,	 and	 SGK1	
(Applied	 Biosystems,	 Thermo	 Scientific;	 inventory	 numbers	 Hs00168906_m1,	
Hs00165722_m1,	Hs00168918_m1,	Hs00167556_m1,	and	Hs00178612_m1).	Cytokeratin	18	
(CK18)	 and	 β1-NaKATPase	 primers	 and	 probes	 were	 designed	 with	 the	 Primer	 Blast	 and	
Beacon	designer.	Relative	amounts	of	the	mRNAs	were	calculated	using	the	ΔΔCq	algorithm	
applying	the	epithelial	cell	marker	CK18	for	normalization.	

	

4.2.3	Static	lung	compliance	(Cst)	
Cst	measurement	serves	as	a	 tool	 to	assess	passive	 respiratory	mechanics	evaluating	 lung	
elasticity.	 We	 used	 the	 double-occlusion	 technique	 with	 a	 pneumotachometer	 and	 a	
computerized	 device	 to	 test	 the	 lung	 function	 (Labmanager	 4.52i;	 Erich	 Jaeger	 GmbH,	
Hoechberg,	 Germany).	 A	 teardrop-shaped	 mask	 (Ambu	 Inc.,	 Laerdal)	 connected	 to	 the	
pneumotachometer	was	placed	on	 the	 face	of	 the	newborn,	 covering	 the	mouth	and	 the	
nose.	 Once	 the	 baby	 was	 in	 a	 stable	 non-REM	 sleep	 status,	 we	 performed	 the	 Cst	
measurement	using	double	occlusion.	For	reliable	results	of	the	pressure	volume	curves,	a	
minimum	of	 five	 successful	measurements	were	 completed	 for	 each	 newborn.	 The	 sleep	
stage	was	 concluded	with	 a	 regular	 breathing	 rhythm,	 no	 visible	 eye-movement	 or	 other	
movements	 of	 the	 body,	 based	 on	 our	 earlier	 study	 [251].	 The	 saturation	 monitor	 was	
attached	to	the	newborn	to	confirm	adequate	oxygenation	during	testing.	Cst	was	calculated	
based	on	 the	pressure-volume	curves	we	obtained	 from	 two	unexpected	and	 subsequent	
occlusions	 during	 expiration	 for	 lung	 elasticity.	 A	 pediatric	 pulmonologist	 blinded	 to	 the	
timing	of	the	measurement	or	the	patient’s	data	analyzed	the	pressure	volume	curves.	

	 	

4.2.4	Statistical	analysis	

To	analyze	the	temporal	changes	 in	the	gene	expression	within	groups,	we	performed	the	
Friedman’s	 test	with	 the	Dunn	 post-hoc	 or	 the	Wilcoxon	 signed-rank	 test	 as	 appropriate.	
Between-group	analyses	were	performed	using	the	Student’s	t-test	or	the	Mann-Whitney	U-
test,	 depending	 upon	 the	 distribution	 of	 the	 variables.	 To	 assess	 the	 associations,	 the	
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Spearman’s	 rank-order	or	Pearson’s	 correlations	were	used	as	 appropriate.	Differences	 in	
categorical	 variables	were	 analyzed	using	 the	 chi-square	or	 Fisher’s	 exact	 tests.	 Statistical	
analyses	 were	 performed	 using	 IBM’s	 SPSS	 Statistics,	 versions	 23.0	 and	 25.0	 (IBM,	 SPSS,	
Chicago,	IL,	USA)	and	R,	version	3.5.1.	
	
In	Study	IV,	we	performed	a	logistic	regression	analysis	and	calculated	the	odds	ratios	(ORs)	
with	 95%	 confidence	 intervals	 (CI)	 for	 RSV	 hospitalization.	 In	 the	 univariate	 analyses,	 we	
considered	all	of	the	collected	variables:	GA,	mode	of	delivery,	sex,	birth	weight,	multiplicity,	
parity	as	a	proxy	for	the	number	of	older	siblings,	maternal	smoking	status,	and	pregnancy-
related	maternal	diagnoses.	In	the	multivariate	model,	we	included	and	adjusted	the	analyses	
only	for	variables	that	were	statistically	significant	 in	the	univariate	analyses	(GA,	mode	of	
delivery,	 sex,	birth	weight,	multiplicity,	parity,	and	maternal	 smoking	status).	We	grouped	
children	according	to	age	at	the	time	of	RSV	diagnosis:	<6	months	and	6	to	12	months.	The	
Wald	method	was	used	to	calculate	the	95%	CI.	Statistical	analyses	were	calculated	using	SAS	
software	(version	9.3).	
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5	 RESULTS	
	
5.1	Study	I	
	
Association	between	 concentrations	of	 cord-blood	 catecholamine	and	 the	expression	of	
molecules	involved	in	sodium	transport	in	the	airway	epithelium	in	humans	
	
In	this	study,	among	70	newborns,	28	were	born	vaginally	and	42	via	planned	CS.	The	clinical	
characteristics	of	the	newborns	are	presented	according	to	the	mode	of	delivery	in	Table	2.	
The	GA	differed	between	the	CS	and	VD	group	by	less	than	four	days.	The	cord-blood	base	
excess	was	 lower	 in	the	VD	group,	although	no	difference	existed	 in	cord-blood	pH	values	
(Table	2).	
	
Table	2.	Clinical	characteristics	of	the	study	patients	based	on	the	mode	of	delivery	
	

	
Data	are	presented	as	median	(range)	or	n	(%),	as	appropriate.	The	p	values	for	comparisons	between	groups	
were	calculated	using	the	Mann-Whitney	U-test,	except	for	gender	the	chi-square	test	was	used.	VD,	vaginal	
delivery;	CS,	Cesarean	section.	
	
	
Stress	hormone	concentrations	in	the	cord	blood	
We	 gathered	 42	 arterial	 samples	 and	 61	 venous	 samples	 to	 determine	 the	 levels	 of	
catecholamines	and	cortisol	in	the	cord	blood.		
	
In	 a	 small	 subgroup	 (n	 =	 5),	 we	 first	 identified	 both	 catecholamines,	 epinephrine	 and	
norepinephrine.	 The	 epinephrine	 levels	 were	 close	 to	 the	 detection	 level	 making	 them	
unreliable	 for	 use.	 Further	 samples	were	 examined	 for	 norepinephrine	 only.	 Because	 the	
norepinephrine	 concentrations	 in	 the	 arterial	 and	 venous	 blood	 samples	 correlated	
(Spearman	r	=	0.45,	p	=	0.005),	venous	blood	samples	were	used	for	further	analysis.		
	
The	levels	of	both	stress	hormones,	cortisol	and	norepinephrine,	were	higher	in	the	venous	
cord	blood	 among	 infants	 born	 via	VD	 than	 infants	 born	 via	 elective	CS	 as	 expected.	 The	
median	(range)	cortisol	 levels	were	134.5	(45.3–408.0)	nmol/L	for	VD	vs	82.0	(35.7–223.0)	
nmol/L	for	CS	(p	=	0.004),	and	norepinephrine	levels	were	19.0	(2.1–79.0)	nmol/L	for	VD	vs	
4.0	(0.8–19.0)	nmol/L	for	CS	(p	<	0.001;	Figure	9).	

Characteristics	 All		

(n	=	70)	
Vaginal	delivery	(VD)		

(n	=	28)	
Cesarean	section	(CS)	

(n	=	42)	
p	value	

(VD	vs	CS)	
Gestational	age,	in	weeks	 39.4	(38.3–41.9)	 39.8	(38.3–41.9)	 39.3	(38.9–40.4)	 <0.001	

Birth	weight,	in	g	 3500	(2890–4935)	 3667	(2965–4635)	 3465	(2890–4935)	 0.067	

Vaginal	delivery	 28	(40.0%)	 n/a	 n/a	 n/a	

Male	sex	 42	(60.0%)	 15	(53.6%)	 27	(64.3%)	 0.370	
Cord	pH	 7.29	(7.07–7.44)	 7.27	(7.07–7.44)	 7.29	(7.18–7.36)	 0.075	

Cord	base	excess	 -0.70	(-9.00–5.00)	 -3.6	(-9.00–5.00)	 -0.45	(-4.00–2.00)	 0.001	
1-min	Apgar	 9	(6–10)	 9	(6–10)	 9	(6–10)	 0.505	
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Figure	9.	Venous	cord-blood	cortisol	 (A)	and	norepinephrine	 (B)	 levels	 in	 infants	born	vaginally	 (VD)	and	via	
Cesarean	section	(CS).	
	
	
The	gene	expression	of	ENaC,	NaKATPase,	SGK1,	and	AQP5	
The	expression	of	molecules	involved	in	the	sodium	and	fluid	transport	in	the	nasal	epithelium	
changed	during	the	first	hour	postnatally	as	well	as	during	the	first	day	of	life.	Within-group	
comparisons	 regarding	 the	 different	 time	 points	 appear	 in	 Figure	 10.	 Postnatally,	 the	
expression	of	α-ENaC	decreased	by	1	h	and	increased	by	24	h.	Yet,	the	expression	of	β-ENaC	
decreased	by	1	h	and	continued	 to	decrease	by	24	h.	The	γ-ENaC	mRNA	 levels	decreased	
significantly	by	24	h.	The	expression	of	α1-	and	β1-NaKATPase	also	decreased	by	24	h.	By	
contrast,	the	expression	of	SGK1	changed	differently	during	the	first	hour	of	life,	whereby	at	
1	h	the	SGK1	mRNA	had	increased	significantly,	and	then	decreased	by	24	h.	The	expression	
of	AQP5	first	decreased	 from	birth	 to	1	h	and	then	 increased	by	 the	24-h	 time	point.	The	
relative	mRNA	levels	of	the	ENaC	subunits,	NaKATPase	subunits,	SGK1,	and	AQP5	appear	in	
the	original	publication	for	study	I	(see	Table	2).	
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Figure	10.	The	airway	epithelial	gene	expressions	of	the	ENaC	subunits,	NaKATPase	subunits,	and	SGK1	for	all	
study	populations	at	three	time	points:	at	2-min,	1-h,	and	24-h	postnatally.	(A)	α-ENaC,	n	=	34;	(B)	β-ENaC,	n	=	
34;	(C)	γ-ENaC,	n	=	33;	(D)	α1-NaKATPase,	n	=	34;	(E)	β1-NaKATPase,	n	=	34;	and	(F)	SGK1,	n	=	33.		
	
Within-group	 comparisons	 based	 on	 the	 mode	 of	 delivery	 revealed	 some	 significant	
differences.	At	birth,	VD	newborns	exhibited	significantly	higher	levels	of	γ-ENaC,	α1-	and	β1-
NaKATPase,	 and	 SGK1	mRNA	 than	 infants	 in	 the	 CS	 group.	 By	 1-h	 postnatally,	 the	 higher	
expression	levels	for	β1-NaKATPase	and	SGK1	persisted	in	the	VD	group,	and	α-ENaC	mRNA	
was	higher	in	the	VD	group	(see	Figure	1	in	the	original	publication	for	study	I).	
	
	
Associations	between	the	cord-blood	hormone	levels	and	the	nasal	epithelial	gene	expression	
of	sodium	transport–related	molecules	
At	birth,	the	cord-blood	norepinephrine	levels	were	higher	in	the	VD	than	in	the	CS	group.	
The	expression	for	all	three	ENaC	subunits,	NaKATPase	subunits,	and	SGK1	at	2	min	correlated	
with	 norepinephrine	 at	 birth	 (Figure	 11).	 In	 addition,	 the	 correlation	 persisted	 with	 the	
expression	of	α-ENaC,	β-ENaC,	the	NaKATPase	subunits,	and	SGK1	at	the	1-h	time	point	(all	p	
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<	 0.05).	 By	 24	h,	 none	of	 the	 expressions	of	 the	 ENaC	 subunits	 nor	NaKATPase	nor	 SGK1	
showed	any	association	with	the	cord-blood	norepinephrine	levels.	AQP5	expression	did	not	
associate	with	norepinephrine	at	any	time	point	we	inspected	during	the	first	day	postnatally.		
	
	

	
	
Figure	11.	Associations	between	the	cord-blood	norepinephrine	and	the	airway	epithelial	gene	expression	of	(A)	
α-ENaC,	(B)	β-ENaC,	(C)	γ-ENaC,	(D)	α1-NAKATPase,	(E)	β1-NAKATPase,	and	(F)	SGK1	at	2-min	postnatally	(n	=	
56).	Correlation	is	calculated	with	Spearman’s	rank	order.	
	
The	 cord-blood	 cortisol	 concentration	 correlated	 positively	 with	 the	 expressions	 of	
NaKATPase	α1-	and	β1-subunits,	and	SGK1	at	2-min	time	point	(Spearman	r	=	0.265,	p	=	0.044;	
r	=	0.323,	p	=	0.014;	r	=	0.374,	p	=	0.004,	respectively).	The	correlation	persisted	at	1	h	with	
β1-NaKATPase	and	SGK1	expression	(Spearman	r	=	0.437,	p	=	0.009	and	r	=	0.408,	p	=	0.015).	
At	day	1	no	correlations	existed	between	the	cord-blood	cortisol	levels	and	the	expressions	
of	sodium	transporters	nor	SGK1.	The	expression	of	AQP5	showed	no	correlation	with	cortisol	
at	any	of	the	three	time	points	(unpublished	data). 
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5.2	Study	II	
	
Early	postnatal	airway	epithelial	CFTR	expression	in	humans,	and	the	association	with	lung	
compliance	during	the	first	hours	of	life	
	
Nasal	epithelial	CFTR	expression	
We	determined	the	nasal	epithelial	CFTR	expression	at	birth,	and	at	1-h	and	24-h	postnatally.	
The	relative	amounts	of	CFTR	mRNA	in	the	nasal	epithelial	at	2	min	were	as	follows	[median	
(range)]:	2.522	(0.950–5.400),	n	=	62;	at	1	h:	2.070	(1.075–4.618),	n	=	37;	and	at	24	h:	2.400	
(0.201–5.305),	n	=	53.	The	CFTR	expression	was	higher	at	birth	than	at	1-h	postnatally	(p	=	
0.004,	 n	 =	 34).	 The	 CFTR	 expression	 trended	 towards	 increasing	 again	 from	 1-h	 to	 24-h	
postnatally,	 although	 this	 trend	 was	 not	 statistically	 significant	 (Figure	 12;	 partially	
unpublished	data).	
	

	
	Figure	12.	The	CFTR	expression	in	the	airway	epithelium	at	the	2-min,	1-h,	and	24-h	time	points	(n	=	34).	Within	
group	comparisons	were	calculated	using	the	Friedman’s	test	with	Dunn:	2	min	vs	1	h,	p	=	0.004;	1	h	vs	24	h	p	=	
n/s;	2	min	vs	24	h	p	=	n/s.	
	
The	CFTR	expression	did	not	differ	according	to	the	mode	of	delivery	at	birth,	or	at	1-h	or	24-
h	postnatally,	although	 the	change	 in	 the	CFTR	expression	during	 first	postnatal	hour	was	
higher	following	CS	than	VD	(ΔCFTR	=	1.11	±	0.87,	p	=	0.001	vs	ΔCFTR	=	0.43	±	0.76,	p	=	0.023,	
respectively).	
	
Static	lung	compliance	(Cst)	
We	examined	29	infants	at	a	median	age	of	3	h	(range,	1.5–4.5)	and	34	infants	at	an	age	of	
24	h	(range,	23–30)	postnatally.	The	mean	Cst	at	3	h	was	11.2	(6.70–20.10)	mL/kPa/kg	(n	=29)	
and	14.6	(8.25–27.20)	mL/kPa/kg	at	24	h	(n	=	34).	
	
	



	 41	

	
Figure	13.	The	difference	in	static	lung	compliance	(Cst)	at	3-h	and	24-h	postnatally	calculated	using	the	Wilcoxon	
signed-rank	test	(n	=	22).	
	
	
The	association	between	the	CFTR	expression	and	static	lung	compliance	(Cst)	
We	 found	 a	 negative	 correlation	 between	 the	 CFTR	 expression	 at	 birth	 and	 Cst	 at	 3-h	
postnatally	(Pearson’s	r	=	-0.424,	p	=	0.031,	n	=	26).	Interestingly,	there	was	no	correlation	
between	the	CFTR	expression	at	1	h	and	Cst	at	3	h	(Pearson’s	r	=	0.068,	p	=	0.811,	n	=	15).	No	
correlation	existed	between	the	Cst	at	24	h	and	the	CFTR	expression	at	any	of	the	time	points	
examined.	
	
	
5.3	Study	III		
	
The	primary	characteristics	of	the	study	population	(n	=	64)—that	is,	GA,	birth	weight,	delivery	
mode,	 gender,	 cord	 pH,	 and	 Apgar	 score—appear	 in	 Table	 1.	 To	 these,	 we	 added	
characteristics	 related	 to	 prematurity:	 11	 (17%)	 infants	 born	 to	 mothers	 with	 preterm	
premature	 rupture	 of	 the	 membrane	 (PPROM)	 and	 14	 (22%)	 with	 confirmed	
chorioamnionitis.	Maternal	pre-eclampsia	or	hypertension	was	present	in	22	(34%)	infants,	
and	13	(20%)	infants	were	small	for	GA.		
	
Glucocorticoids	(GCs)	in	the	cord	blood	
We	collected	55	venous	cord-blood	samples.	The	timing	of	antenatal	BM	treatment	and	the	
number	of	doses	with	GC	levels	are	described	in	Table	3.	
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Table	3.	The	timing	of	antenatal	betamethasone	(BM)	and	levels	of	glucocorticoids	(GC)	in	the	
cord	blood	of	preterm	infants	(n	=	62).	
	

Number	of	BM	doses	 Hours	to	delivery	

First	dose,	n	=	62	 168.8	(7.7–1449)	

Second	dose,	n	=	60	 161.2	(2.3–1425)	

Third	dose,	n	=	13	 42.9	(5.4–938)	

Fourth	dose,	n	=	1	 3.7	

	
Cord-blood	GC	 GC	levels	

Cortisol	(ng/mL),	n	=	55	 4.71	(0.59–121.63)	

BM	(ng/mL),	n	=	55	 1.14	(0.02–23.46)	

Total	GC	(ng/mL	cortisol	equivalents),	n	=	55	 44.27	(4.64–779.89)	

	
Data	are	presented	as	median	(range),	where	appropriate.	Two	infants	born	to	mothers	who	received	antenatal	
dexamethasone	treatment	were	excluded.	BM,	betamethasone;	GC,	glucocorticoid.	
	
Preterm	infants	born	to	mothers	who	received	a	single	or	repeated	BM	doses	<24	h	(n	=	11)	
exhibited	the	highest	BM	levels:	median	9.04	(range,	1.14–21.62)	ng/mL.	Those	born	1	to	7	
days	after	an	 initial	or	 repeated	BM	doses	 (n	=	29)	exhibited	a	 lower	median	 level	of	BM	
(median,	 1.30	 ng/mL;	 range,	 0.12–23.46	 ng/mL).	 Infants	 born	 to	 mothers	 who	 received	
antenatal	BM	treatment	over	7	days	until	delivery	(n	=	15)	exhibited	the	lowest	median	BM	
level	(median,	0.18;	range,	0.02–9.75	ng/mL).	
	
The	 cord-blood	 GC	 levels	 grouped	 according	 to	 the	 last	 dose	 of	 antenatal	 corticosteroid	
treatment	through	delivery	appear	in	Figures	14a	through	14c.	
	

	
Figure	14a.	The	cord-blood	betamethasone	levels	according	to	the	timing	of	the	last	antenatal	dose:		<24	h	(n	=	
15),	1–7	days	(n	=	23),	7–14	days	(n	=	7),	and	>14	days	(n	=	7).		
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Figure	14b.		The	cord-blood	cortisol	levels	according	to	the	timing	of	last	antenatal	betamethasone	dose:	<24	h	
(n	=	18),	1–7	days	(n	=	23),	7–14	days	(n	=	7),	and	>14	days	(n	=	6).		
	

	
Figure	 14c.	 	 The	 cord-blood	 total	 glucocorticoid	 (GC)	 levels	 according	 to	 the	 timing	 of	 the	 last	 antenatal	
betamethasone	dose:		<24	h	(n	=	18),	1–7	days	(n	=	23),	7–14	days	(n	=	7),	and	>14	days	(n	=	6).		
	
 
Mediators	of	ion	transport	in	the	airway	epithelium	in	preterm	infants		
The	 expression	 of	 α-ENaC	 appeared	 to	 increase	 from	 an	 age	 of	 up	 to	 2-h	 through	 24-h	
postnatally,	 although	 the	 change	 was	 not	 statistically	 significant.	 In	 comparison,	 the	
expression	of	β-ENaC	and	γ-ENaC	decreased	significantly	by	24-h	postnatally.	The	expression	
of	 both	 NaKATPase	 subunits	 also	 decreased	 from	 the	 first	 postnatal	 hours	 until	 24-h	
postnatally.	No	difference	existed	in	the	SGK1	expression	during	the	first	postnatal	hours	and	
at	24	h	(Figure	15).		
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Figure	15.	Temporal	changes	in	the	expression	of	ENaC,	NaKATPase,	and	SGK1	in	the	airway	epithelium	at	0–2-
h	postnatally	 and	at	24-h	postnatally.	 (A)	α-ENaC	 (n	=	18),	 (B)	β-ENaC	 (n	=	20),	 (C)	 γ-ENaC	 (n	=	19),	 (D)	α1-
NaKATPase	(n	=	20),	 (E)	β1-NaKATPase	(n	=	20),	and	(F)	SGK1	(n	=	19).	Within-group	comparisons	calculated	
using	the	Wilcoxon	signed-rank	test.	
	
	
Associations	between	the	gene	expressions	of	ion	transporters	and	glucocorticoids	
At	0	to	2-h	postnatally,	the	expression	α-ENaC	(n	=	24)	and	α1-	and	β1-NaKATPase	(n	=	25)	
correlated	with	BM	(Spearman	r	=	0.407,	p	=	0.048;	r	=	0.497,	p	=	0.011;	r	=	0.486,	p	=	0.014,	
respectively)	as	well	with	total	GC	(Spearman	r	=	0.406,	p	=	0.049;	r	=	0.499,	p	=	0.011;	r	=	
0.491,	p	=	0.013,	respectively).	The	extreme	values	of	BM	(>20	ng/mL,	n	=	4)	were	excluded	
from	the	analysis,	although	they	appear	in	Figure	16.	
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Figure	16.	 	The	association	between	total	GC	and	 the	α-ENaC	 (A),	α1-NaKATPase	 (B),	and	β1-NaKATPase	 (C)	
expression	levels	at	0–2-h	postnatally.	
	
	
GC	and	early	postnatal	clinical	outcomes	
We	found	that	the	total	cord-blood	GC	and	BM	levels	were	significantly	lower	among	the	RDS	
group	compared	to	infants	in	the	no	RDS	group	(n	=	31;	Figure	17).	We	observed	no	difference	
in	the	cord-blood	cortisol	concentrations	between	the	RDS	and	no	RDS	groups	(p	=	0.702).		
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Figure	17.	Betamethasone	(A)	and	total	GC	(B)	in	the	cord	blood	in	the	RDS	vs	no	RDS	groups.	Between-group	
differences	were	calculated	using	the	Mann-Whitney	U-test.		
	
Mean	oxygen	supplementation	was	not	associated	with	the	GC	concentrations	(p	>	0.19	for	
all)	across	the	entire	study	population.	However,	infants	who	received	an	initial	or	repeated	
dose	of	BM	more	than	24-h	before	delivery	(n	=	50)	exhibited	lower	levels	of	mean	oxygen	
supplementation	during	 the	 first	24	h,	 and	72	h.	 Lower	 levels	of	oxygen	 supplementation	
correlated	with	higher	BM	levels	(r	=	-0.368,	p	=	0.02	and	r	=	-0.429,	p	=	0.004)	and	the	total	
GC	concentrations	(r	=	-0.428,	p	=	0.005,	and	r	=	-0.473	and	p	=	0.002).	
	
Infants	with	a	confirmed	history	of	chorioamnionitis	presented	with	higher	cortisol	levels	and	
less	RDS	(11%	vs	31%,	p	=	0.03),	less	need	for	supplemental	oxygen	in	0–12-h,	0–24-h,	and	0–
72-h	postnatally	compared	to	those	without	chorioamnionitis.	We	detected	no	differences	in	
the	 BM	 and	 total	 GC	 concentrations	 between	 infants	 with	 and	 without	 chorioamnionitis	
(Table	4).	
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Table	 4.	 Mean	 oxygen	 supplementation	 and	 glucocorticoid	 levels	 based	 on	 maternal	
chorioamnionitis	
	 Chorioamnionitis	(n	=	14)	 No	chorioamnionitis	(n	=	35)	 p	

Mean	O2	0–12	h,	%,	median	(range)	 21.0	(21.0–23.6)	 23.6	(21.0–44.6)	 0.001	

Mean	O2	0–24	h,	%,	median	(range)	 21.4	(21.0–35.8)	 23.9	(21.0–39.0)	 0.036	

Mean	O2	0–72	h,	%,	median	(range)	 21.1	(21.0–28.5)	 25.0	(21.0–37.1)	 0.004	

Cortisol,	ng/mL	 6.7	(1.9–32.9)	 3.4	(0.6–20.3)	 0.008	

Betamethasone,	ng/mL	 1.3	(0.1–14.5)	 1.2	(0.1–11.6)	 0.568	

Total	GC,	ng/mL	cortisol	equivalents	 77.3	(6.4–487.0)	 44.3	(5.8–385.4)	 0.493	

	
Chorioamnionitis	was	confirmed	either	by	amniotic	fluid	puncture	or	by	histological	examination	of	the	placenta.	
In	total,	16	infants	were	excluded	because	of	PPROM	(n	=	4)	or	a	suspicion	of	chorioamnionitis,	although	without	
confirmation	 (n	 =	 12).	 Between-group	 comparisons	 were	 calculated	 using	 the	 Mann-Whitney	 U-test.	 GC,	
glucocorticoid. 
	
	
Airway	epithelial	gene	expression	of	ion	transporters	and	respiratory	morbidity		
At	0	to	2-h	postnatally,	we	observed	lower	expression	levels	of	both	NaKATPase	subunits	in	
the	 RDS	 group	 compared	 with	 the	 no	 RDS	 group	 (Table	 5).	 We	 observed	 no	 statistically	
significant	difference	between	the	RDS	and	no	RDS	group	 in	relation	to	the	ENAC	or	SGK1	
expression	levels	at	0	to	2-h	or	at	1-day	postnatally.		
	
Table	 5.	 The	 relative	 mRNA	 level	 of	 the	 epithelial	 ion	 transport	 mediators	 at	 0-	 to	 2-h	
postnatally	in	RDS	vs	no	RDS	groups	[median	(range)]	
	
	 no	RDS	(n	=	36)	 RDS	(n	=	28)	 RDS	vs	no	RDS,	p	
α-ENaC	 1.36	(0.78–2.08)	 1.18	(0.61–1.67)	 0.249	
β-ENaC	 1.04	(0.59–1.72)	 0.99	(0.40–1.19)	 0.117	
γ-ENaC	 1.53	(0.39–3.67)	 1.53	(0.13–3.37)	 0.675	
α1-NaKATPase	 1.16	(0.70–1.70)	 0.89	(0.61–1.40)	 0.013		
β1-NaKATPase	 1.10	(0.73–2.35)	 0.81	(0.38–2.47)	 0.030		
SGK1	 1.10	(0.46–2.76)	 0.82	(0.34–3.47)	 0.287	

	

Between-group	comparisons	were	calculated	using	the	Mann-Whitney	U-test.		
	
The	gene	expressions	for	ENaC,	NaKATPase,	and	SGK1	did	not	differ	between	the	RDS	vs	no	
RDS	group	at	24-h	postnatally.	The	mean	oxygen	supplementation	did	not	correlate	with	the	
gene	expression	of	the	sodium	transport	mediators	during	the	initial	hours	postnatally	or	at	
24	h.	
	
Infants	 born	 to	 mothers	 with	 confirmed	 chorioamnionitis	 (n	 =	 9)	 exhibited	 higher	 SGK1	
expression	levels	at	0-	to	2-h	postnatally	than	those	without	this	diagnosis	[n	=	16;	1.58	(0.72–
3.47)	vs	0.74	(0.34–2.11),	p	=	0.003].	
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During	the	initial	postnatal	hours	(0–2	h),	the	expression	of	α-	and	β-ENaC,	and	α1-NaKATPase	
positively	correlated	with	GA	(Spearman	r	=	0.377,	p	=	0.040,	n	=	30;	r	=	0.516,	p	=	0.002,	n	=	
32;	 and	 r	 =	 0.354,	 p	 =	 0.047,	 n	 =	 32,	 respectively).	 However,	we	 detected	 no	 correlation	
between	 the	 γ-ENaC	 or	 SGK1	 expression	 levels	 and	 GA.	 The	 β1-NaKATPase	 expression	
approached	statistical	significance	(Spearman	r	=	0.335,	p	=	0.061,	n	=	32).	
	
	
5.4	Study	IV	
	
Between	1996	and	2015,	1	163	414	children	were	born	in	Finland.	We	included	all	of	these	
children	in	our	study,	excluding	only	children	born	prematurely	(n	=	69	518)	and	children	born	
with	congenital	anomalies	(n	=	51	851).		
	
Thus,	1	042	045	children	were	further	examined	for	a	TTN	diagnosis	(ICD-10	code	P22.1)	at	
birth	(n	=	16	327;	1.57%)	and	for	hospitalization	due	to	RSV	bronchiolitis	(ICD-10	code	J21.0)	
during	the	first	year	of	life	(n	=	12	345;	1.18%).		
	
Children	with	TTN	at	birth	exhibited	a	higher	rate	of	RSV	hospitalization	[260/16	327	(1.59%)]	
than	children	without	a	TTN	diagnosis	 [12	085/1	025	718	(1.18%);	p	<	0.0001]	(Figure	18).	
After	 adjusting	 for	 GA,	 delivery	 mode,	 gender,	 birth	 weight,	 twins,	 older	 siblings,	 and	
maternal	smoking,	TTN	was	associated	with	an	increased	risk	for	hospitalization	due	to	RSV	
[OR	1.31	(95%	CI	1.16—1.48)].	
	
	

	
	
Figure	 18.	 RSV	 hospitalization	 among	 children	 with	 a	 TTN	 diagnosis	 compared	 to	 children	 without	 a	 TTN	
diagnosis.	
	
Including	the	age	at	hospitalization,	10	249	(0.98%)	infants	under	6	months	of	age	and	2096	
(0.20%)	 infants	 at	 6–12	 months	 of	 age	 were	 hospitalized	 due	 to	 RSV	 bronchiolitis.	 TTN	
associated	with	an	 increased	risk	 for	RSV	hospitalization	among	both	age	groups	 [OR	1.24	
(95%	CI:	1.08–1.42)	and	OR	1.65	(95%	CI:	1.26–2.18),	respectively]	(Figure	19).	
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Figure	19.	RSV	hospitalization	in	the	TTN	vs	no	TTN	groups	at	0	to	6	months	(A)	and	at	6	to	12	months	of	age	(B).		
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6	 DISCUSSION	
	
This	thesis	investigated	changes	in	the	expression	of	airway	epithelial	ion	transporters	during	
the	early	postnatal	pulmonary	adaptation	period	in	humans.	We	focused	our	observations	on	
the	first	postnatal	minutes	through	the	first	hour	of	life,	as	well	as	through	day	one	in	full-
term	infants.		
	
In	accordance	with	earlier	animal	studies,	here	we	showed	in	humans	an	association	between	
cord-blood	 stress	 hormones	 and	 early	 postnatal	 expression	 changes	 to	 the	 molecules	
involved	 in	 the	 ion	 and	 fluid	 transport	 of	 the	 airway	 epithelium	 important	 in	 perinatal	
pulmonary	adaptation.	
	
We	extended	our	study	to	preterm	infants	and	found	that	the	cord-blood	GC	concentration	
associates	with	 the	 expression	 of	 sodium	 transporters	 in	 the	 airway	 epithelium,	 and	 that	
expression	was	lower	in	preterm	infants	with	RDS.	Additionally,	we	described	the	cord-blood	
concentrations	of	BM	in	human	preterm	infants	following	ANS	treatment.		
	
Finally,	we	found	an	increased	risk	of	hospitalization	due	to	RSV	bronchiolitis	among	infants	
with	 a	 history	 of	 TTN.	 This	 association	 suggests	 similar	 pathogenetic	mechanisms	 behind	
postnatal	pulmonary	adaptation	and	typical	respiratory	infection	later	in	childhood.	
	
Early	postnatal	changes	in	the	expression	of	molecules	involved	in	the	airway	epithelial	ion	
and	fluid	transport	–	contributors	to	lung-fluid	clearance	
Several	animal	studies	have	demonstrated	the	importance	of	different	ENaC	subunits	[25,	41,	
45,	48].	While	α-ENaC	is	vital	in	lung-fluid	clearance	[45],	β-and	γ-ENaC	play	a	more	regulatory	
role,	although	all	subunits	are	mandatory	to	achieve	the	maximal	activity	of	ENaC	[41,	48].	
Our	 results	 show	 a	 more	 pronounced	 decrease	 in	 the	 expression	 of	 the	 β-	 and	 γ-ENaC	
subunits	during	the	first	day	of	 life,	possibly	reflecting	a	more	important	role	at	birth	than	
postnatally.		
	
α-ENaC	expression	first	decreased	by	1	h	of	age,	and	then	increased	again	by	24-h	postnatally.	
The	 CFTR	 expression	 exhibited	 a	 similar	 trend.	 Yet,	 including	 all	 three	 time	 points,	 the	
decrease	in	the	CFTR	expression	was	significant	only	during	the	first	hour	postnatally.	This	
agrees	with	an	animal	study	showing	a	decrease	in	the	CFTR	expression	early	postnatally,	as	
well	a	minor	increase	later	during	the	initial	postnatal	days	[32].	
	
NaKATPase—the	generator	of	sodium	transport	 in	 the	basolateral	membrane—has	an	α1-	
and	 a	 β1-subunit,	 of	 which	 the	 β1-subunit	 appears	 to	 play	 a	 more	 important	 role	 as	 a	
regulator	of	NaKATPase	[87,	252].	Both	the	α1-	and	β1-NaKATPase	expression	levels	showed	
the	highest	values	at	birth	compared	to	later	during	the	first	day	postnatally.	Thus,	our	results	
among	human	infants	correspond	well	with	previous	animal	studies,	where	the	α1-	and	β1-
NaKATPAse	 expressions	 peak	 perinatally	 [68,	 253,	 254].	 Comparing	 delivery	 modes,	 the	
expression	of	β1-NaKATPase	was	significantly	lower	in	the	CS	group	both	at	2-min	and	at	1-h	
postnatally,	 in	 agreement	 with	 animal	 studies	 where	 β1-NaKATPase	 expression	 indeed	
responds	first	to	steroid	exposure	[77].	
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While	AQP5	has	been	shown	to	play	a	part	in	the	transepithelial	fluid	transport	[62],	we	also	
studied	AQP5	expression	during	the	early	postnatal	period	and	found	that	AQP5	decreased	
during	 the	 first	 hour	 postnatally	 and	 then	 increased	 again	 by	 24-h	 postnatally.	 Based	 on	
animal	studies,	AQP5	expression	is	observed	during	the	perinatal	period.	However,	the	timing	
of	 a	 detectable	 AQP5	 expression	 level	 may	 differ	 between	 species.	 Thus,	 in	 rats	 AQP5	
expression	appears	around	birth,	while	in	sheep	it	appears	earlier	during	the	fetal	period	[63,	
68].	 Nevertheless,	 AQP5	 regulation	 is	 affected	 by	 the	 same	 hormones	 as	 the	 sodium	
transporters	[63,	68,	69].	The	change	in	the	AQP5	expression	between	different	time	points	
during	the	early	postnatal	period	may	reflect	the	biphasic	effect	of	beta-adrenergic	agonists.	
As	 in	mouse	 lung	epithelial	cells,	a	short-term	cAMP	stimulation	caused	a	decrease	 in	 the	
AQP5	in	the	membrane,	while	the	long-term	effect	increased	the	distribution	of	AQP5	[69].	
Interestingly,	 a	 recent	 study	 among	 human	 infants	 found	 higher	 levels	 of	 AQP5	mRNA	 in	
gastric	 aspirates	 in	 newborns	 born	 via	 CS	 [255].	 Furthermore,	 the	 expression	 of	 AQP5	 in	
tracheal	aspirate	may	provide	information	about	a	faster	recovery	in	TTN	[256].	
	
	
Parallel	changes	in	ENaC	and	CFTR	expressions	early	postnatally	
ENaC	and	CFTR	interactions	in	fluid	transport	remain	under	debate.	Both	these	channels	are	
involved	in	fluid	transport	and	are	expressed	in	the	alveolar	epithelia	[59].	Based	on	cystic	
fibrosis	(CF)	pathology,	a	CFTR	defect	leads	to	ENaC	hyperactivity,	thereby	attenuating	lung-
fluid	lining	and	reducing	mucociliary	clearance	([61,	257].	 In	vitro	and	animal	studies	show	
that	CFTR	indeed	plays	an	inhibiting	role	in	ENaC	stimulation	[56,	258,	259].	However,	results	
from	in	vitro	and	ex	vivo	studies	also	demonstrate	that	CFTR	increases	cAMP-stimulated	fluid	
absorption.	 Similar	 to	 a	 mouse	 lung	 and	 ex	 vivo	 human	 studies,	 agonist-stimulated	 fluid	
absorption	was	 inhibited	 by	 glibenclamide,	 an	 inhibitor	 of	 CFTR,	 both	 in	mice	 and	 in	 the	
human	 lung	 [104].	 In	 pig	 alveolar	 epithelia,	 cAMP	 stimulation	 failed	 to	 increase	 fluid	
absorption	 in	 CFTR	 knockout	 pigs	 [58].	 Furthermore,	 CFTR	 silencing	 led	 to	 impaired	 fluid	
absorption	in	newborn	rats	[33].	Thus,	CFTR	seems	necessary	for	maximal	transepithelial	fluid	
absorption.		
	
Here,	we	described	early	changes	to	the	ENaC	and	CFTR	expressions	in	human	nasal	epithelial	
cells.	In	both	channels,	we	first	saw	a	decrease	during	the	first	postnatal	hour,	and	then,	an	
increase	in	ENaC.	We	observed	a	similar	trend	in	the	CFTR	expression.	This	corresponds	to	an	
animal	 study,	 where	 the	 ENaC	 and	 CFTR	 expression	 levels	 in	 rat	 distal	 epithelial	 cells	
correlated	 during	 the	 perinatal	 transition	 [33].	 CFTR	 appears	 to	 work	 as	 a	 bidirectional	
channel	mediating	 chloride	 influx,	 and	 ENaC	 and	CFTR	 regulation	may	 associate	with	one	
another	[55].	However,	based	on	CF,	traditional	thinking	related	to	CFTR	regulation	points	to	
the	 inhibiting	 role	 of	 ENaC.	 A	 functional	 interaction	 in	 ENaC	 and	 CFTR	 was	 illustrated	 in	
electrophysiological	studies	[260–262].	These	studies	showing	the	inhibition	of	ENaC	activity	
by	CFTR	were	later	questioned	based	on	the	methodological	aspects	of	voltage	measuring	in	
Xenopus	 levis	 oocytes	 [263].	 Furthermore,	 expression	 coupling	 was	 suggested	 to	 exist	
alongside	electrical	coupling	[33].	Yet,	in	our	study	no	electrical	measurement	was	possible,	
although	our	results	speak	to	the	expression	coupling	of	ENaC	and	CFTR.	We	argue	that	a	
similar	trend	for	the	postnatal	ENaC	and	CFTR	expression	levels	during	the	first	day	following	
birth	may	be	indicative	of	maintaining	a	balance	in	the	lung-fluid	homeostasis	necessary	for	
normal	respiratory	function	[35,	61,	264,	265].	In	addition,	parallel	changes	in	the	expression	
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may	indicate	that	both	ENaC	and	CFTR	are	regulated	by	the	same	mediators,	cAMP	and	GCs	
[57,	266,	267]	or	stress	hormones	during	the	perinatal	transition.	
	
Differences	in	the	gene	expression	of	mediators	involved	in	ion	transport	according	to	the	
mode	of	delivery:	the	role	of	birth	stress		
The	expression	levels	of	ENaC,	NaKATPase,	and	SGK1	were	significantly	 lower	in	newborns	
born	via	CS,	while	AQP5	expression	did	not	differ	between	the	two	delivery	modes.		
	
While	α-ENaC	appears	to	play	a	primary	role	in	ENaC	function	[41,45],	we	also	found	that	the	
α-ENaC	expression	was	significantly	lower	at	1-h	postnatally	in	the	CS	group.	However,	the	
differences	in	the	expression	of	NaKATPase	subunits,	γ-ENaC,	and	SGK1	comparing	VD	and	CS	
were	evident	already	at	birth,	possibly	indicative	of	an	earlier	influence	of	those	mediators	in	
VD	most	likely	stemming	from	stress	hormones	[72,	76,	78,	91].	This	finding	also	agrees	with	
a	previous	lung	ultrasound	study,	in	which	newborns	born	via	elective	CS	exhibited	a	higher	
lung-fluid	content	with	an	estimated	higher	density	of	B-lines	during	the	first	3-h	postnatally	
[179].	Thus,	our	findings	related	to	the	postnatal	expression	changes	 in	ENaC,	NaKATPase,	
and	SGK1	suggest	a	slower	 fluid	clearance	 in	 infants	born	via	CS	during	 the	 first	postnatal	
hours,	and	thereby	partially	explaining	the	higher	incidence	of	TTN	in	the	elective	CS	group	
[183,	268].		
	
Based	on	previous	animal	studies	[93,	94,	97,	100]	and	our	findings	among	human	infants,	we	
argue	that	the	delayed	fluid	clearance	in	infants	born	via	elective	CS	is	related	to	a	lack	of	
birth	 stress.	 In	 sheep,	 catecholamines	 reduce	 the	 secretion	 of	 lung	 fluid	 and	 increase	
reabsorption	 [92,	 93].	 Here,	 we	 show	 that	 stress	 hormones	 such	 as	 norepinephrine	 and	
cortisol	are	markedly	higher	 in	vaginally	born	 infants.	The	higher	 levels	of	norepinephrine	
correlate	with	ENaC,	NaKATPase,	and	SGK1	expression.	This	 corresponds	well	with	animal	
studies	demonstrating	the	beta-adrenergic	induction	of	ENaC,	NaKATPase,	and	SGK1	in	vitro	
and	in	animals	[78,	91,	103,	107].		
	
SGK1,	a	rapid	inductor	of	the	key	regulators	of	the	sodium	transport	via	ENaC	and	NaKATPase,	
increases	from	GC	and	cAMP	[79,	80,	91].	The	response	to	GC	is	already	detectable	at	40	to	
60	min	and	peaks	at	1-h	postnatally	 [79].	Thus,	 in	accordance	with	 these	results,	here	we	
observed	an	association	between	both	stress	hormones—norepinephrine	and	cortisol,	and	
SGK1	in	human	newborns	at	2-min	and	1-h	postnatally.	
	
Animal	studies	have	shown	that,	indeed,	the	β1-subunit	of	NaKATPase	plays	a	crucial	role	in	
fluid	clearance	in	the	alveolar	epithelia	[269].	Moreover,	a	study	in	cultured	rat	alveolar	type-
II	 cells	 found	 that	 dexamethasone	 increased	 β1-NaKATPase	 transcription,	 while	 α1-
NaKATPase	remained	unchanged	[77].	 In	our	results,	 the	expression	of	β1-NaKATPase	was	
persistently	higher	in	the	VD	group	both	at	birth	and	at	1-h	postnatally.	This	may	also	relate	
to	the	distinctive	time-dependent	response	to	GCs.	That	is,	in	the	fetal	lung	epithelial	cell	line,	
the	β1-subunit	increase	accompanying	GC	exposure	was	detected	at	6	h,	while	the	α1-subunit	
was	detected	at	18	h	 [76].	This	 suggests	 that	β1-NaKATPase	may	be	associated	with	birth	
stress	and	thus	plays	an	 important	 role	 in	 the	 immediate	postnatal	pulmonary	adaptation	
period.	
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Interestingly,	in	this	study	population	of	healthy	human	infants,	we	identified	no	association	
between	AQP5	and	norepinephrine	nor	cortisol.	Presumably,	the	time	windows	in	our	study	
may	 have	 hidden	 the	 distinctive	 short-term	 and	 long-term	 cAMP-mediated	 effects	 [69].	
Therefore,	 because	 of	 this	 incongruity	 related	 to	 this	 biphasic	 effect,	 we	 detected	 no	
correlation	with	norepinephrine.	While	animal	studies	have	described	the	regulation	of	AQP5	
using	steroids,	 in	sheep	no	increase	in	the	AQP5	expression	with	a	cortisol	 infusion	before	
delivery	was	detected	 [25,	63].	However,	 findings	across	species	may	differ	 [63,	68].	Here	
among	human	newborns,	we	found	no	correlation	between	AQP5	and	birth	stress	hormones	
during	the	early	postnatal	time	points	we	examined.		
	
We	 observed	 a	 decrease	 in	 the	 CFTR	 expression	 during	 the	 first	 postnatal	 hour.	 This	
corresponds	well	to	previous	animal	studies	that	showed	an	ongoing	decrease	in	CFTR	during	
the	 early	 postnatal	 period	 [32,	 33].	We	 also	 found	 a	 difference	 in	 the	magnitude	 of	 the	
decrease	in	CFTR	between	the	CS	and	VD	groups.	The	greater	decrease	in	the	CFTR	expression	
in	the	CS	group	was	surprising,	given	that	studies	 in	rodents	 indicated	that	GCs	inhibit	the	
CFTR	 expression	 in	 a	 dose-dependent	manner	 [26].	 However,	GCs	 also	 increase	 the	 CFTR	
activity	 rapidly	most	 likely	 in	 a	 non-genomic	 way	 [267].	We	 hypothesized	 that	 the	more	
pronounced	decrease	in	the	CFTR	expression	in	the	CS	group	was	related	to	the	delayed	yet	
sudden	effect	of	stress	hormones,	while	in	the	VD	group	the	effect	of	GCs	began	earlier	prior	
to	birth.		
	
We	further	examined	whether	the	CFTR	expression	correlated	with	the	Cst	measurement,	
indicative	 of	 lung-fluid	 clearance.	 We	 found	 a	 negative	 correlation	 between	 the	 CFTR	
expression	at	birth	and	Cst	during	the	first	hours	of	life.	As	previously	shown	among	human	
newborns,	Cst	significantly	improves	during	the	first	day	postnatally,	and	correlated	with	the	
airway	epithelial	ion	transport	[251].	Thus,	these	results	may	reflect	the	transition	from	fluid	
secretion	to	absorption	during	the	perinatal	pulmonary	adaptation	period.	
	
	
The	role	of	ANS	treatment	in	the	airway	epithelial	ion	transport	and	the	association	with	
respiratory	morbidity		
In	 preterm	 infants,	 alongside	 surfactant	 deficiency	 we	 also	 see	 immature	 ion	 and	 fluid	
transport	 in	 the	 airway	 epithelium	 [154,	 201,	 270].	 Our	 earlier	 studies	 showed	 that	 the	
expression	of	the	sodium	transporters	is	gestational	age-dependent,	increasing	as	full-term	
approaches	[271].	In	a	small	group	of	ventilator-dependent	preterm	infants,	we	also	found	a	
steroid-induced	increase	in	the	expression	of	ion	transporters	[270].	ANS	treatment	stands	as	
the	demonstrated	standard	of	care	to	reduce	respiratory	morbidity	and	mortality	[202].	The	
maturating	effect	on	ANS	treatment	primarily	results	from	an	increased	surfactant	production	
[215].	 Nevertheless,	 ANS	 treatment	 also	 appears	 to	 reduce	 lung	 fluid	 during	 the	 early	
adaptation	 phase	 [173].	 However,	 the	 association	 between	 antenatal	 steroids	 and	 the	
induction	of	transepithelial	ion	and	fluid	transport	remains	undescribed	in	preterm	humans.		
	
GC,	ion	transport,	and	respiratory	morbidity	
We	found	that	in	preterm	infants	less	than	32	weeks	GA,	the	early	postnatal	expression	of	
ENaC	and	NaKATPase	positively	 correlated	with	BM	as	well	with	 the	 total	GC	 level	 in	 the	
umbilical	cord,	suggesting	that	antenatal	steroids	upregulate	the	key	molecules	involved	in	
lung-fluid	clearance.	This	finding	corresponds	well	with	previous	in	vitro	and	animal	studies	



	54	

showing	that	GCs	induce	ENaC	and	NaKATPase	in	the	respiratory	epithelium	[76,	78,	79,	84].	
An	earlier	 study	among	preterm	 infants	 revealed	 that	ENaC-mediated	sodium	transport	 is	
altered	in	infants	with	RDS	[201].	Because	ENaC	is	rate-limiting	for	sodium	transport	apically	
on	the	lumen,	NaKATPase	plays	a	role	in	inducing	the	sodium	transport	on	the	basal	side	of	
the	 alveolar	 epithelial	 cells,	 thereby	 promoting	 the	 transepithelial	 sodium	 transport	 [11].	
Here,	we	demonstrated	that	both	NaKATPase	subunits	are	lower	in	preterm	infants	with	RDS,	
confirming	that	the	impaired	lung-fluid	absorption	contributes	to	RDS	[154,	253].	
	
Furthermore,	 in	 preterm	 infants	 with	 maternal	 chorioamnionitis,	 we	 found	 a	 higher	
expression	of	 SGK1	and	a	higher	 concentration	of	 cortisol,	 although	no	difference	existed	
between	 the	BM	and	 total	GC	 levels	nor	between	newborns	exposed	 to	 chorioamnionitis	
against	those	unexposed.	However,	SGK1	in	addition	to	GCs	is	activated	by	different	stimuli,	
such	as	endotoxins	and	other	inflammatory	mediators	[272,	273].	
	
In	our	study,	preterm	infants	with	a	history	of	chorioamnionitis	required	less	oxygen	during	
the	first	 three	days	postnatally.	Because	SGK1	 induces	the	gene	expression	and	activity	of	
both	ENaC	and	NaKATPase	[71,	72,	74,	75,	88,	274],	high	levels	of	SGK1	in	infants	exposed	to	
chorioamnionitis	may	enhance	fluid	clearance.	This	explains	partially	the	lower	demand	for	
oxygen	among	these	patients	during	the	early	postnatal	phase.	However,	chorioamnionitis	in	
preterm	 infants	 is	 related	 to	 an	 increased	 respiratory	morbidity	 and	 the	 development	 of	
bronchopulmonary	dysplasia	(BPD)	[275].		
	
The	timing	and	dose	of	ANS	
Preterm	infants	with	RDS	exhibited	lower	levels	of	BM	and	total	GC.	This	finding	agrees	with	
previous	 studies	 indicating	 that	 an	 ANS	 treatment	 interval	 exceeding	 7	 to	 14	 days	would	
demand	 a	 repeated	 dose	 of	 BM	 to	 reduce	 the	 need	 for	 respiratory	 support	 [207].	
Interestingly,	 we	 demonstrated	 in	 our	 study	 that	 after	 two	 to	 three	 weeks	 measurable	
amounts	of	BM	still	existed.	Recent	animal	studies	suggested	that	low	levels	of	plasma	BM	
(e.g.,	 1–4	 ng/mL)	 may	 be	 sufficient	 to	 achieve	 lung	 maturation	 on	 the	 molecular	 and	
functional	levels	[210,	221].	However,	the	time	of	ANS	exposure	plays	a	definitive	role	[221].	
We	found	in	our	study	that	very	high	levels	of	BM	less	than	24	h	following	exposure	to	the	
last	BM	dose,	decreasing	to	low	levels	of	BM	by	48	h	after	the	last	dose.	The	time	interval	of	
1	to	7	days	from	ANS	treatment	is	considered	optimal	according	to	several	guidelines	[202,	
205].	In	our	study	group,	this	window	resulted	in	median	BM	concentrations	in	the	cord	blood	
comparable	to	therapeutic	levels	in	animal	studies	[209,	210].	However,	the	range	of	the	BM	
level	after	two	days	suddenly	decreased	to	the	lowest	median	concentration	(below	1	ng/mL).	
Thus,	 the	 optimal	 therapeutic	 time	 window	 in	 relation	 to	 lung	 maturation	 falls	 within	 a	
narrow	 range	 of	 time.	 Notably,	 higher	 BM	 values	 serve	 no	 increased	 benefit	 in	 terms	 of	
improving	lung	function	[210].		
	
The	 clinical	 drug	 in	 use	 consists	 of	 a	 slow-release	 BM-acetate,	 with	 higher	 peak	 values	
resulting	from	BM-phosphate,	although	only	short-term	benefits	accompany	this	drug	[220].	
Our	findings	support	the	need	to	find	a	more	optimal	ratio	for	the	BM	formula,	whereby	a	
different	ratio	and	lower	dose	of	BM-acetate	and	BM-phosphate	may	prolong	the	action	with	
lower	peak	concentrations	 [210,	220,	221].	Yet,	 the	higher	 levels	of	BM	 in	our	group	also	
emerged	 in	newborns	who	received	BM	antenatally	at	the	shortest	 interval.	 In	that	study,	
findings	 reported	 by	 a	 Swedish	 population-based	 cohort	 indicated	 that	 neonatal	 survival	
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improves	even	at	the	shortest	interval	of	less	than	24	h	compared	to	those	who	received	no	
ANS	treatment	[276].	However,	the	effect	of	ANS	is	temporary	[215,	218].		
	
	
Postnatal	pulmonary	adaptation	and	respiratory	problems	later	in	childhood	
Based	on	a	previous	discussion,	neonatal	respiratory	problems	such	as	TTN	as	well	as	RDS	are	
at	 least	 partially	 associated	 with	 impaired	 transepithelial	 fluid	 transport.	 Therefore,	 we	
hypothesized	that	these	conditions	are	associated	with	respiratory	distress	later	in	infancy.	
Additionally,	TTN	was	previously	associated	with	wheezing	and	asthma	[238–240,	277,	278],	
whereas	the	same	genetic	predisposition	was	put	forth	as	causing	these	conditions	[243,	245,	
278,	279].		
	
RSV	 bronchiolitis	 was	 used	 as	 a	 comparable	 disease	 because	 it	 shares	 certain	
pathophysiological	 aspects,	 such	 as	 lung-fluid	 accumulation	 due	 to	 impaired	 epithelial	
transport	and	a	high	incidence	of	hospitalization	during	the	first	year	of	life	[244,	280–282].	
Our	population-based	registry	study	revealed	that	children	with	TTN	have	a	higher	risk	for	
hospitalization	due	to	RSV	bronchiolitis	during	the	first	year	of	life,	particularly	in	early	infancy	
(less	 than	 6	 months	 of	 age).	 Our	 findings	 suggest	 that	 TTN	may	 not	 only	 be	 a	 transient	
condition	related	to	early	postnatal	adaptation.	There	may	be	a	similar	genetic	background	
related	to	respiratory	problems	later	in	childhood.	
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7	 STRENGTHS	AND	LIMITATIONS	
	
This	study	demonstrates	that	early	changes	to	the	gene	expressions	of	molecules	are	involved	
in	 the	 airway	 epithelial	 fluid	 transport	 in	 preterm	 and	 healthy	 full-term	 newborn	 human	
infants.	In	our	study	population,	the	group	of	full-term	infants	served	as	the	control	group	for	
normal	physiological	changes	during	the	early	postnatal	period.	Comparing	infants	based	on	
their	mode	of	delivery	revealed	an	association	between	the	airway	epithelial	gene	expression	
of	ion	transport	mediators	and	stress	hormones	that	peak	at	birth.		
	
The	cord-blood	samples	of	preterm	infants	combined	with	airway	epithelial	samples	allowed	
us	to	detect	associations	between	markers	of	the	airway	epithelial	fluid	transport	and	GCs	in	
humans.	By	using	these	sample	sources,	we	could	estimate	the	BM	concentrations	and	end-
organ	 effects	 in	 preterm	 infants	 following	 antenatal	 corticosteroid	 treatment.	 Based	 on	
animal	and	recent	human	data,	this	study	may	contribute	to	the	development	of	optimal	and	
personalized	antenatal	corticosteroid	treatment	among	infants	at	risk	for	premature	birth	at	
less	than	34	weeks	[209,	211,	214,	236].	
	
This	study	has	several	 limitations.	We	conducted	a	clinical	study	 in	which	the	analyses	are	
limited	 because	 the	 clinical	 condition	 of	 the	 newborn	 determines	 the	 investigations,	
particularly	among	preterm	infants.	In	addition,	the	study	group	consisting	of	preterm	infants	
is	rather	heterogeneous	containing	a	relatively	wide	range	of	gestational	ages.		
	
We	gathered	nasal	epithelial	samples	as	a	surrogate	for	the	alveolar	epithelia.	As	a	limitation	
to	our	study,	the	gene	expression	of	the	ion	transport	mediators	may	vary	in	different	parts	
of	the	airway	epithelia	[37].	However,	the	nasal	epithelia	have	been	used	in	study	settings	
and	as	well	in	clinical	practice	as	a	proxy	for	the	deep	respiratory	epithelial	gene	expression	
or	ion	transport	[186,	201,	264,	283,	284].		
	
In	the	evaluation	of	the	airway	epithelial	ion	transport,	a	potential	difference	measurement	
across	 the	nasal	epithelium	would	have	been	more	precise	 [186,	201,	264].	However,	 this	
method	is	quite	demanding	for	evaluation	in	preterm	newborns.	Moreover,	previous	results	
revealed	 an	 association	 between	 the	 airway	 epithelial	 gene	 expression	 and	 ion	 transport	
observed	with	the	nasal	potential	difference	measurement	[285].	
	
Studies	III	and	IV	took	into	account	the	diagnostic	criteria	that	may	vary	in	different	hospitals	
and	areas.	However,	study	IV	consisted	of	a	large	population-based	study	conducted	using	
registries	validated	for	epidemiological	analyses.	
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8	 CONCLUSIONS	AND	FUTURE	PERSPECTIVES		
	
In	 conclusion,	 the	 airway	 epithelial	 gene	 expression	 of	 ion	 channels	 and	 the	 sodium-
potassium	pump	changes	significantly	during	the	early	adaptation	phase	and	further	by	the	
first	day	postnatally.	The	lower	stress	hormone	levels	associate	with	a	lower	gene	expression	
during	the	first	hour	of	life	in	full-term	infants.	This	significant	difference	in	the	cord-blood	
hormone	 levels	 and	 the	 gene	 expression	 of	 sodium	 transporters	 between	 two	modes	 of	
delivery	may	explain	the	delayed	lung-fluid	clearance	and	the	higher	incidence	of	TTN	among	
infants	born	via	elective	CS.		
	
Here,	we	reported	novel	findings	among	preterm	human	infants	regarding	cord-blood	GCs	
following	maternal	BM	treatment,	 finding	 that	 lower	GC	 levels	associated	with	RDS	and	a	
lower	gene	expression	for	ion	transporters.	This	finding	suggests	that	the	impaired	ion	and	
fluid	transport	in	the	airway	epithelia	also	result	in	RDS.	Our	data	on	the	BM	concentrations	
suggest	that	the	optimal	time	window	of	the	last	dose	of	BM	before	delivery	remains	24	to	
48	h.	However,	future	studies	are	necessary	in	order	to	determine	the	length	of	the	effect	of	
BM	on	the	epithelial	ion	transport.	Furthermore,	different	combinations	of	the	clinical	drug	
BM	could	help	determine	 the	appropriate	 time	and	dosage	 for	ANS	 treatment	 for	various	
clinical	 conditions	 in	order	 to	achieve	 the	best	pulmonary	maturation	effect	with	minimal	
adverse	effects.	
	
Finally,	transient	tachypnea	associates	with	an	 increased	risk	of	hospitalization	due	to	RSV	
infection	in	infancy.	This	finding	is	indicative	of	the	similar	pathogenetic	background	behind	
these	two	conditions.	Moreover,	the	mechanisms	behind	TTN	may	extend	beyond	postnatal	
pulmonary	 adaptation.	 Prophylaxis	 against	 RSV	 in	 infants	 with	 TTN	 appears	 exaggerated,	
although	RSV	patients	with	a	history	of	TTN	likely	carry	an	elevated	risk	for	hospitalization.	
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