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BRONCHOPULMONARY DYSPLASIA: FROM IMPAIRED ALVEOLOGENESIS TO
MOLECULAR AND CELLULAR DYSREGULATION IN PRETERM NEWBORNS
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!Asfendiyarov Kazakh National Medical University, Almaty, Kazakhstan

Introduction. Bronchopulmonary dysplasia (BPD) remains the most common chronic lung disease in preterm neonates,
particularly those with very low birth weight. The "new BPD" paradigm has shifted from the classical injury-driven
fibrosis toward a process characterized by arrested alveolar development and vascular dysgenesis. This condition results
in a reduced surface area for gas exchange due to the formation of fewer, simplified alveoli and impaired angiogenesis.
Objective. The purpose of this review is to provide an integrative analysis of the cellular and molecular dysregulation
driving BPD pathogenesis, focusing on the disruption of intercellular signaling networks that govern alveolar
morphogenesis and vascular development in the immature preterm lung.

Materials and Methods. An integrative narrative literature review was performed. The electronic databases PubMed and
Google Scholar were systematically searched for articles published between January 2010 and March 2025. Search
queries included the terms "bronchopulmonary dysplasia”, "alveologenesis™, "angiogenesis”, "signaling pathways", "lung
development” and "preterm infants". Only articles published in English were considered. Inclusion criteria comprised
peer-reviewed original research articles and comprehensive review articles that directly addressed molecular, cellular, or
signaling mechanisms of BPD or normal alveologenesis. Exclusion criteria encompassed conference abstracts, non-peer-
reviewed sources, editorials lacking primary data, and studies without sufficient methodological detail. Duplicate records
were manually removed prior to full-text screening. Of the 374 unique records identified, 301 were excluded following
title and abstract screening. The remaining 73 articles met all inclusion criteria after full-text review and were incorporated
into the final synthesis. This review is integrative and narrative. It does not meet the formal criteria for a systematic
review, as a non-systematic selection flowchart was generated and no inter-rater agreement or quality assessment tool
was used.

Results. A synthesis of 73 publications, including experimental studies, transcriptomic and proteomic analyses, clinical
investigations, and review articles, identified three pathogenetic mechanisms with the highest degree of evidentiary
support. PDGFRa-dependent depletion and proliferative failure of alveolar myofibroblasts emerged as the central driver
of alveolar simplification, corroborated by convergent preclinical and clinical genetic data. VEGF-A deficiency was
established as the molecular correlate of capillary dysplasia, documented both in fatal human BPD and across multiple
animal models. TGF-B hyperproduction was identified as the principal pro-fibrotic and anti-septogenic signal that
concurrently suppresses VEGF-A expression, thereby amplifying vascular and structural deterioration. Normal
alveologenesis depends on coordinated interactions among four functionally interdependent cellular systems, namely the
alveolar epithelium represented by ATII and ATI cells, the pulmonary mesenchyme including secondary-crest
myofibroblasts and lipofibroblasts, the vascular endothelium, and the extracellular matrix. Disruption of this intercellular
network at multiple levels constitutes the pathobiological basis of BPD. Mesenchymal stromal cell-based therapy
demonstrates consistent efficacy in preclinical models. However, its clinical translation remains limited by the absence
of Phase 11l randomized controlled trial data in preterm neonates.

Discussion. The synthesized evidence indicates that BPD should be interpreted not as isolated epithelial, vascular, or
mesenchymal injury, but as a disorder of coordinated lung development. The convergence of PDGFRa attenuation,
VEGF-A deficiency, and TGF-B overactivation supports a hierarchical pathogenetic model in which impaired
myofibroblast function initiates defective septation and secondarily disrupts vascular growth. At the same time, much of
the mechanistic evidence is derived from animal and preclinical models; therefore, translation into neonatal practice
requires cautious interpretation and validation in adequately powered clinical studies.

Conclusion. BPD represents a significant failure of lung development, primarily resulting from impaired intercellular
communication. The characteristic structural abnormalities, including alveolar simplification and vascular dysmorphism,
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arise from disrupted regenerative capacity within the lung. Attenuation of PDGFRa-dependent myofibroblast function is
identified as the central upstream event, leading to secondary suppression of VEGF-A and subsequent capillary dysplasia.
TGF-p further exacerbates structural deterioration. Effective therapeutic strategies should focus on restoring the
myofibroblast-VEGF-extracellular matrix axis as an integrated system rather than targeting individual components. This
approach may support lasting repair of alveolar and vascular structures in preterm infants.

Keywords: Bronchopulmonary dysplasia, alveologenesis, angiogenesis, preterm neonates, signaling pathways, lung
development.

BPOHXOKIIEJIK JUCIUTIA3UACHI: ITAJIA TYFAH HOPECTEJIEPIEI'T
AJIbBEOJIOI'EHE3/IIH b¥3blJIYBIHAH BACTAII MOJIEKYJIAJIBIK 2KOHE
KACYIIAJIBIK JUCPEI'YJIALUAFA AEUIH
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Kipicne. Bponxexrmenik aucmiasus (bO/) mana TyraH HopecTeNlepIeri, acipece cHe caliMarbl ©T¢ TOMEH Oallaapaarsl
€H Wi Ke3[IeCeTiH CO3BUIMAIIBI OKIIe aypysI 0ok Kana 6epeni. «XKana BO/]» mapagurmachl KIlacCHKaJIbIK )KapaKaTTHIK
¢ubdpo3maH ampBeoIaNap JaMYBIHBIH TOKTayBIMEH JKOHE BACKYIISAPIBIK AU3TeHe30€H CHITaTTaaThIH MIPOLECCKE ayBICTHI.
Byn karmaii anpBeonanapiblH a3 opl KapamaiblM KypbUIbIMJA KaJbIITACyblHAa >KOHE aHTMOTCHEe3MiH Oy3bUTybIHA
OaiIaHBICTHI Ta3 alMacy OETiHIH a3aloblHa JKENIET.

3eprreynin MakcaThbl. Ochl 0y I6IH MakcaThl BO/] maToreHesiHiH HETI3iHAe )KaTKaH KaCYIIAIBIK )KOHE MOJICKYIAIbIK
OY3bUIBICTApFA HWHTETPATHBTI Taugay »JKyprizy, ocipece Imaja TyFaH HOPECTENEPAiH >KETIIMEIeH OKIeCiHaeri
AIBBEOJISIPIBIK  MOpdoreHe3 OCH TaMbIpibIK — JaMyAbl PETTEHTIH KacyllaapajiblK CUTHAJJIBIK O KeNiIepIiH
JICPETYISIISICEIHA Ha3ap ayaapy.

Marepuajaap MeH diicTep. OneOneTTepre HHTErPATUBTI HAPPATUBTIK IOy KYpriziiai. Makamanapasl i3aey PubMed
s)koHe Google Scholar amekTpoHABIK nepekkopiaapbiaaa 2010 xbeUIFbI KaHTap MeH 2025 KbUTFBI HayphI3 apaybIFbIHAA
KapusUIaHFaH eHOekTep OOWBIHIIA JKYHENi TypJe jKy3ere achIpbUIObl. I3mey OapbhIchiHAa «OPOHXOKIICTIK JAUCIUIA3UI»,
«aJbBEOJIOTCHE3)», KAHTHOTEHE3Y», «CUTHAIIBIK KOJIAP», «OKICHIH JaMyBD» )KOHE «IIIajia TYFaH HopecTelep» TePMHUHICPI
MEH OJIapIbIH KOMOMHANMSITAPB! KOMAAHBUIAEL. TangayFa TeK aFbUIIIBIH TITIHIIE JKapUsIaHFaH MaKaiajiap eHT 131l
Ipiktey kputepuitnepine BOJl Hemece KalbINThl adbBEOJOTCHE3IH MOJIEKYJIAJBIK, JKACYIIAIBIK JKOHE CHTHAJJIBIK
MeXaHM3MJEPiHe TiKellel KaThICThl PELCH3MsUIaHFaH TYIHYCKa 3epTTeyJiep MEeH Loy Makajiaiapsl Kipai. Illeirapsin
TacTay KpHUTEepHiiiepi periHle KOH(QEpeHIHs Te3UCTepl, peleH3UsIaHOaraH JiepeKKo3iep, 0acTankbl JepeKTepi kKoK
pelaKiMsUIBIK MaKallanap jKoHe 9/liCTeMec )KETKIUIIKTI CUITaTTaIMaraH 3epTTeyJiep KapacThIpbUIIbL.

TospIk MoTiHII Oaranay Ke3eHiHe JeiiH KalTalaHaThIH XKapHsIaHbIMIap KOJIMEH alibIHBII TaCTaj bl [371ey HoTHKECIHe
aHbIKTasIFaH 374 Oipereii jxa3z0anbiH 301-1 aTaysl MeH aHaarnachiH Oaranay OapbIChIHAA MIbIFapbuLasl. Kanran 73
YKApHUIIAHBIM TOJIBIK MOTIHIIK TaNJayldaH KeiH OapiblK ipiKTey KpUTepHiliepiHe colKkec Kellil, KOPBITBIHIBI CHHTE3Te
EHTi31mal.

By momy WHTETrpaTUBTI JKoHE HAppaTUBTIK cumatka ue. Ox KXyhell MIONyIbIH PecMH TalalTapblHA TOJBIK COWKeC
KeIMeli, cebebdi omedueTTepai ipikTey KaTaH Kyielni xarTaMma OOHBIHIIA KXYPTi3iIMei, )KapusuTaHbIMIapAbl TAHIAYTBIH
KYHeIeHaipiIMereH chi30achl MaiIaNnaHBUIABL, COHOA-aK pEICH3CHTTep apachIHAAFBl KENICIMIUTIK TIeH 3epTTeylep
carachblH BaIMATENIeH Kypaaap apKbUibl Oaranay )Kypri3iireH xox.

HaTrmkenep. DKCIEpUMEHTTIK 3€pTTEyNepAi, TPAHCKPHUIITOMJBIK JKOHE IPOTEOMIBIK TallAayaapibl, KIMHHKAJIBIK
3epTTeyJiep MEH IOy MaKajajdapblH KAMTHTBIH 73 KapHsIaHbIMHBIH HOTHOKENIEPIH Tajjgay JQNeNIUIK JAeHreii eH
JKOFaphl YIII TATOT€HETUKAIBIK MEXaHU3M/II aHBIKTayFa MYMKIHIIK Oepi.

PDGFRo curaaiIsIK KOIBIHBIH OY3bUTybIHA OaHTaHBICTHI aJIbBEOIISIPIBIK MHOGHOpOOIacTTap MOMYISIIHSACHIHBIH a3af0bl
JKOHE OJIapJBIH MPOIUQEPANHUIACHIHBIH JKETKUTIKCI3Ir aibBeoalapAblH KapanaibIMIaHYbIHBIH HETI3Ti MeXaHH3Mi
peTiHze TaHBUIABL. BYJ TYXKBIPBIM JTOKIMHUKAIBIK 3epTTEYyJIEp MEH KIMHUKAJIBIK-TEeHETHKAIBIK OaKblIayJIapAblH e3apa
colikec KeneTiH HaTKenepiMeH pactanabl. VEGF-A Tammbuiblfbl KanvUIPIIBIK IUCTIIa3USHBIH MOJIEKYJIANBIK, HeTi3i
peTiHze aHBIKTAJbIN, aJaMHBIH oJiMMeH askramraH bOJ| karnmaiinmapbiHna n1a, aypyablH KONTEreH >KCIepUMEHTTIK
Mogenbaepinae ae kepcerinai. TGF-p runepenimainiri VEGF-A skenpeccusichin Oip Mesriie TexeiTiH, Gpruopo3abiH
JaMybIH KYIICHTETIH OHE CenTanusl YAEpiCiH TeKEHTIH JKeTEeKIIl CUIHANIBIK (PaKTOp peTiHxe aiKbIHIalabl, COHBIH
HOTM)KECIHJIE OKIIEHIH TaMBIPJIBIK JKOHE KYPBUIBIMABIK 3aKbIMJaHybl TEPEHIEH TyCei.

KansInTel anbBeosioreHes e3apa THIFBI3 OailIaHBICKaH TOPT >KacyIIaibIK KXYHEHIH yinecimai opeketine toyenmi: ATI
soHe ATII xacymmanapsIMeH YChIHBUTFAH allbBEOJIPIIBIK ATTUTEIUH, EKIHIITIK KbIpKaapAbiH MUO(GUOpoOIacTTaphl MEH
muno¢puopodIacTTapIsl KAMTUTEIH OKIENiK ME3eHXUMa, KaHTaMbIP 3HIOTENNH] jkoHE KacyIIagaH ThIC MaTpuKc. OChI
JKYHEIET1 sKacyIraapablK e3apa speKeTTeCcyIepIiH opTypili aeHreinepae 0y3putybl bOJl maToOMOIOTHsACHIHBIH HET131H
KYpauibl.

Me3eHXuManbIK CTPOMAJIBIK JKacyllalapFa HETi3eNreH Tepamus JOKIMHHUKAJBIK 3epTTeyiepAe TYPaKThl THIMALTIK
Kepcery/e. Ajaiizia OHbIH KIMHUKAIBIK TaXXIprOere KeHIHEH eHri3ilyl ajia TyFaH HopecTellep apachlHia XKypriiireH
1T dpazanarel pangoMH3alMsIaHFaH OaKbUIAHATBHIH 3€PTTEYIIEp JCPEKTEPiHIH KETKUTIKCI3MIrIMEH MIeKTeNe /.
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Tanxsrnay. [ony nepexrepi BO/I-Hbl xKekeaereH SMUTETUHITIK, TAMBIPIIBIK HEMECEe ME3EHXUMaIIbIK 3aKbIMIaHy PETiHIIEe
eMec, OKIIeHIH YWIeciMIi AaMybIHBIH OY3bUIBICHI PETiHAE KapacThlpy KaxeT ekeHiH kepcereni. PDGFRa curnamapix
oencenninirinig  oncipeyi, VEGF-A rtammbumeirsr xoHe TGF-f  runepOencerHminmiriniH e3apa  OaiilaHBICHI
MuopuOpodacTTap GYHKIMACHHBIH OY3BUTYBl CENTAIMSHBIH JKETKUTIKCI3iriHe koHe KeHiHHEH TaMBIPIBIK JaMyIbIH
TeXeIyiHe OKeJeTiH MepapXIsUTbIK ITaTOTeHeTHKANBIK YATiHI Herizgelni. CoHbIMEH KaTap TONeNICepAiH enayip Oemiri
JKaHyapJap MeH JOKIMHHUKAJIBIK MOJICIbACPICH AbIHFAHIBIKTaH, OYJI TY)KBIPBIMIAP bl KIIMHUKAJIBIK TOXKIpHOEre eHrizy
YIIiH ipi opi 9icCHAMAIIBIK TYPFBIIAH Camnalibl 3epTTeyIepae KOChIMINA BATHIAITUS KaXKeT.

KopbIThiHabl. bOJl exneHiH AaMybIHBIH ayblp OY3bUIBICHI OONBIN TaOBUIAIBI JKOHE OHBIH HETI3iHJAe, €H alIbIMEH,
KacylraapaiblK KOMMYHUKALUSHBIH OY3bITYBI JKaThIp. AJbBeoJajap/iblH KapanaibIMIaHybl MEH OKIle TaMbIpJIapbIHBIH
JUCMOP(QUSACHIH KAMTHTBIH TOH KYPBUIBIMJIBIK ©3repicTep OKIe TiHIHIH pereHepalysulblK oJeyeTiHIH TOMEHICYIHiH
canpapbl Oonbin Tabbutanel. PDGFRo apkeuisl perrenerin muodubpobnactrap ¢yHkumsceiHbH aicipeyl VEGF-A
9KCIPECCHUICHIHBIH CKIHIIIIK TOMCH/ICYIHE JKOHE KSHIHTI KaMUISPIIBIK AUCIUIA3USHBIH JaMybIHA aJIbII KEJIETiH Heri3ri
MATOTCHETHKAJIBIK OKWFa peTiHiae KapacTblpbuianbl. CoHbiMeH Katap, TGF-f cHrHaiIbIK S>KOJBIHBIH IIamMagaH ThIC
OCJICCHIUIIT] OKICHIH KYPBUTBIMIIBIK 3aKbIMIAHYBIH OJIaH i KYIICHTE .

TuiMai TepamusuIbIK CTpaTeTusIap KEKelereH MOJISKYJIANbIK HbIcaHAapra emec, «muodubpodmactrap — VEGF —
JKacymiaJaH ThIC MaTPUKC» JKYHECIHIH (YHKIIMOHAIABIK TYTACTBHIFBIH KaJIIIBIHA KENTipyre OarbITTalybl THiCc. MyHnai
TOCLI 11aJIa TYFaH HOPECTENEP IiH OKIECIH/IETT aTbBEOSIPIIBIK XKIHE TAMBIPIIBIK KYPBUIBIMIAP/IbIH Y3aK MEP3iM/Ii KaJIbIHA
KellyiH KaMTaMachl3 eTyre MyMKIiHIiK Oepeti.

Tyiiinai cesnep: BpoHxekmenik qUCIUIa3usl, AlbBEONIOTeHE3, aHIMOTEHE3, Iaa TyFaH HOpecTellep, CUTHAIABIK JKOJaap,
OKIICHIH JaMYBbI.

BPOHXOJIET'OYHAS TUCIUIA3SHA: OT HAPYIIEHHOI'O AJIBBEOJIOI'EHE3A
J1O MOJIEKVYJIAPHOU U KJIIETOUHOU JUCPET VJIALIMA Y HEAOHOUIEHHBIX
HOBOPOXIEHHbBIX

AomianbaeBa A.A.l, Illakraii H.K.!, Tapa6aesa A.C..,
Kyar A.!, Hypeim K., Carnayana Al

YKasaxcruii nayuonanvioiii meduyunckuii yuueepcumem umenu C.J1. Acghenduspoea, Anmamot, Kazaxcman

BBenenne. bpouxonerounas aucraszus (bJIJI) ocraercs HanGosee pacpoCTpaHEHHBIM XPOHUYECKUM 3a00JIeBaHHEM
JITKUX Y HEJOHOIICHHBIX HOBOPOXKICHHBIX, OCOOCHHO Cpead IeTell ¢ O4YeHb HM3KOH Maccoi Teja MpH POKACHHUH.
IMapagurma «HOBOI BJI/I» cMecTunacek oT kiaccudeckoro ¢puOpo3a, BEI3BAHHOTO MOBPEXAEHHUEM, B CTOPOHY TIpoliecca,
XapaKTepU3yIOIIETOCS OCTAHOBKOH aJIbBEOJISIPHOTO PA3BUTHUS M COCYIUCTBIM TU3reHe30M. J[aHHOe COCTOSHIE MPUBOAUT
K COKpAICHHIO IUIOMIAJN IIOBEPXHOCTH Uil Ta3000MeHa BeieAcTBHE (OPMHUPOBAHMS MEHBIIETO KOJIMYECTBA
YIPOIIEHHBIX aJIbBEOJ U HAPYIICHNS aHTHOTeHE3a.

Heab. Hacrosmuii 0030p HampaBieH Ha HWHTETPATHBHBIA aHANM3 KJIETOYHBIX W MOJICKYJSIDHBIX MEXaHH3MOB,
yuacTByronmx B narorerese bJI/I, c 0coObIM BHUMaHHEM K HAPYIICHNSIM MEXKJICTOUHBIX CUTHAJIBHBIX B3aUMO/ICHCTBUH,
o0ecrieunBarONINX IPOLECCH! ATTBEOIISIPHOTO MOp(oTeHe3a 1 BaCKyJIoreHe3a B He3pebIX JIETKMX HeIOHOLICHHBIX JeTeH .
MaTtepuanbl U MeTObl. BBl MPOBEIEH MHTETPATUBHBIN HApPATUBHBIA 0030p JuTEepaTyphl. CHCTEMaTHIECKUH TTOMCK
yOJIMKaIMil OCYIECTBIISIICS B JIEKTPOHHBIX 0a3ax manHbeix PubMed u Google Scholar 3a nepuon ¢ suBapst 2010 roga
o mapT 2025 roaa. [TonckoBbie 3ampoChl BKIKOYAIH CIISAYIOIINE KJIFOUEBhIC CJI0BA M X KOMOUHAIINN: OPOHXOJIErOYHAS
AUCIUIasusA», «ajJbBCOJIOTCHE3)», «AHI'MOI'CHE3)», «CUTHAJIBHBIC IIYTH», «PA3BUTHUEC JICTKUX» U «HCAOHOIICHHLIC
HOBOPOXJICHHBIC. B ananu3 BKIIIOYAIMCH TOJILKO CTaThH, OHy6HI/IKOBaHHLIe Ha aHTJIMICKOM SI3BIKE.

KputepusiMu  BKITIOUCHHS SBISUINCH  PELCH3UpyEMble OpHTHMHAJBbHBIE HCCIENIOBaHMA M O030pHBIE  CTaThH,
HEMOCPEICTBEHHO ITOCBAIIEHHBIE MOJIEKYJISIPHBIM, KJIETOUYHBIM WM CUTHAIBHBIM MexaHm3MmaMm bJIJ] mmubo mporeccam
HOPMAaJIBHOTO ajibBeoJioreHe3a. KpurepusiMu HCKiIroueHns ObIIM TE3UCH KOH(PEPEHIINH, HepelleH3UPYeMble HCTOYHHKH,
pelaKIMOHHBIE CTaTh 0€3 MePBUYHBIX IAHHBIX, a TAK)KE MCCIICOBAHUS C HEJ0OCTATOUYHBIM OIMCAHUEM METO/I0JIOTHH.
[epen 5TarnoM MoJIHOTEKCTOBOTO aHAIKM3a Ty OIIMpyoNIHecs MyOIUKanuy ObUTH yIaJIeHsl Bpy4dHy0. 113 374 yHUKaJIBbHBIX
3amuceil, BBISIBICHHBIX B X0/€ Torcka, 301 ObUIM HCKITIOUEHBI IIOCIIE OIIEHKH 3ar0JIOBKOB M aHHOTalmi. OcTaBmmecs 73
MyOJMMKannii COOTBETCTBOBAIM BCEM KPUTEPHSM BKIIIOYEHHS IO pe3yjibTaTaM IIOJHOTEKCTOBOTO aHaIM3a M ObUIH
BKJIFOYEHBI B HTOTOBBIM CHHTE3 JTAHHBIX.

Hacrosmuit 0630p HOCHT WHTETPATUBHBIN W HappaTHBHBIN xapakTep. OH HE COOTBETCTBYET (HOPMaIBHBIM KPUTEPUSIM
CHCTEMAaTHYECKOT0 0030pa, IIOCKOIIBKY 0TOOP JINTEPATypPhl OCYIIECTBISIICSA 0€3 CTPOroro CHCTEMaTHYECKOT0 MPOTOKOIA,
Obula WCIIONb30BaHa HECHUCTEMaTH4ecKass cxema oTOopa myOnmuKamuii, a Takke HE MPOBOIMWINCH OIEHKa
COTJIACOBAHHOCTH MEXIy peIeH3eHTaMH U (¢opMaibHas OILEHKa KadecTBAa HCCIICAOBAHWHA C WCIIOJIH30BAHHEM
BaJIUAUPOBAHHBIX UHCTPYMEHTOB.

Pesyabrarsl. CHHTE3 AaHHBIX 73 IMyOnMKanuii, BKIOYABIINX 9KCIIEPUMEHTANILHBIE CCIIEA0BAHMS, TPAHCKPUIITOMHEIE
U TIPOTEOMHBIE aHAIU3BI, KITMHUYECKHUE MCCIIEA0BaHU U 0030PHBIE CTaThH, O3BOJIMII BBLACIHUTD TPU MATOT€HETHUECKUX
MeXaHH3Ma ¢ HauboJiee BBICOKUM YPOBHEM J0Ka3aTeIbHOCTH.

95



I N02 (62) 2026 (OTU3VI0NYNbMOHONO YA

Hcromenne TOMyNSIIAA  ambBEOJSIPHBIX MHUOGHOPOOIACTOB W HapylleHHe WX Tponudepanun, 0O0YCIOBICHHBIE
muchyHkimeit curnanbaoro mytu PDGFRo, Obutn ompesienieHsl Kak KII0YeBOH MEXaHW3M YIPOIICHHS albBEOJIIPHOM
CTPYKTYPBI, YTO TIOATBEP)KAACTCS COTJIACYIOIIUMICA IaHHBIMHA JOKIMHUYECKHX HWCCIEAOBAaHUA ¥  KIIMHHUKO-
reHetrueckux HabmoneHuid. Jedpumur VEGF-A ObuT ycTaHOBIIECH KaK MOJICKYJIIpHAs OCHOBA KAIMMJUIAPHOMW THUCTUTA3UH
1 BBIABIICH Kak Ipu ¢aTtanpHbIX hopmax BJIJl y deroBeka, Tak ¥ B MHOTOYHCIICHHBIX HKCIIEPHMEHTAIBHBIX MOJICIISIX
3aboneBanus. [wmepnponykmuss TGF-f  Oputa  wacHTHQHUIMpPOBaHA Kak Bexymuid NpoGHOPOTHYECKUH |
AQHTHUCENTOTCHHbI CHUTHaJNl, OJHOBPEMEHHO monaBisitomuii skcrnpeccuio VEGF-A u TeM cambpiM  yCHIMBAIOUINI
COCYAUCTBIC U CTPYKTYpPHBIE HapyIIeHNs B JIETOYHOM TKaHH.

HopmanbHblii  anpBeosoreHe3 3aBUCUT OT KOOPAWHMPOBAHHOTO —B3aMMOJCHCTBHS UETHIPEX (PyHKIMOHAIBHO
B3aUMOCBSI3aHHBIX KJIETOYHBIX CHCTEM: albBEOJSIPHOTO SmuTenus, npeacraBieHHoro kierkamu I u I tunos (ATII n
ATI), néroynoit Me3eHXUMBI, BKJIFOYaronied MuoguopoodIacTsl BTOpHYHBIX rpeOHEl 1 muodudpodIacTsl, COCYAUCTOrO
SHZOTENMS ¥ BHEKJIETOUHOrO MaTpukca. HapymeHne MeXKIeTOUHBIX B3aUMOJICHCTBUI B 3TOI cucTeMe Ha pa3iIM4HbIX
YPOBHSX JISKUT B 0OCHOBe matoonosiorun BJIJI.

Tepamust Ha OCHOBE ME3CHXHMAJBHBIX CTPOMAJBHBIX KIETOK IEMOHCTPHPYET CTaOWIBbHYI0 3((EeKTHBHOCTH B
JOKITMHUYECKHX HccienoBannsax. OmHako e€ mupokoe BHEAPEHHE B KIIMHUIECKYIO IPAKTUKY OTPAHUICHO OTCYTCTBHEM
JAHHBIX PaHIOMH3HPOBAHHBIX KOHTPOIUPYEMBIX Hccienoanuii 111 (hazbl y HeZOHOIIEHHBIX HOBOPOXKIEHHBIX.
Oocy:xnenune. I[lpencraBineHHble JaHHBIE MO3BOJISIOT paccMaTpuBarh BJIJ] He Kak H30JIMPOBAHHOE MOBPEKIACHHE
SUUTENHSA, COCYAOB WM ME3CHXHMBI, a KaK HapyIICHHE KOOPAWHUPOBAHHOW TIPOTPAMMBI PA3BHUTHS JIETKHUX.
CorylacoBaHHOCTh JaHHBIX O cHWkeHuH aktuBHocth PDGFRo, nedunmre VEGF-A u runepaxtuBanuu TGF-f
MOJIZICPIKUBACT UEPAPXUUCCKYI0 MOJEIbh MaToreHe3a, B KOTOpoil Hapyiienue QyHKIMA MUO(PHUOPOOIACTOB 3aIyCKacT
nedexT cenranMd W BTOPHUYHO YCYryOJIsieT COCYAMCTYIO JHCIeHe3uio. Bmecte ¢ TeM 3Ha4YMTeNnbHas 4YacTh
MEXaHUCTHYECKHX [[0Ka3aTelIbCTB IOITy4eHAa B JKUBOTHBIX M JOKIMHUYECKMX MOJENSX, MOITOMY HX IEpeHoC B
HEOHATAJIBHYIO MPAKTUKY TpeOyeT OCTOPOKHOM HMHTEepHpeTalvy M MOATBEPKACHUS B KIMHHUCCKUX HCCIIEIOBAHUAX
JOCTATOYHOW MOITHOCTH.

3axuouenue. BJIJ] npencrasiser coboii TsHkENOE HApPYIICHHUE PAa3BUTHS JIETKUX, B OCHOBE KOTOPOTO JICKHT IMPEXK/Ie
BCETr0 PaccTPOCTBO MEXKKICTOYHOH KOMMYHHKAIMH. XapaKTepHBIE CTPYKTYpHBbIE M3MEHCHHS, BKIIIOYAS YIPOIICHUE
QTBBEOJISIPHON APXUTEKTOHHKH W COCYOUCTYIO TUCMOP(HIO, SBIAIOTCSA CISACTBUEM CHIDKCHHUS PEreHEpaTHBHOTO
moteHIMana néroyHoi TkaHu. Ocnabnenne ¢GyHKIHA MHOGHOPOOTACTOB, OMOCPEIOBAHHON CHTHAIBHBIM ITyTEM
PDGFRuo, paccmarpuBaeTcs Kak KIIIOYEBOE MATOTCHETHUYECKOE COOBITHE, MPHUBOIMAMISE K BTOPUIHOMY IOJABIICHHIIO
skcrpeccun VEGF-A  u  mocnenyromeMy pa3sBUTHIO KaNmWUISIPHOW AWCIIa3uu. J(ONMOMHUTENBHBIM BKJIaa B
MPOrPECCUPOBAHUE CTPYKTYPHBIX HAPYLICHUI BHOCHT TUIIepaKkTuBanus curnansaoro nyta TGF-B.

O dhexTuBHBIE TEpaNIeBTHUECKUE CTPATET UM TOJIKHBI OBITh HAIPaBJIEHBI HE Ha OTAEIbHbBIC MOJIEKYJISIpHBIC MUIIICHH, a Ha
BOCCTaHOBJICHUE (DYHKIIHOHAJIBHOMW 1IEIIOCTHOCTH cucTeMbl «MHOPpHuOpodnactel — VEGF — BHeKIIeTOUHBIIT MaTpHUKC) Kak
€IMHOTO PETryIATOPHOrO KoMIIekca. Takod MoaXod MOKeT O00ecHeduTh JONTOBPEMEHHOE BOCCTaHOBJIEHHE
QIBBEOJISIPHBIX M COCYIUCTBIX CTPYKTYP JErKUX y HEJTOHOIIEHHBIX HOBOPOXKIEHHBIX.

KaroueBble ciaoBa: BpoHxXonerodynas AWCIUIA3Ws, ajbBEOJOTCHE3, aHTHOTEHE3, HEIOHOIICHHBIC HOBOPOXKICHHEIC,
CUTHAJIbHBIC TTyTH, PAa3BUTHE JICTKHX.

Introduction. characteristics of the disease [1]. In 1999, Jobe
The modern definition of introduced the term “new BPD,” which is
bronchopulmonary dysplasia and the shift characterized primarily by arrested growth and
in the pathomorphological paradigm development. The pathogenesis of “new” BPD
Bronchopulmonary dysplasia (BPD) is the most is a complex process rooted in lung immaturity
common chronic lung disease, predominantly and disrupted development under the influence
affecting preterm neonates, especially those of external factors. The culmination of this
born with very low birth weight (VLBW). The pathogenic process is arrested development of
term “BPD” was originally introduced by the lung parenchyma, namely arrest of
Northway and colleagues in 1967 to describe alveolarization and vascular dysgenesis.
chronic lung injury caused by barotrauma and Instead of a normal increase in the number and
oxygen toxicity in infants requiring mechanical complexity of alveoli, a smaller number of
ventilation. This “old, classical” form of BPD large, simplified alveoli is formed, which
was characterized by marked airway injury and markedly reduces the effective surface area for
extensive alveolar—septal fibrosis. gas exchange [2].

However, as a result of significant advances in In addition, angiogenesis is impaired, resulting
neonatal care, including the use of surfactant in a reduced number of pulmonary capillaries
therapy and more gentle ventilation strategies, and disruption of their close apposition to the
the survival of extremely preterm infants has alveoli. This process is critical, as it leads to
increased, leading to a shift in the pathological increased pulmonary vascular resistance and,
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consequently, to the development of pulmonary
hypertension, which significantly worsens the
prognosis.  Histopathological features of
contemporary  BPD include  alveolar
simplification and dysmorphic pulmonary
vasculature. These structural abnormalities
result in persistent impairments in gas
exchange, respiratory system mechanics, and
airway function [3].

Objective. To provide an integrative analysis
of the cellular and molecular dysregulation
driving BPD pathogenesis, focusing on the
disruption of intercellular signaling networks
that govern alveolar morphogenesis and
vascular development in the immature preterm
lung.

Materials and Methods.

Study design. The present work is an
integrative narrative review of the scientific
literature. In contrast to a systematic review, an
integrative review synthesizes evidence derived
from heterogeneous study designs, including
experimental animal models, single-cell
transcriptomic analyses, clinical observational
studies, and previously published systematic
reviews, with the aim of constructing a
mechanistic and conceptual framework of the
subject under investigation. Given that a formal
systematic review protocol, encompassing a
PRISMA-compliant selection flowchart, inter-
rater agreement assessment, and GRADE
quality appraisal, was not implemented, the
present work is explicitly classified as an
integrative rather than a systematic review.
Search strategy. The electronic databases
PubMed/MEDLINE and Google Scholar were
searched independently. The date of the last
literature search was March 15, 2025. The
search was conducted using the following

keywords:  "bronchopulmonary dysplasia,"”
"alveologenesis,” "angiogenesis,” “preterm
neonates,” "signaling pathways,” and "lung

development.” Articles published between
January 2010 and March 2025 were considered
for inclusion.

Inclusion criteria. Studies were considered
eligible if they met the following conditions.
First, the publication had to be a peer-reviewed
original research article of experimental,
preclinical, or clinical nature, or a
comprehensive narrative or systematic review
article. Second, the study had to address the role
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of specific cell populations, including alveolar
type | and type Il epithelial cells,
myofibroblasts, lipofibroblasts, endothelial
cells, or macrophages, or had to examine
extracellular matrix components or molecular
signaling axes such as PDGFRa/PDGF-A,
VEGF/VEGFR2, TGF-B, Notch/DIll4, SHH,
Whnt, FGF, Ang/Tie2, or IGF-1, in the context
of alveologenesis or BPD pathogenesis. Third,
the article had to be published in English
between January 2010 and March 2025.
Exclusion criteria. Publications were excluded
if they were conference abstracts without a
peer-reviewed full-text counterpart, editorials,
letters to the editor, or commentary articles
lacking original data. Non-peer-reviewed
encyclopedia entries and preprint publications
were also excluded. Studies focusing
exclusively on BPD epidemiology, clinical
management protocols, or pharmacological
interventions in the absence of mechanistic data
were likewise excluded, as were publications
lacking sufficient methodological detail to
permit validity assessment.

Study selection and evidence synthesis.
Duplicate records were removed manually prior
to the screening phase. A total of 374 unique
records were identified across all search
queries. Following title and abstract screening,
301 records were excluded for failure to meet
the inclusion criteria. Full-text review of the
remaining 73 articles confirmed their
eligibility, and all 73 were included in the final
evidence synthesis. The included studies were
categorized by design and comprised original
experimental studies conducted predominantly
using neonatal murine hyperoxia models,
mechanical ventilation models, or genetic
knockout models; studies employing single-cell
RNA sequencing, proteomics, or advanced
imaging techniques; clinical or translational
studies involving preterm infant cohorts; and
comprehensive narrative or systematic review
articles. Evidence derived from preclinical
studies is presented throughout the manuscript
alongside a discussion of its translational
limitations.

Results.

Overview of the evidence base

Among the 73 included studies, experimental
rodent models constituted the largest body of
evidence and represented the established
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platform for investigating BPD pathogenesis,
given the substantial overlap between murine
postnatal alveologenesis, occurring between
postnatal days 4 and 36, and human
alveolarization, which spans from 36 weeks of
gestation to approximately 3 years of age.
Single-cell RNA sequencing and proteomic
studies provided the most granular insight into
cell-specific dysfunction at the transcriptomic
and protein-expression levels. Clinical studies
conducted in preterm infant cohorts largely
corroborated preclinical findings with respect
to VEGF deficiency and PDGFRa-associated
genetic variants. Review articles served to
contextualize and integrate the mechanistic data

Table 1 - Stages of Lung Development
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within  the broader scientific literature.
Collectively, three pathogenetic mechanisms
were identified as carrying the highest degree of
evidentiary confidence, defined as support from
three or more independent study designs. These
are PDGFRa-dependent myofibroblast
depletion as the primary driver of alveolar
simplification, VEGF-A deficiency as the
molecular signature of capillary dysplasia, and
TGF-B hyperproduction as the central pro-
fibrotic signal.

1. Molecular and cellular physiology of
normal alveologenesis

Five classical stages of lung development are
distinguished and are presented in Table 1.

Stage Gestational age (GA) Characteristics
Embryonic 3-6 weeks Formation of the trachea and main bronchi.
Formation of the bronchial tree up to the terminal
Pseudoglandular 5-17 weeks bronchioles.
Onset of lung tissue differentiation: respiratory
. bronchioles and alveolar ducts (precursors of alveoli)
STy LIl e appear. The first type Il alveolar epithelial cells
emerge, synthesizing surfactant.
Continued alveolar formation: terminal sacs
Saccular 24-38 weeks (saccules) and primary alveoli are formed, with a
marked increase in the gas exchange surface area.
Active alveologenesis: intensive branching and
Alveolar From 36 weeks multiplication of mature alveoli. The majority of
alveoli are formed after birth.

The formation of structures that subsequently
give rise to mature alveoli begins during the
canalicular stage. However, the most intensive
growth and increase in the number of alveoli
occur during the alveolar stage, when the
process of active alveologenesis begins. This
process is traditionally divided into two
consecutive but interrelated phases: the
classical phase and the continued phase [4,5].

The phase of classical alveologenesis is
characterized by an intensive increase in the
number of alveoli through the active formation
of secondary septa. In humans, classical
alveologenesis begins in utero at approximately
36 weeks of gestation and continues for 2-3
years after birth [6]. This phase is marked by
vigorous  formation of new alveoli,
predominantly through neoalveologenesis and
secondary septation. A key event in the
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septation phase is the invagination and
protrusion of mesenchymal tissue rich in
myofibroblasts and capillary loops into the
lumen of terminal saccules. These new folds or
outgrowths, known as secondary septa, begin to
extend into the airspace. Concurrently, a double
capillary layer starts to form. Thus, at early
stages, the Ilungs exhibit relatively thick
“primary” septa containing a double layer of
capillaries. During classical alveologenesis,
fusion of these double capillary layers occurs,
resulting in the formation of a thin, single-
layered air-blood membrane, which is more
efficient for gas exchange. At the same time,
each secondary septum effectively subdivides
existing saccules and/or primitive alveoli into
several smaller but more functional alveolar
units. As a result of this process, the number of
alveoli increases exponentially, providing a
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substantial increase in the respiratory surface
area required to meet the metabolic demands of
the growing organism.

Following the completion of the phase of active
increase in alveolar number, the phase of
continued maturation begins. During this
period, thinning and remodeling of the septa
occur, along with a gradual increase in alveolar
size. In mice, this process continues
approximately until postnatal day 36 (P36),
with full maturation potentially extending to
P39. In humans, enlargement of alveolar size
may continue up to 21 years of age [5].

Table 2 - Comparative Timeline of Alveologenesis
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The central event of this phase is the
transformation of the inefficient double
capillary network into a single, thin, and highly
efficient network, which establishes the delicate
air-blood barrier characteristic of the adult
lung. Local duplication of the capillary network
induced by angiogenesis may still be observed
at the base of newly forming septa, indicating
ongoing vascular remodeling.

Below is a comparative timeline of lung
development illustrating the differences in
timing between murine models and human
development (Table 2).

Developmental

phase Time frame

Key morphological events

Saccular

(preceding) 24-36 weeks of gestation

Formation of distal air sacs (saccules).

Classical
alveologenesis
(septation)

36 weeks of gestation — 2-3
years after birth

Active formation of secondary septa; increase in
alveolar number; double capillary network.

Continued
alveologenesis
(maturation)

3 years — 21 years

Septal thinning; transformation into a single capillary
network; increase in alveolar size.

Cells involved in alveologenesis

Alveolar epithelium

The alveolar epithelium, composed
predominantly of type I (ATI) and type Il
(ATII) cells, forms the immediate gas exchange
barrier and plays a critical role in regulating the
underlying mesenchymal compartment. Both
cell types differentiate from progenitor cells of
the distal lung regions during the late
embryonic stage [4].

Type Il alveolar epithelial cells, or secretory
pneumocytes, are the driving force of alveolar
development and homeostasis. They serve as
progenitor cells of the alveolar epithelium.
Under normal conditions, they proliferate at a
very low rate, maintaining the populations of
both alveolar cell types. However, in response
to injury, they actively proliferate and
subsequently differentiate into ATI cells,
thereby enabling restoration of the damaged
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alveolar epithelium [7]. This mechanism is
critical both during postnatal development and
during regeneration in the adult lung. ATII cells
also synthesize and secrete pulmonary
surfactant, which reduces surface tension at the
air-liquid interface within the alveoli. This
function is essential for stabilizing and
maintaining the open state of forming alveoli
(saccules) both before and after birth [8]. In the
absence of surfactant, the lung cannot inflate
properly, which is critical for the survival of
preterm infants [9].

Type | alveolar epithelial cells, or respiratory
pneumocytes, represent the terminal product of
differentiation and constitute the main
structural component of the mature alveolus.
They have an extremely flattened, attenuated
morphology (cytoplasmic thickness <0.2 pum)
and cover approximately 97.5% of the internal
alveolar surface. This thin structure and
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extensive surface area provide a minimal
diffusion barrier between alveolar air and blood
in the pulmonary capillaries, which is their
primary function in the mature alveolus formed
during alveologenesis [10]. Importantly, the
behavior of ATI cells is not passive. Successful
expansion of the ATI surface area required for
the increase in respiratory surface critically
depends on mechanotransduction. This means
that morphological changes in ATI cells are
induced by physical tension generated by the
contractile  activity of the underlying
mesenchymal myofibroblasts of the secondary
crests (SCMFs) during the phase of active
septation. Thus, ATI cells act as
mechanosensitive  receptors, integrating
mesenchymal physical forces to shape alveolar
architecture [11].

Mesenchymal cells

Mesenchymal cells constitute a heterogeneous
fibroblast compartment that provides the
structural scaffold and regulatory signals
required for alveologenesis. The key
subpopulations include lipofibroblasts and
secondary crest myofibroblasts, which belong
to specialized alveolar fibroblasts.
Lipofibroblasts  (LIFs) are  specialized
interstitial fibroblasts distinguished by their
ability to accumulate lipids. These specialized
mesenchymal cells act as key regulators of
structural lung development, metabolism, and
maintenance of the stem cell niche during
alveolar formation. The primary and
historically defined role of LIFs is metabolic
support. These cells are characterized by the
presence of lipid droplets, which they actively
uptake, store, and “transfer.” LIFs function as
supportive cells for ATII cells. The lipids stored
in LIFs serve as an active substrate for the
synthesis of phospholipids of pulmonary
surfactant, which is essential for reducing
surface tension and preventing alveolar
collapse [12,13]. LIFs may also be involved in
the storage of retinol (vitamin A), which is
converted into retinoic acid. Retinoic acid
signaling is critical for normal alveologenesis
and stimulates the synthesis of surfactant and
elastin [13,14].

In addition, LIFs play a direct role in shaping
alveolar structure. Together with
myofibroblasts and matrix fibroblasts, LIFs
contribute to the formation of the extracellular
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matrix (ECM), including the synthesis of
structural proteins such as collagen and elastin,
which are critical for the formation and
stabilization of secondary septa that subdivide
air sacs into mature alveoli [5,15]. While
myofibroblasts  primarily  generate  the
mechanical force required for septal elongation,
all interstitial fibroblasts, including LIFs,
participate in the production and modulation of
the ECM scaffold along which epithelial cells
expand and differentiate [15].

LIFs are also regarded as key components of the
alveolar stem cell (AT2) niche. They provide
paracrine signals and create a permissive
microenvironment that enables AT2 cells to
proliferate and differentiate into AT1 cells
required for gas exchange, thereby maintaining
alveolar homeostasis and regeneration. The
functions of LIFs, such as surfactant synthesis
and lipid/retinoid metabolism, are regulated by
mechanical stretch, which explains how
surfactant production is maintained “on
demand” during the respiratory cycle
[12,16,17].

Secondary crest myofibroblasts (SCMFs), also
referred to as alveolar myofibroblasts, are the
direct drivers of secondary septation and play a
decisive and  multifunctional role in
alveologenesis. SCMFs represent a highly
specialized subpopulation of mesenchymal
cells localized at the tips of growing secondary
crests (septa), which subdivide saccules into
mature alveoli.

SCMFs originate from PDGFRa*
mesenchymal cells, which in turn arise from
Glil* progenitors in the early lung mesoderm.
This indicates a programmed developmental
lineage that is critical for pulmonary
architecture [18]. SCMFs are defined by their
fibrocontractile  properties and by the
expression of a-smooth muscle actin (a-SMA),
which confers contractile capacity, as well as by
their exclusive localization at the tips of
secondary crests during the saccular and
alveolar phases [19]. The primary function of
SCMFs is related to the mechanical shaping of
alveolar walls. SCMFs contain prominent stress
fibers and use their contractile force to elongate
and thin secondary crests. This mechanical
action is essential for subdividing large saccules
into numerous small alveoli, thereby markedly
increasing the gas exchange surface area. At the
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same time, SCMFs are the primary source of
elastin and other extracellular matrix (ECM)
proteins, such as tenascin. They generate an
elastic scaffold that stabilizes newly formed
alveolar walls and confers the necessary
elasticity [5,20]. Importantly, the functions of
SCMFs are tightly regulated by intercellular
signaling networks; in particular, the PDGFRa
receptor expressed on SCMFs is a critical
regulator of elastogenesis. Inactivation of
Pdgfra in SCMFs leads to arrest of
alveologenesis and the development of
pathology resembling BPD. This signaling
pathway controls the expression of elastogenic
genes through secondary networks, such as
EGF and TGF signaling pathways [20].
Pericytes
Pericytes belong to the group of perivascular
mesenchymal cells and also participate in the
regulation of alveologenesis [21]. Loss of
functionality of YAP/TAZ, transcriptional co-
activators in pericytes, leads to impairment of
classical alveologenesis [22]. This is associated
with reduced expression of secreted ligands
such as hepatocyte growth factor (HGF) and
angiopoietin-1 (ANGPT1), which signal to
epithelial and endothelial cells, respectively.
Thus, disruption of genetic control within
specific mesenchymal subpopulations
interferes with the paracrine crosstalk required
for the formation of the gas exchange surface.
Extracellular matrix and remodeling
The extracellular matrix (ECM) and its
dynamic remodeling play a fundamental and
active role in alveologenesis, extending far
beyond that of a mere structural scaffold.
The lung extracellular matrix (ECM)
constitutes a complex three-dimensional
macromolecular  network  composed  of
collagens, elastin, and glycoproteins, which
plays an active role in regulating lung
development.

ND2 (52) 2026 |

The ECM provides critical biochemical and
biomechanical signals, particularly matrix
stiffness, which regulate various cellular
functions, including cell differentiation and
phenotype. During alveologenesis, the
composition and spatial organization of the
ECM undergo continuous changes, which are
essential for the normal transition from the
saccular to the alveolar stage [23, 24]. It has
also been demonstrated that ECM stiffness
plays a decisive role in regulating cell
differentiation in the distal lung. In human
alveolar organoids (hALOs), increased matrix
stiffness promotes the differentiation of
alveolar type 1l (AT2) cells into alveolar type |
(AT1) cells, a key process in alveolar
maturation [24]. Furthermore, the ECM
constitutes a critical component of the lung
stem cell niche, influencing stem cell
specification and differentiation required for
the generation of all cell types in the mature
lung [25].

It should be noted that alveologenesis requires
a finely regulated balance between the synthesis
and degradation of ECM components. In the
alveoli, the ECM is composed primarily of
collagens — particularly types I, I11, and 1V and,
critically, elastin [24]. The degradation and
modification of the ECM during remodeling are
largely regulated by matrix metalloproteinases
(MMPs) and their inhibitors. MMPs facilitate
the creation of space for cell migration and
ECM restructuring, processes that are essential
for the thinning of the alveolar—capillary barrier
[26]. Moreover, extensive remodeling of the
lung proteome, including ECM components,
has been demonstrated by proteomic analyses,
supporting the existence of distinct molecular
sub-stages of alveologenesis [27].

The cellular and matrix components of the
alveoli and their roles in normal development
are presented in Table 3.

Table 3 - Cellular and matrix components of the alveoli and their roles in normal development

Component Subpopulation

Key physiological function

Alveolar epithelium Type Il alveolar cells
(ATID)

1. Progenitor cells:
Proliferate at a low rate, maintaining the population of both cell
types; actively differentiate into AT1 cells upon injury.

2. Surfactant secretion:
Synthesize and secrete pulmonary surfactant to reduce surface
tension and stabilize alveoli during the saccular stage.
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Type | alveolar cells
(ATI)

1. Gas exchange barrier:
Extremely flat and thin (cytoplasmic thickness <0.2 um),
covering approximately 97.5% of the alveolar surface, thereby
providing a minimal diffusion barrier.

2. Mechanosensitivity:
Act as mechanosensitive receptors, with their morphological
changes depending on the physical tension generated by the
underlying mesenchymal myofibroblasts (SCMFs).

Transdifferentiation of
ATII to ATl cells

The transdifferentiation process (via transitional states, e.g.,
characterized by high keratin 8 expression) facilitates the
restoration of the gas-exchange surface and barrier integrity
following injury.

Mesenchymal cells Lipofibroblasts (LIFs)

1. Metabolic support:
Accumulate, store, and transfer lipids to support the synthesis of
phospholipids in ATIl cells for pulmonary surfactant
production.

2. Developmental regulation:
Participate in retinol (vitamin A) metabolism, which is essential
for stimulating alveologenesis and elastin synthesis.

3. Structural role:
Contribute to the formation of the extracellular matrix (ECM),
including collagen and elastin.

4. Stem cell niche:
Provide paracrine signals to maintain the niche and homeostasis
of AT2 cells.

Secondary crest
myofibroblasts
(SCMFs)

1. Mechanical shaping:
Utilize contractile force (a-SMA) to stretch and thin secondary
crests, thereby partitioning saccules into mature alveoli.

2. Elastogenesis:
Serve as the primary source of elastin and other ECM proteins
(e.g., tenascin), forming an elastic scaffold that stabilizes
alveoli.

3. Regulation:
Their function is tightly regulated by signaling pathways, such
as PDGFRa, which are critical for elastogenesis.

Extracellular matrix
(ECM)

Collagens, elastin,
glycoproteins

1. Structural support:
Form a complex three-dimensional network that defines
alveolar architecture.

2. Regulatory signals:
Provide biochemical and biomechanical cues (e.g., matrix
stiffness) that regulate cell differentiation and phenotype; for
instance, increased stiffness promotes the transdifferentiation of
AT2 cells into AT1 cells.

3. Dynamic remodeling:
Maintain a finely tuned balance between synthesis and
degradation (via MMPs and their inhibitors) to remodel the
ECM and thin the alveolar—capillary barrier during
alveologenesis.

Coupling of alveologenesis and angiogenesis
The processes of alveologenesis and
angiogenesis in the lung not only occur
simultaneously but are also tightly coupled and
interdependent. This coupling is critical for
establishing an optimal air-blood barrier
architecture.

Alveologenesis involves the partitioning of
terminal saccules into smaller alveoli through
the formation of secondary septa. For efficient

gas exchange, the newly formed alveolar
surface must be immediately lined with a dense,
thin-walled capillary network. The ultimate
goal of alveologenesis is to create the thinnest
possible air—blood barrier, comprising alveolar

type | epithelial cells (AT1), the basal
membrane, and capillary endothelial cells. This
requires  capillary growth to  occur

synchronously with the elongation and thinning
of alveolar septa [28,29]. As the lung matures,
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the double capillary network established in
early stages merges into a single capillary layer
closely apposed to both sides of the alveolar
wall, ensuring a minimal diffusion barrier
thickness.

Endothelial cells and their regulatory role
Endothelial cells (ECs) play a central role in the
coupling of alveologenesis and angiogenesis.
ECs do not merely form capillaries passively
but actively participate in intercellular
communication and molecular regulation of
alveolar development. Their function involves
directing vessel growth and modulating
signaling pathways necessary for the proper
formation of the air-blood barrier.

ECs establish an extensive capillary network
within the mesenchyme surrounding the
terminal airways (saccules). As alveologenesis
progresses, these ECs must merge into a thin,
single-layered capillary barrier closely apposed
to AT1 cells to optimize gas exchange [28].
ECs have been shown to actively control the
branching pattern of pulmonary vessels.
Disruption of this arborization, such as the
dysmorphic microvascular network observed in
BPD, is a direct consequence of EC dysfunction
[30]. ECs also serve as active signaling hubs
that link vascular growth with alveolar
formation. They express VEGF receptors
(VEGFRs) and respond to VEGF secreted by
alveolar epithelium, particularly AT2 cells.
This represents a classical paracrine mechanism
whereby ECs guide vessel growth in response
to epithelial oxygen and nutrient demands,
thereby ensuring physical coupling [31].
Additionally, ECs express Delta-like 4 (DIl4), a
ligand of the Notch signaling pathway, which is
critical for proper vascular arborization.
Disruption of Notch signaling in ECs results in
excessive, nonfunctional branching and
impaired alveologenesis. Thus, ECs regulate
the quality of the capillary network, not merely
its quantity [30]. Moreover, pulmonary
capillary ECs play an active, organizing role in
alveologenesis, beyond simply providing blood
supply. In particular, studies using a mouse
model with endothelial-specific deletion of the
Rapl gene have demonstrated that Rapl-
dependent EC function is required for
recruitment of collagen IV and the formation of
basement membranes (BMs), as well as for
establishing a scaffold that serves as a substrate
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for myofibroblasts during the formation of
secondary alveolar septa [32].

Macrophages

Macrophages play a complex and dual role in
the coupling of alveologenesis and
angiogenesis. On one hand, they act as critical
regulators of regeneration, while on the other,
under pathological conditions, they can
exacerbate tissue damage. Their function is
closely associated with phenotypic plasticity,
enabling them either to promote vascular
growth and alveolar formation or, conversely,
to drive tissue destruction.

During physiological development,
macrophages — particularly alveolar tissue
macrophages (AMs) — support tissue growth

and remodeling. They can facilitate the
outgrowth of  pulmonary  organoids,
highlighting their essential role in the

development of distal airways and alveoli [33].
Macrophages skewed toward a regenerative M2
phenotype are known to promote angiogenesis
and tissue repair. They achieve this by secreting
anti-inflammatory cytokines and factors that
support ECM synthesis and vascular
maturation [34,35].

Remodeling of the capillary network

A key structural element of pulmonary
angiogenesis is the alveolar capillary network
(ACN).

During active alveologenesis, the ACN
transforms from a double-layered network in
the early neonatal lung into a single-layered
network in the mature lung, which is essential
for efficient gas exchange. Three-dimensional
analyses have shown that even in adult lungs,
small double- layered regions may persist,
potentially ~ contributing to  continued
alveolarization [36]. It has been demonstrated
that the expansion of the ACN occurs not only
through classical angiogenesis but also via
intussusceptive angiogenesis. Therefore, three-
dimensional visualization and quantitative
assessment of the ACN structure are crucial for
elucidating the mechanisms of remodeling in
pathological conditions, including BPD [37].
Furthermore, novel approaches now enable
inference of ACN structure from its function by
analyzing blood flow dynamics [38].

2. Critical signaling pathways controlling
alveologenesis

Postnatal alveologenesis and the accompanying
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angiogenesis critically depend on reciprocal
crosstalk among three primary cellular
compartments: the alveolar epithelium,
mesenchyme, and endothelium.

To date, several signaling pathways involved in
alveologenesis have been identified. In
particular, the PDGF-A/PDGFRa signaling
axis is a key regulator of secondary septa
formation during postnatal lung maturation.
This pathway operates via paracrine signaling,
wherein the ligand PDGF-A is secreted by
alveolar type I epithelial cells (AEC I1), while
its receptor, PDGFRa, is predominantly
expressed by alveolar myofibroblasts (AMFs),
the primary alveolar “building” cells. Upon
binding of PDGF-A to PDGFRa dimers on the
AMF surface, a robust proliferative signal is
initiated via intracellular cascades such as
PI3K/Akt and MAPK/ERK. This signaling is
critical for AMF proliferation and survival, and
the expansion of AMF numbers is essential for
generating the material for secondary septa.
Furthermore, PDGF signaling directs AMF
migration to sites of septa formation, where
they must correctly position to form a—smooth
muscle actin (a-SMA\) rings and deposit elastin.
Elastin provides the retraction and maturation
of alveolar walls. Disruption of this axis results
in alveologenesis arrest. These findings
underscore the essential role of PDGF-A
signaling in regulating the proliferation and
migration of alveolar myofibroblasts, a key
factor in secondary septa formation. In a

conditional epithelial-specific PDGF-A
knockout model, ligand deficiency leads to a
marked reduction in the number and
proliferative activity of  PDGFRoa+
mesenchymal cells and their inability to
assemble a-actin rings. Interestingly, a
paradoxical increase in the pool and

proliferative activity of alveolar type Il
epithelial cells (AEC I1) is observed in lungs
with  disrupted PDGF signaling. This
phenomenon suggests that alveolar airspace
expansion is not solely a consequence of
mesenchymal dysfunction but may also result
from imbalanced epithelial-mesenchymal
crosstalk and disrupted negative regulation of
AEC 1l proliferation (mechanotransduction),
warranting  further  investigation  [39].
Furthermore,  subsequent  studies  have
demonstrated that while PDGF-A/PDGFRa

104

(OTU3VI0NYNbMOHONO YA

signaling exerts a direct or indirect influence on
overall lung growth and size determination, it
does not specifically govern early epithelial
branching morphogenesis. These findings
underscore that the primary functional
significance of the PDGF-A/PDGFRa axis
emerges during later stages of pulmonary
development, where it is critically required for
the paracrine regulation of mesenchymal
myofibroblasts and the formation of alveolar
septa [40].

Under these conditions, attenuation of
PDGFRa signaling [41] results in insufficient
proliferation of alveolar myofibroblasts
(AMFs). Consequently, AMFs are unable to
form secondary septa, leading to enlarged,
simplified airspaces [42]. This AMF defect
indirectly affects the vascular system, as
weakened PDGF signaling reduces VEGF-A
expression, which is essential for endothelial
cell survival and growth, thereby resulting in
capillary dysplasia [41].

Thus, epithelial-derived PDGF-A is vital for
mesenchymal  cells,  coordinating  their
structural function to effectively construct the
gas-exchange surface.

As previously noted, VEGF is a key regulator
of pulmonary vascular development and
angiogenesis. Normal alveologenesis requires
the formation of a double-layered capillary
network, which later merges into a single layer
to optimize gas exchange. VEGF is necessary
for the maturation of pulmonary capillaries
[43]. In BPD, vascular hypoplasia, reduced
capillary density, and dysmorphic
vascularization are observed. Postnatal VEGF
deficiency or genetic variations in VEGF and
its receptors, particularly VEGFR1 and
VEGFR2, directly correlate with impaired
alveologenesis and vascularization. Hyperoxia
can suppress VEGF expression via pathways
such as IGF-1/MAPK/AKT [44].

Another key regulator of remodeling and
fibrosis is TGF-B, which inhibits myofibroblast
proliferation and may contribute to their
pathological activation. Elevated TGF-p
signaling in the lungs of preterm infants and
BPD animal models correlates with interstitial
fibrosis and  abnormal mesenchymal
differentiation [45-47].

Epithelial-secreted Sonic Hedgehog (SHH) is
critical for paracrine control of the
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mesenchyme. SHH acts synergistically with
PDGF-A to  stimulate  myofibroblast
proliferation. Inhibition or disruption of Hh
signaling under hyperoxic conditions leads to
impaired mesenchymal maturation and alveolar
development defects [48].

The VEGF-A/VEGFR2 axis is a central
regulator of pulmonary endothelial survival and
angiogenesis. VEGF-A deficiency induces
endothelial apoptosis and capillary dysplasia,
directly impairing alveologenesis [49]. VEGF-
A secreted by AEC Il serves as a direct
molecular link connecting epithelial maturation
with vascular growth.

The angiopoietin (Ang)/Tie2 system, expressed
in ECs, regulates vessel stabilization. Ang-1
promotes stabilization, whereas Ang-2, often
upregulated during inflammation, destabilizes
vessels. An imbalance favoring Ang-2
contributes to pathological vascular remodeling
in BPD [50].

Insulin-like growth factor 1 (IGF-1) signaling
in mesenchymal stromal cells is also critical for
maturation. Disruption of IGF-1R in stromal
cells compromises mechanotransduction and
interrupts alveologenesis, highlighting the
complexity of the regulatory network
governing this process [51].

The Wnt signaling pathway is another
important  regulator of epithelial and
mesenchymal proliferation and differentiation.
It is critical for AEC Il regeneration and proper
epithelial patterning [52].

Finally, early FGF10 signaling is essential for
branching morphogenesis, while postnatally,
other FGF family members, such as FGF18,
regulate myofibroblast fate. Ablation of
FGF18- expressing myofibroblasts at the end of
alveologenesis represents a key step in lung
maturation [53].

3. Cellular and molecular dysregulation in
BPD pathogenesis

3.1. Epithelial dysfunction

In extremely preterm infants, ATII cells are
developmentally immature and initially
produce insufficient or qualitatively defective
surfactant, precipitating respiratory distress
syndrome and the requirement for invasive
respiratory support [54]. This surfactant
deficiency, however, represents only the initial
pathological event, as the dominant structural
defect of 'new’ BPD is not surfactant
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insufficiency per se but the failure of alveolar
morphogenesis, a distinction with direct
implications for therapeutic targeting.
Hyperoxia-induced ATII dysfunction manifests
through several converging mechanisms. First,
prolonged hyperoxic exposure stimulates
aberrant transdifferentiation of ATII cells into
an airway-like epithelial phenotype rather than
normal flat ATI cells, thereby compromising
barrier integrity and gas-exchange surface
restoration [55]. Second, upregulation of
CCNG1 in hyperoxia-exposed ATII cells
inhibits  their  proliferative  activity by
counteracting normal growth signals, directly
reducing the progenitor pool available for
alveolar repair [56]. Third, disruption of the
SENP1-Sirt3  signaling axis impairs
mitochondrial oxidative balance in ATII cells,
blocking the metabolic conditions required for
normal ATI differentiation [57]. Single-cell
transcriptomic analyses have further revealed
that the ATII-to-ATI transition proceeds
through a KRT8-high transitional cell state, and
arrest at this state, identified as a hallmark of
failed regeneration in idiopathic pulmonary
fibrosis [58,59], may similarly underlie the
defective epithelial repair characteristic of
BPD, pointing to a potential mechanistic
overlap between neonatal and adult fibrotic
lung diseases [60].

A distinct and more recently described
mechanism involves cell-autonomous failure of
ATI identity. Disruption of TGF-B signaling
within ATl cells themselves triggers a
dedifferentiation process whereby ATI cells
revert to a cuboidal, ATII-like phenotype,
reducing gas-exchange surface area and
contributing to alveolar septal thickening
analogous to changes described in COPD
[47,61]. This mechanism is conceptually
separate from ATII-derived dysfunction and
represents a secondary failure mode of the
alveolar epithelium in BPD.

3.2. Mesenchymal dysregulation

Among all identified mechanisms, the
depletion and proliferative failure of alveolar
myofibroblasts  constitutes the highest-
confidence cellular event in BPD-associated
alveolar simplification. Using two independent
murine BPD models combined with single-cell
RNA sequencing and flow cytometry, Khan IS
et al. [62] demonstrated a sharp and consistent
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reduction in the alveolar myofibroblast
population across both experimental systems.
The surviving myofibroblasts exhibited
increased TGF- signaling activity, attenuated
PDGFRa receptor signaling, and, most
importantly, impaired proliferative capacity.
The causal sufficiency of this proliferative
failure was confirmed by demonstrating that
artificial inhibition ~ of  myofibroblast
proliferation alone was sufficient to reproduce
the alveolar simplification phenotype. These
findings are independently corroborated by Oak
et al., who showed that attenuated PDGFRa

signaling  drives both  alveolar and
microvascular defects through secondary
VEGF-A  suppression.  Clinical  genetic
evidence further supports this pathway:

significant enrichment of single-nucleotide
polymorphisms in the PDGFRA gene has been
identified in premature infants with BPD,
associated with reduced PDGFRa protein levels
and impaired  myofibroblast  function.
Endotracheal replacement therapy  with
exogenous PDGFRa completely rescued lung
defects in genetically compromised animal
models, confirming the direct therapeutic
potential of this pathway [41].

An important conceptual distinction must be
drawn between quantitative myofibroblast
depletion and qualitative  myofibroblast
dysfunction: both co-occur in BPD and appear
to be independently pathogenic. Therapies
aimed exclusively at replenishing lost
myofibroblasts may prove insufficient if
residual cells retain intrinsic proliferative
impairment as a consequence of persisting
TGF-B  overactivation and  PDGFRa
attenuation.

A parallel but mechanistically distinct
phenomenon involves the fate of alveolar
myofibroblasts at the completion of normal
alveologenesis. Hagan AS et al. [53]
demonstrated using Fgf18:CreERT2 lineage
tracing in mice that, unlike alveolar
lipofibroblasts which are developmentally
preserved, the majority of alveolar
myofibroblasts undergo programmed apoptosis
and phagocytic clearance upon completion of
septation. This clearance process is essential for
septal thinning and structural lung maturation.
Failure of this clearance mechanism in BPD
may result in the persistence of activated
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myofibroblasts driving fibrotic remodeling and
impaired maturation.

In BPD, alveolar lipofibroblasts undergo
pathological  transdifferentiation into a
myofibroblast-like  phenotype under the
influence of TGF-B and inflammatory signals,
depleting the lipofibroblast pool and
consequently  impairing ATIl  metabolic
support, surfactant phospholipid substrate
availability, and alveolar stem-cell niche
maintenance [16, 17].

3.3. Endothelial dysfunction and vascular
dysgenesis

VEGF-A deficiency is the most consistently
documented molecular correlate of pulmonary
capillary dysplasia in BPD. Post-mortem
analyses of lungs from preterm infants with
fatal BPD have demonstrated markedly reduced
VEGF levels directly associated with chronic
alveolar and pulmonary vascular structural
abnormalities [63,64]. This clinical finding has
been independently replicated across multiple
animal models. The ‘'vascular hypothesis of
BPD' [65] positions VEGF-A as the primary
molecular therapeutic target; however, as
emphasized by Sang et al. [66], VEGF-A does
not act in isolation but functions within an
extensive intercellular signaling network
encompassing HGF, PDGF, and Ang-1. VEGF-
A deficiency in BPD therefore reflects a broad
failure of epithelial-endothelial-mesenchymal
crosstalk rather than an isolated molecular
event, and restoration of VEGF-A alone is
unlikely to reconstitute normal pulmonary
vascular development.

An imbalance in the Ang-1/Ang-2/Tie2 system,
with Ang-2 upregulation predominating during
inflammatory states, destabilizes pulmonary
vessels and contributes to the dysmorphic
vascularization characteristic of BPD [50].
Disruption of endothelial DIl4-mediated Notch
signaling results in excessive but non-
functional capillary branching and impaired
alveologenesis in murine endothelial-specific
genetic models [30].

3.4. Extracellular matrix disruption

In BPD, the physiological balance between
ECM synthesis and degradation is profoundly
disturbed, producing pathological remodeling
that directly undermines alveolar architecture.
TGF-f stimulates the differentiation of
fibroblasts and mesenchymal cells into
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activated myofibroblasts that overproduce
collagen types I and 111 and fibronectin, leading
to excessive interstitial ECM deposition,
thickening of alveolar walls, reduction of their
elasticity, and structural disruption of the air-
blood barrier [45, 46]. TGF-B additionally
induces epithelial-to-mesenchymal transition in
alveolar epithelial cells, further depleting the
epithelial cell pool and amplifying ECM
accumulation in a self-reinforcing pathological
loop. TGF-B hyperproduction also suppresses
secondary septation, the developmental process
responsible for multiplying alveolar number,
producing the simplified, enlarged alveolar
architecture characteristic of “new” BPD [67].
Hyperproduction of TGF-B correlates with
suppression of VEGF-A, generating a TGF-
B/VEGF imbalance that dysregulates the
microvascular bed and delays capillary
maturation  [68].  Furthermore, TGF-
stimulates proliferation and migration of
smooth muscle cells in the medial layer of
pulmonary arteries and adventitial fibroblasts,
thickening vessel walls and increasing
pulmonary vascular resistance through the
canonical SMAD signaling pathway. The
synergistic interaction between TGF- and
connective tissue growth factor (CTGF),
whereby CTGF potentiates TGF-B dimerization
with its receptors and amplifies pro-fibrotic and
pro-proliferative  effects, represents an
additional mechanism driving vascular and
interstitial remodeling in BPD [69].

3.5. Macrophage  dysfunction and
inflammatory mechanisms

Neonatal hyperoxia markedly reduces the
number of resident alveolar macrophages
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(RAMs) in murine BPD models. The
pathophysiological consequence of this
depletion is impaired reparative angiogenesis.
In  co-transplantation  experiments, the
combination of RAM transplantation with
endothelial progenitor  cells (EPCs)
significantly exceeded the repair efficacy of
EPC monotherapy, mediated in part through
CXCL12-dependent enhancement of EPC
retention and proangiogenic signaling [70].
RAM depletion therefore constitutes a
confirmed  pathological  contributor  to
microvascular repair failure in BPD.
Infection-triggered inflammation, including
intrauterine, congenital, and nosocomial forms,
redirects the immature lung's limited repair
capacity toward pathological remodeling. This
process is characterized by interstitial fibrosis
and airway smooth muscle hypertrophy rather
than normal alveolar architecture restoration.
Barotrauma, volutrauma, and reactive oxygen
species generated by prolonged hyperoxia
synergistically amplify this inflammatory
cascade and further compromise alveologenesis
[71,72].

3.6. Analytical summary: evidence base and
therapeutic relevance

Table 4 provides a structured synthesis of the
principal signaling pathways implicated in BPD
pathogenesis, indicating for each pathway the
confirmed mechanism, the type and strength of
supporting evidence, and the current status of
therapeutic relevance. This table is intended to
facilitate an explicit transition from descriptive
citation to evidence-based  mechanistic
synthesis.

Table 4 - Molecular signaling pathways in BPD: evidence type, strength, and therapeutic potential

Signaling BPD-specific Evidence tvpe Strength of Therapeutic
pathway pathological mechanism yp evidence potential
Depletion and i
proliferative failure of 2 independent . . Endotracheal
. .| murine BPD models; | High — convergent ;
alveolar myofibroblasts; . L PDGFRa delivery
PDGFRa. / L i scRNA-seq; flow preclinical and
impaired elastogenesis; AT L . rescues BPD
PDGF-A cytometry; clinical clinical genetic . .
secondary VEGF-A . . phenotype in animal
. . SNP data in preterm evidence
suppression leading to . models [41]
. : infants [41,62]
capillary dysplasia
Endothelial apoptosis; Experimental High; direct clinical Targeted VEGF
. o (multiple rodent documentation restoration under
VEGF-A/ reduced capillary density; Sl ; ) . s
. models); clinical available; investigation; dose-
VEGFR2 dysmorphic pulmonary . . . -
microvasculature histopathology of paradoxical risk of | safety data required
fatal human BPD; PH at [65,66]
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VEGF gene supraphysiological
polymorphism levels
studies [44,63,64]
Inhibition of secondary
septation; ECM Experimental
overproduction (collagen (hyperoxia, Systemic TGF-f
I/111, fibronectin); VEGF- | ventilator models); . . blockade risks
S . High — multiple Lo
A suppression; EMT clinical preterm lung impairing normal
TGF-p . - . . convergent -
induction; ATI histopathology; indenendent studies repair; stage-
dedifferentiation; SMAD-pathway P specific targeted
pulmonary arterial SMC | mechanistic studies approaches required
proliferation leading to [45-47,67-69]
PH
Ang-2 upregulation Ang-1
during inflammation . .
2. Experimental supplementation
Ang-1/Ang-2 | destabilizes pulmonary . .
. : . models; limited Moderate explored in
[ Tie2 vessels; pathological . S
. clinical data [50] preclinical models
vascular remodeling [50]
characteristic of BPD
Dysmorphic vascular Experi Moderate — single
Rt . xperimental :
arborization; excessive (murine endothelial- experimental
Notch / DIl4 non-functional capillary specific aenetic approach; clinical Under investigation
branching; impaired P g translation not
. models) [30] .
alveologenesis established
Impaired mesenchymal Experimental
maturation under (neonatal murine
SHH hyperoxia; disrupted - Moderate Exploratory stage
. hyperoxia models)
myofibroblast [48]
differentiation
Di ATII
Wnt / B- regen:esrralut?ctfri('j impaired Low to moderate -
. ST Experimental [52] BPD-specific Under investigation
catenin alveolar epithelial - L
. evidence limited
patterning
Disrupted
IGE-1/ IGE- mechanotransduction in Experimental
1R mesenchymal stromal (mouse BPD model) Low to moderate Exploratory stage
cells; interrupted [51]
alveologenesis
Paracrine anti- Multiple
inflammatory effects; independent S .
mitochondrial transfer; preclinical BPD Ergcllpl_cal. h_|g_h, nghes_t curren_t ]
MSC / MSC- . - ! . clinical: insufficient | therapeutic promise;
attenuation of fibrosis; models; Phase 1/11 !
EV . - o S — Phase 111 data requires adequately
partial restoration of clinical trials in
ARSI . absent powered RCT
alveolarization in neonates ongoing
preclinical models [73]
Discussion mesenchymal cells, compromises capillary
The synthesis of evidence presented in this density and endothelial viability. TGF-p
review supports a hierarchical model of BPD hyperproduction then acts in a downstream
pathogenesis in which attenuation of PDGFRa- amplification  loop, inhibiting  residual
dependent myofibroblast biology represents the myofibroblast function, driving excess ECM
central upstream event. Impaired PDGFRa deposition, further suppressing VEGF-A, and
signaling simultaneously depletes the alveolar inducing ATI cell dedifferentiation. These
myofibroblast pool, arresting secondary processes collectively produce the composite
septation, and through secondary suppression structural phenotype of 'new' BPD. The
of VEGF-A expression in pulmonary convergence of these three pathways, namely
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PDGFRa attenuation, VEGF-A deficiency, and
TGF-B overactivation, across independent
experimental systems and clinical genetic data
provides the highest-confidence mechanistic
foundation currently available in the field.
Critical appraisal of evidence: what is
established, what remains uncertain

A systematic appraisal of the available evidence
reveals substantial heterogeneity in the degree
to which individual pathogenetic mechanisms
have been validated. Three levels of evidence
confidence can be distinguished.
Well-established mechanisms, supported by

convergent  evidence from multiple
independent experimental approaches and
corroborated by clinical data, include

PDGFRa-dependent myofibroblast depletion
as the primary driver of alveolar simplification,
VEGF-A deficiency as the molecular correlate
of capillary dysplasia in fatal human BPD, and
TGF-B hyperproduction as the central pro-
fibrotic and anti-septogenic signal. These
mechanisms are consistently reproduced across
rodent  hyperoxia models, mechanical
ventilation models, genetic knockout systems,
and translational studies in preterm cohorts, and
they constitute the most reliable basis for
therapeutic targeting.

Mechanisms supported by robust preclinical
data but without adequate clinical validation
include lipofibroblast-to-myofibroblast
transdifferentiation as a driver of niche
depletion, disruption of alveolar myofibroblast
clearance as a contributor to fibrotic
remodeling, Notch/Dll4-mediated vascular
arborization defects, and RAM depletion as a
cause of impaired microvascular repair. These
should be presented as probable pathogenetic
contributors pending clinical confirmation in
human BPD tissue or preterm infant cohorts.
Mechanisms that remain speculative or are
supported only by single experimental
approaches include IGF-
1/mechanotransduction-dependent stromal cell
regulation, Wnt-mediated epithelial patterning
disruption in the BPD-specific context, and the
therapeutic role of enhanced intussusceptive
angiogenesis. These require independent
experimental  replication and  clinical
investigation before they can be incorporated
into mechanistic models with confidence.
Critical appraisal of MSC therapy and
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growth factor modulation

Among current experimental therapeutic
strategies, mesenchymal stromal cell and MSC-
derived extracellular vesicle therapy has
accumulated the most consistent preclinical
evidence base. Across multiple independent
rodent BPD models, MSC-based interventions
reduce pulmonary inflammation, attenuate
mitochondrial dysfunction, decrease fibrosis,
and partially restore alveolarization through
paracrine mechanisms including bioactive
molecule secretion and mitochondrial transfer
to injured lung cells [73]. Despite this
preclinical ~ consistency, several critical
limitations preclude clinical adoption. MSC
populations differ across studies in tissue
source, passage number, and preparation
method, making inter-study comparisons
unreliable. The optimal route of delivery,
timing, and dose have not been defined.
Available Phase I/l clinical trial data in
preterm infants are insufficient to draw
conclusions regarding efficacy or long-term
safety. No Phase 11l randomized controlled trial
in BPD has been completed. MSC-based
therapy therefore represents the most promising
direction for regenerative intervention but
requires rigorously designed clinical trials
before implementation.

Direct modulation of the VEGF-A/VEGFR2
axis as an isolated therapeutic strategy is
complicated by the fact that VEGF-A functions
within an extensive intercellular network;
restoration of VEGF-A alone is unlikely to
reconstitute normal vascular development.
Moreover, supraphysiological VEGF
concentrations paradoxically promote
pathological angiogenesis and may exacerbate
pulmonary arterial hypertension.  Direct
pharmacological TGF-B inhibition, while
conceptually attractive, risks impairing normal
tissue repair and immune function, as baseline
TGF-B activity is required for both. Stage-
specific and  cell-type-targeted  delivery
approaches will likely be required for safe and
effective modulation of these pathways in the
immature neonatal lung.

Study limitations

The present review has several inherent
limitations that must be  explicitly
acknowledged. The literature search was
restricted to two databases, namely
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PubMed/MEDLINE and Google Scholar.
Consequently, relevant studies indexed in
Embase, Web of Science, or the Cochrane
Library may have been missed. Second, as an
integrative rather than a systematic review, no
PRISMA-compliant selection flowchart was
generated, no inter-rater agreement for study
inclusion was calculated, and no validated
quality-appraisal instrument such as the
GRADE framework was applied, introducing a
risk of selection bias and potentially
disproportionate  weighting of individual
studies. A substantial proportion of the
mechanistic evidence derives from rodent
neonatal hyperoxia models, which do not fully
recapitulate the multifactorial etiology of
human BPD. The contributions of patent ductus
arteriosus,  nutritional  deficiency, and
epigenetic factors are not adequately modeled
in these experimental systems. In addition,
specific findings established exclusively in
animal models, including PDGFRa
endotracheal delivery, Rapl-dependent
basement membrane formation, and FGF18-
lineage myofibroblast clearance, have not been
validated in human clinical or translational
studies. Finally, the classification of evidence
strength presented in Table 4 reflects the
authors' qualitative assessment and should be
interpreted as a structured framework for
evidence discussion rather than a definitive
formal ranking.

Conclusion.  Bronchopulmonary dysplasia
represents a profound failure of lung
ontogenesis rather than a mere consequence of
external injury. The central structural defects,
namely alveolar simplification and pulmonary
vascular dysgenesis, arise from a coordinated
breakdown of intercellular signaling within the
immature lung parenchyma, in which four
functionally interdependent cellular systems,
including the alveolar epithelium, pulmonary
mesenchyme, vascular endothelium, and
extracellular matrix, fail to sustain their normal
developmental program under the conditions of
prematurity and iatrogenic injury.
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The evidence synthesized in this review
supports a hierarchical model of pathogenesis
in which attenuation of PDGFRa-dependent
myofibroblast biology occupies the central
upstream position, simultaneously driving
alveolar simplification through myofibroblast
depletion and capillary dysplasia through
secondary VEGF-A suppression. TGF-$
hyperproduction amplifies structural
deterioration across all cellular compartments
by inhibiting septation, promoting fibrotic
ECM remodeling, and further suppressing
vascular growth. The pathogenesis of BPD is
therefore not reducible to inflammation alone,
but reflects the inability of the immature lung to
execute and complete its intrinsic
morphogenetic program.

Future therapeutic strategies must address this
intercellular signaling failure in a coordinated
and stage-specific manner. Regenerative
approaches targeting the PDGFRa, VEGF, and
ECM signaling axis hold the greatest promise,
with MSC-based therapy demonstrating the
most consistent preclinical evidence; however,
its clinical translation requires adequately
powered randomized controlled trials. Progress
in this field will ultimately depend on a deeper
understanding of the molecular hierarchy
governing normal alveologenesis and on the
development of therapeutic interventions
capable of reactivating the lung's intrinsic
developmental program in surviving preterm
infants.
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identifiable patient data, biological sampling, or
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not required for the preparation of this work.
Data availability statement. The present
review article does not generate or analyze new
primary datasets. All data discussed throughout
the manuscript are available in the original
publications cited in the reference list.
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