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Justification, aim and outline of the Thesis 

 

The fetal circulation is characterized by high pulmonary vascular resistance (PVR), low 

systemic vascular resistance (SVR), presence of  an additional low resistance vascular 

bed  (i.e. the placental bed),  and right-to-left shunting via the foramen ovale and 

ductus arteriosus (DA).  Distribution of blood flow to the lungs, systemic organs and 

placenta is determined by local vascular resistance. The placental vascular bed 

receives about 40-50 per cent of the combined ventricular output whereas the lungs 

receive less than 10 per cent and the rest is diverted through the foramen ovale and 

the DA to the systemic circulation (1, 15, 34, 39, 52). At birth, as the lung assumes the 

respiratory function, the pulmonary circulation undergoes a striking transition 

characterized by an immediate 8- to 10-fold rise in pulmonary blood flow and a sustained 

decrease in PVR (1, 6, 11). Therefore, successful adaptation of the newborn to postnatal 

conditions requires a dramatic transition of the pulmonary circulation from a high 

resistance state in utero to a low-resistance state within minutes after birth. 

 

Several mechanisms contribute to the normal fall in PVR at birth, including the 

establishment of a gas-liquid interface in the lung, increased oxygen tension, rhythmic 

distension of the lung and shear stress (1, 4, 6, 9, 14, 45). These physical stimuli lead 

to a cascade of events which facilitate the activation of vasodilator responses and 

reduce vasoconstrictor stimuli from the vascular endothelium that synthesizes and/or 

extracts many vasoactive mediators. These include nitric oxide (NO), prostacyclin 

(PGI2), endothelin-1 (ET-1), catecholamines, angiotensin-1 or thromboxane A2 (TXA2) 

(1, 4, 6, 17, 50, 52). Normally, pulmonary arterial pressure falls to the half of the 

systemic pressure by 24 h and then progressively decreases to adult levels within 2-6 

weeks  (19, 50). This process is accompanied by a  decrease in the pulmonary arterial 

wall thickness and a reorganization of the cytoskeleton of both the endothelial and the 

smooth muscle cells (19). Therefore, the process of pulmonary circulatory transition is 

not limited to the first hours of extrauterine life, but gradually matures during the 

following  weeks (17-19).   

 

Failure of the pulmonary circulation to undergo or to maintain a normal transition 

results in persistent pulmonary hypertension of the newborn (PPHN), a clinical syndrome 

of various neonatal cardiopulmonary disorders which are characterized by sustained 

elevation of PVR after birth, leading to right-to-left shunting of blood across the ductus 

arteriosus or foramen ovale and severe hypoxemia (25). Mechanisms that cause PPHN 

can include abnormalities of pulmonary vascular tone, reactivity, growth, and 

structure (1, 6, 50, 52) but the nature of the underlying defects is uncertain, not 

surprising when the mechanisms responsible for achieving a normal fall in PVR at 

birth are still poorly understood (50).   
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Throughout fetal and neonatal life, the response to various vasoactive stimuli is 

probably dependent on the state of structural development of the pulmonary 

circulation and perhaps more specifically on the state of structural and functional 

maturation of specific receptors. In addition, different vasoactive mechanisms mature 

at different rates and have different vulnerabilities to insults, such as hypoxia (50). 

Over the past several years, numerous studies focussed on developmental changes in 

pulmonary vascular reactivity from several mammalian species by comparing fetal, 

neonatal and adult vessels. Maturational differences in vasoconstriction and 

endothelium-dependent and -independent relaxation have been described several 

species including lambs (4, 6, 24, 46), pigs (9, 26, 36, 48, 49), rabbits (31, 32) and 

guinea pigs (7, 44). These, and numerous other investigations, profusely studied the 

role in the perinatal period of several vasoactive regulators including NO (3, 4, 24, 32, 

36, 41, 42, 47-49), eicosanoids (5, 12, 22, 40), endothelin-1 (13, 46), atrial natriuretic 

peptide (28, 37), K+-channels (38), purines (29, 30), myogenic response (7) , carbon 

monoxide (16, 49), 5-hydrotryptamine (31), bradykinin (10), phosphodiesterases (33, 

35), adrenomedullin (27, 43) calcitonin gene-related peptide  (20), Platelet-activating 

factor (21, 23, 51), vasoactive intestinal peptide (20),  protein kinase C (8, 12) and 

phosphatases (8). However, despite the relevance of these investigations, our 

understanding of normal adaptation to extrauterine life and early postnatal 

development is still so deficient that it is difficult to identify the early crucial factors 

which instigate the cascade of abnormal structural and functional changes which 

manifest themselves clinically as pulmonary hypertension.   

 

The control of pulmonary circulation tone involves a large number of factors acting 

through a wide variety of signalling pathways and it is not possible to cover all of them 

in one investigation. Therefore, the main purpose of this Thesis is to provide insight 

into two pathways (NO/cGMP/sGC and isoprostane pathways) and to analyze the 

developmental changes that they undergo during the first days of postnatal life in 

pulmonary and systemic vessels. These changes were analyzed in blood vessels from 

newborn and 2-week-old piglets. 
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Outline of the Thesis 

 

PART I: the NO/cyclic GMP (cGMP)/soluble guanylate  cyclase (sGC) pathway 

 

Chapter I is a brief review of the mechanisms underlying NO/sGC/cGMP-mediated 

relaxation.  

 

In chapter II (Am J Physiol Lung Cell Mol Physiol. 2005; 288:L125-30), the changes in 

function and expression of sGC in pulmonary arteries during early postnatal 

maturation are investigated. 

 

In chapter III (Biol Neonate. 2006; 90:66-72), the effects of the NO-independent and 

heme-dependent sGC activator and NO sensitizer YC-1 in neonatal pulmonary arteries 

are analyzed.  

 

In chapter IV (J Physiol Pharmacol. 2007; 58:45-56), the postnatal changes that 

undergoes NO-mediated nonadrenergic noncholinergic relaxation in pulmonary and 

systemic arteries are investigated.  

 

PART II. The isoprostane pathway 

 

-In chapter V (Free Radic Biol Med. 2010; 48:177-88), the biochemical pathways 

involved in isoprostane formation, the biological function of isoprostanes and their 

pathogenetic relevance in disease states are reviewed.   We specifically focus on 

isoprostanes (IsoPs) as markers of oxidative stress during gestation and the perinatal 

period. In addition, the limited available data relative to the involvement of 

isoprostanes on the developmental-dependent regulation of pulmonary and systemic 

vascular resistance and their associated clinical implications are reviewed. 

 

Chapter VI (Pediatr Res. 2005; 57:845-52)  is a study of the effects of several E-ring 

(8-iso-PGE1 and 8-iso-PGE2) and F-ring (8-iso-PGF1, 8-iso-PGF1, 8-iso-PGF2, 8-iso-

PGF2) isoprostanes on contractile activity in isolated pulmonary arteries, pulmonary 

veins and mesenteric arteries during the first days of postnatal life.   

Chapter VII (Front Biosci. 2010; E2:369-379) focus on  the putative relaxant effects of 

several isoprostanes (8-iso-PGE1, and 8-iso-PGE2, 8-iso-PGF1α, 8-iso-PGF1β, 8-iso-

PGF2 α, and 8-iso-PGF2β) in pulmonary, mesenteric, coronary arteries and pulmonary 

veins during the first days of postnatal life. 
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Finally, in Part III, a general discussion of the Thesis is outlined.  
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Chapter I:  The NO/ sGC/ cGMP/ pathway 

 

Nitric oxide 

 

Possibly, the most momentous change that has occurred in the field of vascular 

biology in the past 50 years has been the discovery and elucidation of the 

endocrine/paracrine roles of the endothelium (5). In simple, but elegant experiments, 

Furchgott and Zawadzki (17) found that relaxation with muscarinic agonists in 

precontracted vessels was only possible if endothelial cells were present. Several 

endothelium-derived relaxing and contracting factors have been found, including NO, 

PGs, TXA2, ET-1, CO and endothelium-derived hyperpolarizing factors (EHDF) (8, 11). 

Therefore, it is now widely recognized that the endothelium is not merely a passive, 

blood-compatible surface but plays a primary role in the local modulation of vascular 

function and structure.  

 

NO is endogenously synthesized from L-arginine by a family of enzymes called NO 

synthases (NOS). Three NOS isoforms have been identified sharing a 50-60% 

homology: two constitutive, the neuronal (nNOS, type I) and endothelial (eNOS, type 

III) enzymes, and one inducible (iNOS, type II) (29, 30). Now it is appreciated that 

eNOS is found in other cells and tissues besides the endothelium, iNOS is found 

constitutively in some tissues, and there are inducible forms of both eNOS and nNOS. 

The three NOS isoforms have an amino-terminal heme- and arginine-binding domain, 

a central calmodulin-binding region, and a carboxyl-terminal reductase domain, with 

an NADPH-binding site (15). Under physiological conditions, NO produced by eNOS is 

released from endothelial cells in response to shear stress and vasoactive factors 

(acetylcholine, bradykinin, catecholamines, angiotensin-II and ET-1) and diffuses into 

adjacent vascular smooth muscle cells (VSMC) to induce relaxation (15, 29, 30) In 

addition, a large body of evidence indicates that NO generated by nNOS is involved in 

nonadrenergic and noncholinergic (NANC) vascular relaxation (18, 26, 27, 33, 34).  
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Figure 1. Diagram illustrating the mechanisms of production and action of NO in 

blood vessels.   
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The functional eNOS protein is a dimer that is localized to the Golgi apparatus and 

plasma membrane caveolae (15, 16, 25). In the inactive or basal state, the protein in 

caveolae is coupled to Cav-1, which decreases its activity. Moreover, eNOS is 

constitutively phosphorylated by PKC on Thr495 which prevents its association with 

calmodulin (15, 16). In response to cell stimulation eNOS and Cav-1 disassociate 

(probably assisted by dynamin), Thr495 is dephosphorylated allowing calmodulin to 

bind to and activate the enzyme and activating serine sites (e.g., Ser1177) are 

phosphorylated (15, 16). The interaction between the heat shock protein 90 (HSP90) 

and eNOS also enhances the activation of the enzyme (9, 15, 16, 28). This complex 

process controls the NADPH-dependent electron flux from the reductase to the 

oxygenase domain, where NO synthesis occurs. Reduced availability of the substrate 

L-arginine, or the cofactor tetrahydrobiopterin (BH4), as well as changes in the 

regulatory proteins, can uncouple the electron transfer reactions and result in the 

production of superoxide instead of NO. The eNOS is then said to be uncoupled (9, 15, 

22, 23, 32, 41).  

 

Soluble guanylate cyclase 

Guanine nucleotidyl (guanylyl; guanylate) cyclases (GC) are widely distributed signal-

transduction enzymes that, in response to various cellular stimuli, convert GTP into 

the second messenger cyclic GMP (14). In contrast to the transmembrane particulate 

GC, which serves as a receptor for atrial, B-type and C-type natriuretic peptides, sGCs 

are receptors for gaseous ligands, namely NO and carbon monoxide (CO).  

 

Soluble GC is typically found as a heterodimer, consisting of a larger α-subunit and a 

smaller haem-binding β-subunit. The prosthetic haem moiety of sGC can exist in a 

reduced (ferrous; Fe2+) or an oxidized (ferric; Fe3+) state. Removal of the haem or its 

oxidation abolishes any NO-induced enzyme activation (14). NO binds to the iron in 

the haem group of the enzyme forming a hexacoordinate complex which then converts 

to a pentacoordinate nitrosyl-haem complex by one of two routes. For approximately 

25% of the haem, this conversion occurs rapidly, whereas for the remaining 
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hexacoordinate nitrosyl complex this process is considerably slower and appears 

dependent upon the interaction of NO with an unidentified, non-haem site on the 

protein  (13, 15, 21). CO also forms a complex with the haem moiety of sGC, but 

unlike NO, only the six-coordinate complex is formed (36), resulting in a low activation 

of purified sGC when compared with that attained by NO (13, 21) .  

 

NO-mediated activation of sGC can be compromised either by reducing the 

bioavailability of NO or by altering the redox state of sGC itself, making it 

unresponsive to NO (2, 14). Two novel drug classes seem to be able to overcome these 

obstacles: sGC stimulators and sGC activators (2, 14, 35). NO-independent but haem-

dependent stimulators of sGC (such as YC-1 and BAY 41-2272) stimulate sGC directly 

and enhance the sensitivity of the reduced enzyme to low levels of bio-available NO. 

Conversely, NO- and haem-independent sGC activators (such as BAY 58–2667) do not 

modulate NO signalling at all, but activate the NO-unresponsive, haem-oxidized or 

haem-free enzyme (10, 14, 35).  

 

Cyclic GMP 

The activation of sGC leads to the formation of the second messenger cyclic 

guanosine-3’, 5’-monophosphate (cGMP). The biological effects of cGMP are mediated 

by three major types of intracellular effectors: cGMP-dependent protein kinases I and 

II, cGMP-gated ion channels and cGMP-regulated phosphodiesterases (PDEs) (2, 12, 

14) (Figure 1). Degradation of cGMP is catalysed by several differentially expressed 

PDE families (PDE1, 2, 3, 5, 6, 9, 10 and 11). In the pulmonary vasculature, PDE5 

represents the major metabolic pathway for cGMP (12, 31).  

 

The NO/sGC/cGMP pathway and the perinatal lung 

Experimental studies have clearly demonstrated the critical roles of endogenous NO-

cGMP signalling in the regulation of the pulmonary circulation during development 

and at birth and that impaired NO-cGMP signalling contributes to PPHN (2, 4, 38-40). 

However,  although NO appears to play a crucial role in regulating the vasoreactivity of 
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the transitional circulation it is not essential since endothelial eNOS deficient mice 

survive and there is no evidence that either iNOS or nNOS compensates for the 

absence of eNOS (20).  

 

NO participates in the modulation of basal PVR in the fetus, mediates the vasodilator 

response to specific physiological and pharmacological stimuli, and opposes the strong 

myogenic tone in the normal fetal lung (1, 2). In addition, NO may potentially 

contribute to angiogenesis during early lung development and recent laboratory 

studies have provided ample evidence that reduced NO-cGMP activity impairs lung 

vascular growth and subsequent alveolarization during development, especially in 

response to neonatal lung injury (2, 6, 7, 19, 24, 37). At birth, ventilation, increased 

oxygen tension and shear stress are independently capable of stimulating NO 

production and NOS inhibitors impair the birth-related fall in PVR (1-4). Finally, 

during the first days of postnatal life an increased responsiveness of the pulmonary 

circulation to the NO/sGC/cGMP has been demonstrated in numerous species (20). 

The mechanisms involved in these postnatal changes are one of the subjects of the 

present Thesis.  
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Moreno, Laura, Gema Gonzalez-Luis, Angel Cogolludo, Fed-
erica Lodi, Antonio Lopez-Farre, Juan Tamargo, Eduardo Vil-
lamor, and Francisco Perez-Vizcaino. Soluble guanylyl cyclase
during postnatal porcine pulmonary maturation. Am J Physiol Lung
Cell Mol Physiol 288: L125–L130, 2005. First published September
24, 2004; doi:10.1152/ajplung.00244.2004.—The nitric oxide (NO)/
cGMP pathway plays a key role in the regulation of pulmonary
vascular tone during the transition from the fetal to the neonatal
circulation, and it is impaired in pathophysiological conditions such as
pulmonary hypertension. In the present study, we have analyzed the
changes in the function and expression of soluble guanylyl cyclase
(sGC) in pulmonary arteries during early postnatal maturation in
isolated third-branch pulmonary arteries from newborn (3–18 h of
age) and 2-wk-old piglets. The expression of sGC �1-subunit in
pulmonary arteries increased with postnatal age both at the level of
mRNA and protein. The catalytic region of porcine sGC �1 was
sequenced, showing a 92% homology with the human sequence. This
age-dependent increase in sGC expression correlated with increased
vasorelaxant responses to the physiological sGC activator NO and to
the exogenous sGC activator YC-1, but not to the membrane-perme-
able cGMP analog 8-bromoguanosine 3�,5�-cyclic monophosphate. In
conclusion, an increased expression of sGC in pulmonary conduit
arteries from 2-wk-old compared with newborn piglets explains, at
least partly, the age-dependent increase in the vasorelaxant response
of NO and other activators of sGC.

newborn; YC-1; vascular smooth muscle

NITRIC OXIDE (NO) is a key mediator in the regulation of
pulmonary vascular tone (2, 6). Most of the physiological
effects of NO occur through the activation of soluble guanylyl
cyclase (sGC) (4, 36) leading to a 200-fold increase in activity,
i.e., the conversion of GTP to cGMP. sGC is a heterodimer
consisting of �- and �-subunits (73 and 70 kDa, respectively)
and a heme group that serves as the NO-binding site (16).

Changes in the expression of sGC during rat postnatal
development have been reported. In the rat heart and kidney,
sGC increased postnatally (7, 9). In contrast, sGC expression in
carotid and cerebral arteries was higher in 3- to 7-day-old
lambs compared with adult sheep (37). In the pulmonary
arterial system, an increase in the responsiveness to NO with
postnatal age, which plays a key role in the reduction of
pulmonary vascular resistance during early extrauterine life,
has been reported in most (3, 21, 25, 28, 31, 38), but not all
(27), studies on rabbits, lambs, and piglets. In rats, where
functional changes in the NO/cGMP pathway in pulmonary
arterial postnatal maturation have not been analyzed, lung sGC
mRNA, protein, and activity were higher at 1 or 8 days than in

adults (8, 12). Immunostaining in pulmonary vascular smooth
cells was estimated to be higher in newborns than in adult
animals (8).

Impaired vasodilator responses to the NO/cGMP pathway
have been involved in several pathological conditions. In fact,
reduced NO synthesis, bioavailability, and/or activity have
been involved in the pathogenesis of primary and secondary
pulmonary hypertension, including the persistent pulmonary
hypertension of the newborn (1, 17, 34). Desensitization of
sGC describes a reduced response to a given NO challenge that
may be caused by a change in enzyme reactivity or an alter-
ation of the amount of the enzyme present (16). In fact,
changes in the lung expression of sGC have been demonstrated
in several animal models of lung injury and pulmonary hyper-
tension (10, 11, 20).

Therefore, the aim of the present study was to analyze the
changes in function and expression of sGC in pulmonary
arteries during early postnatal maturation. We hypothesized
that sGC expression and the responses to YC-1 could increase
with age in parallel with the increased responsiveness to NO.

METHODS

All the procedures conform to the Guide for the Care and Use of
Laboratory Animals (NIH publication No. 85-23, revised 1996) and
are approved by our Institutional Review Board.

Tissue preparation. Male piglets of 3–18 h (newborn, n � 12) or
15–20 days (2 wk, n � 17) from a local farm were killed by
exsanguination after being anesthetized with pentobarbital sodium
(100 mg/kg). The lungs were rapidly immersed in cold (4°C) Krebs
solution (composition in mM: 118 NaCl, 4.75 KCl, 25 NaHCO3, 1.2
MgSO4, 2.0 CaCl2, 1.2 KH2PO4, and 11 glucose). Third-branch
pulmonary arteries (external diameter of �1–2 mm) were carefully
dissected free of surrounding tissue and cut into rings under a
microscope (28). The endothelium was removed by gently rubbing the
intimal surface of the rings with a metal rod. The endothelium
removal procedure was verified by the inability of acetylcholine (1
�M) to relax arteries precontracted with norepinephrine (1 �M).

Contractile tension recording. Third-branch pulmonary arteries
were mounted between two hooks in a 5-ml organ bath filled with
Krebs solution and stretched to their optimal resting tension (0.5 and
0.7 g for newborn and 2-wk pulmonary arteries, respectively), at
which the rings produced the maximal contractile response to KCl in
previous experiments. The contraction was measured by an isometric
force transducer using data acquisition software and hardware (28).
Krebs solution was maintained at 37°C and gassed with a 95% O2-5%
CO2 gas mixture. In previous experiments, the relaxant response to
NO was not modified by the concentration of oxygen in the bubbling
mixture (35).
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Rings were stimulated with the thromboxane A2 mimetic 9,11-
dideoxy-11�,9�-epoxymethano-prostaglandin F2� (U-46619, 0.1
�M), which induced a contractile response (628 � 64 mg, n � 12 and
986 � 89 mg, n � 12, in third-branch newborn and 2-wk-old piglets,
respectively) of 70–75% of the maximal response to U-46619 in both
age groups. In previous experiments, these contractions were equief-
fective in the two age groups when expressed as a percentage of the
responses induced by 40 mM KCl (28). Then, concentration-response
curves to YC-1, and to the cGMP analog 8-bromoguanosine 3�,5�-
cyclic monophosphate (8-BrcGMP), were carried out by cumulative
addition of the drugs. Because of the rapid disappearance of NO gas
in the bath, the curves to NO were performed in a noncumulative
fashion by addition of increasing volumes of Krebs solution saturated
with NO.

Western blot analysis of sGC. Third-branch pulmonary arteries
were isolated, frozen in liquid nitrogen, and stored at �80°C. Frozen
tissues were homogenized and separated into cytosolic and particulate
fractions as described (14). The protein concentration was determined
using the Bradford assay (reagents from Bio-Rad). Western blotting
was performed with 20 �g of protein from the cytosolic fraction per
lane. SDS-PAGE (7.5% acrylamide) was performed using the method
of Laemmli in a mini-gel system (Bio-Rad). Samples from newborns
and 2-wk-old animals were run in parallel. The proteins were trans-
ferred to polyvinylidene difluoride membranes overnight and incu-
bated with a rabbit anti-�1 subunit of sGC polyclonal antibody
(1:2,500, Alexis Biochemicals) and then with an anti-rabbit secondary
horseradish peroxidase-conjugated antibody. The bands were visual-
ized by chemiluminescence (ECL, Amersham). The membranes were
then stripped and incubated with a mouse antibody against smooth
muscle �-actin (1:10,000, Sigma) and then with an anti-mouse sec-
ondary horseradish peroxidase-conjugated antibody. Bands were
quantified using image analysis software (TotalLab, Nonlinear Dy-
namics). The results were expressed as a percentage of the data of
newborn animals.

RT-PCR. Pulmonary arteries were isolated and frozen in liquid
nitrogen. Frozen arteries were homogenized in a glass potter with 1 ml
of Tri Reagent (Sigma), and total RNA was extracted with the
guanidinium thiocyanate-phenol-chloroform method (13). The RNA
was dissolved in RNA storage solution (Ambion) and stored at
�70°C. The integrity of the purified RNA was determined by 1%
agarose gel electrophoresis, and its concentration was determined
spectrophotometrically at 260 nm. One microgram of total RNA was
converted into complementary DNA by reverse transcription follow-
ing the protocol of the manufacturer (AMV reverse transcriptase;
Promega, Southampton, UK). The mRNA sequence of porcine sGC
�1 has not been previously reported. Therefore, primers for the PCR
were selected from the regions of the catalytic domain of the rat
�1-subunit of sGC (NM012769, GenBank), which were highly con-
served in human (BC047620) and mouse (NM017469). All sequences
were compared with GenBank using the Blast software (National
Center for Biotechnology Information website). The following prim-
ers, synthesized on request by Metabion (Martinsried, Germany),
were used for the amplification of sGC �1 sense: 5�-AGATACGA-
CAATGTGACCATCCTC-3� and antisense: 5�-GATAGAAACCA-
GACTTGCATTGGC-3� resulting in a product of 569 bp; and for
�-actin, sense: 5�-GGACCTGACCGACTACCTCA-3� and antisense:
5�-CATGATCGAGTTGAAGGTGG-3�, which yielded a product of
301 bp. In preliminary experiments, we tested a number of cycles
ranging from 24 to 35, with cDNA diluted over a range of three
magnitudes, to establish the linearity of the reaction (24). PCR of sGC
�1 was performed using a MyCycler Thermal cycler (Bio-Rad) by
using Taq DNA polymerase (Biotools, B&M Labs) for 27 cycles
(92°C for 1 min, 59°C for 1.5 min, and 72°C for 3 min) followed by
a final extension step at 72°C for 10 min. The same protocol was used
for �-actin except for the annealing temperature, which was 56.5°C.
The products of the PCR were separated in 1.5% agarose gels stained
with ethidium bromide, and bands were quantified using image

analysis software (Quantity One, Bio-Rad). Results were normalized
to the bands of �-actin from the same samples and expressed as a
percentage of the data of newborn animals. The nucleotide sequence
of amplified products was determined in Unidad de Genómica y
Proteómica (Universidad Complutense de Madrid) by automated
sequencing using an ABI PRISM BigDye Terminator V3.0 Ready
Reaction Cycle sequencing kit in a 3730 DNA analyzer (Applied
Biosystems). The sequencing was performed using both upstream and
downstream primers to check its accuracy.

Drugs. YC-1 was from Cayman Chemical, 1H-[1,2,4]oxadia-
zolo[4,3-a]quinoxalin-1-one (ODQ) was from Tocris Cookson (Bris-
tol, UK), and all other drugs were from Sigma Chemical (Alcobendas,
Spain). NO solutions were prepared by bubbling Krebs solution with
NO (450 ppm) as described (23). Drugs were initially dissolved in
distilled deionized water (except for YC-1 in DMSO) to prepare a
0.01 M stock solution, and further dilutions were made in Krebs
solution. The vehicle DMSO at the maximal concentration used
(0.1%) had no significant effect on U-46619-induced tone or NO-
induced vasorelaxation.

Statistical analysis. Results are expressed as means � SE, and n
reflects the number of animals. Individual cumulative concentration-
response curves were fitted to a logistic equation. The drug concen-
trations producing 30% relaxation were calculated from the fitted
concentration-response curves for each ring and expressed as negative
log molar (�Log[IC30]). Statistically significant differences between
groups were calculated by Student’s t-test for unpaired observations.
P 	 0.05 was considered statistically significant.

RESULTS

Maturational changes in NO-, YC-1-, and 8-BrcGMP-in-
duced pulmonary vasorelaxation. To avoid the possible inter-
ference of endothelial-derived NO, the age-dependent changes
on the relaxation induced by sGC activators and 8-BrcGMP
were analyzed in endothelium-denuded arteries. The vasore-
laxant responses induced by exogenously added NO in endo-
thelium-denuded pulmonary arteries (third branch) increased
significantly with postnatal age (Fig. 1A). As Fig. 1B shows,
YC-1 also produced a significantly higher relaxant response in
2-wk-old animals compared with newborns. However, the
relaxant responses of 8-BrcGMP, a membrane-permeable an-
alog of cGMP, were not significantly different in the two age
groups, even when a trend for increased response with age was
also observed (Fig 1C). The age-dependent change in the
potency of these drugs was calculated from the ratios of the
IC30 values in the two age groups, i.e., the distance between the
two curves at the level of 30% relaxation. These ratios were
5.6, 4.0, and 1.9 for NO, YC-1, and 8-BrcGMP, respectively.

Expression of sGC protein and mRNA. In blots of the
cytosolic fraction of homogenates from piglet pulmonary ar-
teries (third branch) using an antibody recognizing the �1-
subunit of sGC, a single band of �70 kDa was detected (Fig.
2A). The expression of sGC increased significantly with post-
natal age (Fig. 2, A and B). In spite of a trend for increased
expression of smooth muscle �-actin in the cytosolic fraction
with age, the change in sGC expression in 2-wk-old animals
remained significantly elevated after normalization of the den-
sitometric values with those of actin (212 � 28%, P 	 0.05).
In contrast, the sGC protein content was negligible in the
particulate fraction (not shown).

The expression of the �1-subunit of sGC was also analyzed
at the level of mRNA. The amplified porcine cDNA corre-
sponds with nucleotides 1328 to 1896 in the human BC047620
sequence (i.e., amino acids 416 to 604 located in the catalytic
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region). This cDNA was sequenced and submitted to the
GenBank database (accession no. AY661709) and showed a
92, 89, and 88% homology with sGC �1 human, rat, and mouse
sequences, respectively. However, the 47 differences found
between the human and porcine nucleotide sequences (Fig. 3C)
resulted in only three changes in the translated amino acid
sequences (A432T, S574T, P575S), i.e., 98.5% homology at
the protein level. Consistent with the increased protein �1-
subunit levels, an increase in mRNA for the �1-subunit was
also observed in the older animals (Fig. 3, A and B). This
increase remained significant after normalization of the densi-
tometric values with those of �-actin (155 � 27%, P 	 0.05).

DISCUSSION

The aim of the present study was to analyze the changes in
the function and expression of sGC in pulmonary arteries
during early postnatal life. The main finding of this study is
that the expression of sGC in homogenates from pulmonary
arteries increased with postnatal age at both the level of mRNA
and protein. This increased expression correlated with in-
creased responsiveness to the physiological sGC activator NO
and to the exogenous sGC activator YC-1.

Fig. 1. Changes in the pulmonary relaxant effects of nitric oxide (NO), YC-1,
and 8-bromoguanosine 3�,5�-cyclic monophosphate (8-BrcGMP) during post-
natal maturation. Isolated third-branch endothelium-denuded pulmonary artery
rings from newborn and 2-wk-old piglets were constricted with 0.1 �M
U-46619, and concentration-response curves to NO (A), YC-1 (B), and
8-BrcGMP (C) were carried out. Results are means � SE (n � 6–12). *P 	
0.05 vs. newborn.

Fig. 2. Soluble guanylyl cyclase (sGC) protein expression in cytosolic frac-
tions during maturation. A: representative Western blots of sGC �1 and �-actin
in pulmonary arteries from newborn (NB) and 2-wk-old old animals. B:
densitometric data analysis of sGC �1 protein in pulmonary arteries as a
percentage of newborn (means � SE, n � 4–5, **P 	 0.01). Bands of sGC
�1 had a molecular weight of �70 kDa, and all lanes were loaded with 20 �g
of protein.
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At birth, as the lung becomes responsible for blood oxygen-
ation, there is an 8- to 10-fold increase in pulmonary blood
flow, and pulmonary arterial pressure falls from suprasystemic
levels in the fetus to about one-half of systemic values. NO is
critically involved in these changes (30). A second gradual
phase of reduction in pulmonary vascular resistance occurs
over the first days and weeks of postnatal life to reach the low
pulmonary arterial pressure characteristic of the adult (18). An
increased responsiveness to the NO/cGMP pathway during this
period is thought to be a key event in this maturational process
and has been demonstrated in isolated pulmonary arteries from
numerous species (3, 21, 28, 32, 35, 38).

The mechanisms responsible for the increased response to
NO with postnatal maturation have been analyzed with phar-
macological tools stimulating the NO/cGMP signaling path-
way at different levels. The responses induced by acetylcholine
increased with age (3, 21, 32, 35, 38). In these arteries,
NG-nitro-L-arginine methyl ester almost abolished the relaxant
response to acetylcholine, indicating the prominent role of NO
in this relaxation (35). Furthermore, exogenous NO gas also
induced greater relaxant responses in pulmonary arteries from
2-wk-old animals than from newborn animals (28, 35, 38,
present results). These relaxant responses were almost abol-

ished by the sGC inhibitor ODQ in both age groups (28), ruling
out possible sGC-independent mechanisms. In addition, we
demonstrated that the responses to the sGC activator YC-1,
analyzed in the absence of endothelium to avoid interferences
with endogenous NO, increased with postnatal age. However,
the responses to 8-BrcGMP, the membrane-permeable analog
of cGMP, were unchanged even when we found a nonsignif-
icant trend for increased responses in piglets in the present and
in a previous study (35). Finally, a trend for increased vasore-
laxant responses to three different inhibitors of phosphodies-
terase type 5 (PDE5), the major metabolic pathway for cGMP
in pulmonary arteries, was also observed (26).

The expression and activity of key proteins involved in the
NO/cGMP pathway during the first days of extrauterine life
have also been analyzed. The endothelial NO synthase expres-
sion and activity did not change after birth (5, 19, unpublished
observations), whereas the cytosolic superoxide dismutase
(SOD-1) expression and activity decreased (28, 33) and PDE5
activity and expression increased with postnatal age (26).
Herein, we found an age-dependent increase in the sGC �1-
subunit protein expression that correlates with an increased
vasorelaxant response to the sGC activators NO and YC-1.
Therefore, we also analyzed by RT-PCR whether the age-

Fig. 3. sGC mRNA expression during maturation. RT-
PCR analysis of mRNA isolated from newborn and
2-wk-old piglet pulmonary arteries. A: ethidium bro-
mide-stained agarose gels containing RT-PCR products
of the sGC �1. B: densitometric analysis of the sGC �1

mRNA intensity analyzed by RT-PCR (means � SE
from 3 animals). **P 	 0.01 vs. newborns. C: oligo-
nucleotide sequence of the catalytic region of the human
sGC �1 (nucleotides 1328–1898) aligned with the se-
quence of the amplified RT-PCR porcine sGC �1 prod-
uct. Differences in the 2 sequences are highlighted.
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dependent changes were also observed at the level of the
sGC�1 mRNA in pulmonary arteries. The mRNA or protein
sequences of porcine sGC�1 have not been previously re-
ported. Thus we amplified and sequenced the catalytic region
of porcine sGC�1. The amplified cDNA from porcine pulmo-
nary arteries showed a 92, 89, and 88% homology with the
human, rat, and mouse sequences, respectively. The sGC�1

increase was also observed at the level of mRNA, indicating
that the age-dependent change does not require posttransduc-
tional mechanisms. The mammalian �1- and �1-sGC genes are
separated by 43 kb in human and 60 kb in mouse, and
independent transcription of the two subunits in mammals is
possible. However, the expression of the two subunits is
synchronized due to the multiple shared putative binding sites
for transcription factors (29). Thus even when we did not
analyze the expression of the �1-sGC, we speculate that the
changes in its expression in piglet pulmonary arteries parallel
those of the �1-subunit. The data of increased sGC expression
is also consistent with increased accumulation of cGMP stim-
ulated by either acetylcholine or NO at 6 and 17 days of age
compared with newborns (32). Changes in the expression of
sGC can account for a reduced relaxant response of the
NO/cGMP pathway (22). However, sGC can also be down-
regulated as a counterregulatory mechanism when NO levels
are increased (15). Our present results suggest that the lower
neonatal sGC expression is not originated as a counterbalance
mechanism but rather it seems to be causative of the reduced
NO/cGMP activity in newborn arteries.

Together, all these results suggest that the maturational
changes in the efficacy of NO/cGMP to induce pulmonary
relaxation are due to alterations in multiple steps in the signal-
ing pathway. First, the bioavailability of NO during the first
hours of life may be reduced due to an enhanced metabolism of
NO involving SOD or cyclooxygenase (25, 28). Second, a
reduced expression of sGC in newborns as described herein is
consistent with a lower response to endogenous and exogenous
NO and YC-1. Third, a reduced expression and activity of
PDE5, and thus reduced cGMP degradation, in newborn piglets
may partly counteract the above mechanisms (26). Finally,
increased vascular smooth muscle cell responsiveness to
cGMP cannot be excluded. In conclusion, an increased expres-
sion of sGC in pulmonary arteries from 2-wk-old compared
with newborn piglets explains, at least partly, the age-depen-
dent increase in the vasorelaxant response of NO and other
activators of sGC. However, in the present study, we have used
medium-sized pulmonary arteries, and thus the results may not
exactly reflect the situation of resistance arteries and pulmo-
nary vascular resistance.
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crease in activity, i.e., the conversion of GTP to cyclic 
guanosine monophosphate (cGMP). During the last 
years, new substances have been identifi ed which also 
activate sGC. YC-1 (3-(5 � -hydroxymethyl-2 � -furyl)-1-
benzylindazole) was the fi rst compound of this series to 
be identifi ed  [3–5] . YC-1 causes a 10-fold activation of 
purifi ed sGC independent of NO  [6] . In vascular smooth 
muscle cells, YC-1 was reported to increase cGMP levels 
and to induce relaxation of rat and rabbit aortic rings 
 [6–8] . It has been suggested that the mechanism of action 
of YC-1 is to stabilize the active confi guration of sGC  [6] . 
Interestingly, YC-1 has been shown to decrease the dis-
sociation rates of NO from the activated enzyme  [9] , sen-
sitizing sGC towards NO and increasing the potency of 
NO by one order of magnitude  [4] . 

 Sensitization/desensitization of sGC describe an alter-
ation of its response toward a given NO challenge due to 
a change in enzyme reactivity or an alteration of the 
amount of the enzyme present  [4] . Desensitization of 
sGC has been involved in several pathological conditions 
such as primary and secondary pulmonary hypertension, 
including the persistent pulmonary hypertension of the 
newborn (PPHN)  [1, 10] . Changes in sGC expression in 
pulmonary arteries have been also reported during post-
natal development  [11] . The ability of YC-1 to directly 
activate sGC and to its NO sensitizing effects makes this 
drug a potentially attractive therapeutic agent  [4, 12] . A 
pathological condition for which NO sensitization has 
proved to be a valuable therapeutic strategy is pulmonary 
hypertension. In fact, phosphodiesterase 5 inhibitors, 
which sensitize the cGMP pathway by inhibiting the 
breakdown of cGMP and increase the responsiveness to 
NO, have been reported to be selective pulmonary vaso-
dilators, useful for the treatment of this condition  [13, 
14] . We have recently reported that YC-1 induced relax-
ation in endothelium-denuded third branch piglet pul-
monary arteries and this effect augmented with postna-
tal age  [11] . However, there are no reports about the 
effects of YC-1 in pulmonary resistance arteries or ana-
lyzing the sensitizing effects of YC-1-like drugs on en-
dothelium-derived or exogenous NO in the pulmonary 
circulation. 

 We hypothesized that YC-1 induced sensitization to-
wards endogenous or exogenous NO in the pulmonary 
arteries during the postnatal period and that this effect 
was developmentally regulated. Therefore, the aim of the 
present work was to study the effects of YC-1 in third 
branch and resistance arteries and to analyze the role of 
NO on YC-1-induced relaxation in piglet pulmonary ar-
teries. 

 Methods 

 All the procedures conform to the guide for the Care and Use 
of Laboratory Animals (NIH publication No. 85-23, revised 1996) 
and approved by our Institutional Review Board. 

 Tissue Preparation 
 Male piglets of 3–18 h (newborn, n = 16) or 15–20 days old 

(2-week-old, n = 16) from a local farm were used in this study. 
Animals were killed by exsanguination after having been anesthe-
tized with sodium pentobarbitone (100 mg kg –1 ). The lungs were 
rapidly immersed in cold (4   °   C) Krebs solution (composition in 
m M : NaCl 118, KCl 4.75, NaHCO 3  25, MgSO 4  1.2, CaCl 2  2.0, 
KH 2 PO 4  1.2 and glucose 11). Third branch pulmonary arteries (ex-
ternal diameter of about 1–2 mm) and fi fth-seventh-generation in-
trapulmonary arterioles (external diameter of 150–200  � m) were 
carefully dissected free of surrounding tissue and cut into rings un-
der a microscope. In some experiments, the endothelium was re-
moved by rubbing gently the intimal surface of the rings with a 
metal rod. The endothelium removal procedure was verifi ed by the 
inability of acetylcholine (1  �  M ) to relax arteries precontracted 
with noradrenaline (1  �  M ) or U46619 (0.1  �  M ). 

 Contractile Tension Recording 
 Third branch pulmonary rings were mounted between two 

hooks in a 5-ml organ bath fi lled with Krebs solution and stretched 
to their optimal resting tension (0.5 and 0.7 g for newborn and 2-
week-old, respectively), at which the rings produced the maximal 
contractile response to KCl in previous experiments. As previously 
described, the contraction was measured by an isometric force 
transducer using data acquisition software and hardware  [15] . Ar-
terioles were mounted between an isometric force transducer (Kis-
tler Morce DSC 6, Seattle, Wash., USA) and a displacement device 
in a myograph (model 610M, Danish Myo Technology, Aarhus, 
Denmark) using two stainless steel wires (diameter 40  � m). Each 
arteriole was stretched to its individual optimal lumen diameter, 
i.e., the diameter at which it developed the strongest contractile 
response to 125 m M  K + , using a diameter-tension protocol as pre-
viously described  [16] . During mounting and experimentation, 
Krebs solution was maintained at 37   °   C and gassed with a 95%
O 2 -5% CO 2  gas mixture. In previous experiments, the relaxant re-
sponse to NO was not modifi ed by the concentration of oxygen in 
the bubbling mixture  [17] . 

 Endothelium-intact rings were precontracted with the throm-
boxane A 2  mimetic 9,11-dideoxy-11 � ,9 � -epoxymethano-prosta-
glandin F 2 �   (U46619, 0.1  �  M ) which induced a submaximal con-
tractile response  [15] . In previous experiments, these contractions 
were equieffective in the two age groups when expressed as a per-
cent of the responses induced by 62.5 m M  KCl  [15] . Then, concen-
tration–response curves to YC-1 (by cumulative addition of the 
drug) and NO (in a non-cumulative fashion) were carried out. In 
some experiments, rings were stimulated with U46619 (0.1  �  M ), 
after washing, rings were treated for 20 min with the sGC inhibitor 
ODQ (10  �  M ) or the non-selective inhibitor of NO synthase (NOS) 
L-NAME (0.1 m M ) and again stimulated with U46619 at the con-
centration (0.03–0.1  �  M ) required to reach a contractile response 
similar to the initial control one and fi nally cumulative concentra-
tion–response curves to YC-1 were performed. In another set of 
experiments, after contracting with U46619 (0.1  �  M ), endotheli-
um-denuded rings were exposed to YC-1 (3  �  M ) for 20 min which 
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induced a 20–35% relaxation, then further U46619 was added as 
needed (fi nal concentration of 0.2–0.3  �  M ) in order to reverse 
YC-1-induced vasorelaxation and fi nally a concentration-response 
curve to NO was performed. To disclose whether the relaxant ef-
fects of YC-1 were affected by the different concentrations of 
U46619 (0.03–0.3  �  M ) used to precontract the arteries. Experi-
ments evaluating YC-1-induced relaxation after stimulation with 
the above mentioned concentrations of U46619 were also per-
formed. 

 Drugs 
 YC-1 was from Cayman Chemical (USA), ODQ (1H-[1,2,4]oxa-

diazolo[4,3-a]quinoxalin-1-one) from Tocris Cookson Ltd. (Bristol, 
UK), and all other drugs from Sigma Chemical Co. (Alcobendas, 
Spain). NO solutions were prepared by bubbling Krebs solution 
with NO (450 ppm) as described  [17] . Drugs were dissolved ini-
tially in distilled deionized water (except for YC-1, forskolin and 
ODQ, in dimethylsulfoxide) to prepare a 0.01  M  stock solution and 
further dilutions were made in Krebs solution. The vehicle dimeth-
ylsulfoxide used at the maximal concentration (0.1%) had no sig-
nifi cant effect on U46619-induced tone or NO-induced vasorelax-
ation. 

 Statistical Analysis 
 Results are expressed as means  8  SEM and  n  refl ects the num-

ber of animals. Individual cumulative concentration–response 
curves were fi tted to a logistic equation. The drug concentrations 
producing 50% relaxation were calculated from the fi tted concen-
tration–response curves for each ring and expressed as negative 
log molar (-Log[IC 50 ]). Statistically signifi cant differences be-
tween groups were calculated by Student’s t test for unpaired ob-
servation or for multiple comparisons by an ANOVA followed by 
a Newman Keuls test. p  !  0.05 was considered statistically sig-
nifi cant. 

 Results 

 YC-1-Induced Pulmonary Vasorelaxation 
 YC-1 induced a concentration-dependent relaxation 

in endothelium-intact third branch pulmonary arteries 
( fi g. 1 A, -Log[IC 50 ] = 5.74  8  0.15 and 5.23  8  0.18 for 
newborn and 2-week-old, respectively) and in fi fth- to 
seventh-generation intrapulmonary arterioles ( fi g. 1 B, 
–log[IC 50 ] = 5.53  8  0.15 and 5.28  8  0.2 for newborn 
and 2-week-old, respectively). The guanylyl cyclase in-
hibitor ODQ (10  �  M ) almost abolished the effects of 
YC-1 either in third branch pulmonary arteries or arte-
rioles from both age groups ( fi g. 1 A, B). The vasorelax-
ant responses induced by YC-1 increased signifi cantly 
with postnatal age in both types of arteries. No signifi -
cant differences were observed between third branch 
pulmonary arteries and fi fth- to seventh-generation in-
trapulmonary arterioles of the same age group. Precon-
traction of third branch pulmonary arteries with differ-

ent concentrations of U46619 (0.03–0.3  �  M ) did not 
signifi cantly affect the relaxant effects of YC-1 ( fi g. 2 A 
and B). Contractions (n = 6–12) induced by 0.03, 0.1 
and 0.3  �  M  U46619 in third branch pulmonary arteries 
were 3.57  8  0.5, 4.03  8  0.6, and 4.7  8  0.6 mN, re-
spectively in newborn, and 6.52  8  0.7, 8.01  8  0.8, and 
8.6  8  0.9 mN, respectively in 2-week-old. In arterioles 
the responses were 0.43  8  0.1, 0.51  8  0.14, and 0.57  8  
0.12 mN, respectively in newborn and 0.62  8  0.15, 
0.87  8  0.16, and 0.94  8  0.16, respectively in 2-week-
old animals. 
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  Fig. 1.  Concentration-dependent relaxant effects of YC-1 in endo-
thelium-intact isolated third branch intrapulmonary arteries ( A ) 
and fi fth–seventh-generation intrapulmonary arterioles ( B ) from 
newborn ( U ,  S ) and 2-week-old (  $ ,  )  ) piglets. The effects of pre-
treatment with the soluble guanylyl cyclase inhibitor ODQ (10  �  M , 
 S ,  )  ) are also shown. Vessels were constricted with U46619. The 
results are means  8  SE (n = 6–7). * p  !  0.05 newborn vs. 2-week-
old. Only levels of statistical signifi cance for the highest difference 
are shown. 
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 Dependence on Endothelium and Endogenous NO of 
the Relaxant Effects of YC-1 
 The contribution of endothelium and endogenous NO 

to the relaxant effects of YC-1 was analyzed in the third 
branch pulmonary arteries stimulated with U46619. In 
2-week-old third branch pulmonary arteries, the relaxant 
response induced by YC-1 was inhibited by endothelium 
removal ( fi g. 3 B). In this age group, the NOS inhibitor 
L-NAME (100  �  M ) produced an inhibitory effect on 
YC-1-induced relaxation similar to that produced by en-
dothelium removal ( fi g. 3 B). However, in neonatal  third 

branch  pulmonary arteries, endothelium removal or 
L-NAME produced only a weak and statistically non sig-
nifi cant reduction of the response to YC-1 ( fi g. 3 A). 

 Sensitization of Exogenous NO-Induced Pulmonary 
Vasorelaxation by YC-1 
 In order to analyze whether YC-1 sensitized the re-

sponses to exogenous NO, a concentration-response curve 
to NO was constructed in endothelium-denuded third 
branch pulmonary arteries from newborn and 2-week-old 
piglets stimulated with U46619 in the absence or pres-
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  Fig. 2.  Concentration-dependent relaxant effects of YC-1 in endo-
thelium-intact isolated third branch intrapulmonary arteries from 
newborn ( A ) and 2-week-old ( B ) piglets. Vessels were constricted 
with U46619 0.03  �  M  ( S ), 0.1  �  M  ( U ), or 0.3  �  M  (  $  ). The results 
are means  8  SE (n = 4). 
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  Fig. 3.  Role of endothelium and NOS on the relaxant effects of 
YC-1. Experiments were performed in isolated third branch endo-
thelium intact (control, U) or endothelium denuded (  $  ) pulmonary 
arteries from newborn  A  and 2-week-old ( B ) piglets stimulated
with U46619. The effects of pretreatment with the NOS inhibitor
L-NAME (0.1 m M ,  S ) in endothelium intact pulmonary arteries 
are also shown. The results are means  8  SE (n = 6–11). * p  !  0.05 
vs. control. Only levels of statistical signifi cance for the highest dif-
ference are shown. 
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ence of 3  �  M  of YC-1. The effect of YC-1 on NO-induced 
relaxation was not studied in arterioles. As  fi gure 4  
 shows, NO induced a concentration-dependent relax-
ation, being more potent in the 2-week-old than in new-
born animals (–log[IC 50 ] = 7.36  8  0.24 and 6.62  8  0.32, 
respectively). In the 2-week-old animals, YC-1 produced 
a signifi cant increase in the vasorelaxant potency of NO 
( fi g. 4 B, –log[IC 50 ] = 7.79  8  0.13, p  !  0.05). However, 
YC-1 produced a weaker (–log[IC 50 ] = 7.07  8  0.14) and 
non-signifi cant potentiation of the response to NO of the 
neonatal vessels ( fi g. 4 A). 

 Discussion 

 The compound YC-1 belongs to a novel class of drugs 
regarded as NO-independent activators and sensitizers of 
sGC, which are potential therapeutic agents in the treat-
ment of several pathologies in which the NO–cGMP 
pathway is impaired such as pulmonary hypertension  [4] . 
In the present study we describe that: (1) YC-1 induced 
a sGC-mediated relaxation of isolated fi fth- to seventh-
generation intrapulmonary arterioles with a similar po-
tency like in larger pulmonary arteries, (2) In the 2-week-
old piglet, but not in newborn animals, YC-1-induced 
pulmonary artery relaxation was impaired by endothe-
lium removal and NOS inhibition, (3) Finally, YC-1 ame-
liorated the response to exogenous NO in the 2-week-old 
but not in the neonatal pulmonary arteries. 

 Successful adaptation of the newborn to postnatal con-
ditions requires a dramatic transition of the pulmonary 
circulation from a high-resistance state in utero to a low-
resistance state within minutes after birth. NO is criti-
cally involved in these changes  [1] . A second gradual 
phase of reduction in pulmonary vascular resistance oc-
curs over the fi rst days and weeks of postnatal life in order 
to reach the low pulmonary arterial pressure characteris-
tic of the adult  [18] . An increased responsiveness to the 
NO/cGMP pathway during this period is thought to be a 
key event in this maturational process and has been dem-
onstrated in isolated pulmonary arteries from numerous 
species  [17, 19–24] . To understand this phenomenon, de-
velopmental changes in the expression and activity of nu-
merous proteins involved in the NO/cGMP pathway 
have been analyzed. The endothelial NO synthase (eNOS) 
expression and activity did not change after birth  [25, 26 ; 
authors unpublished data], cytosolic superoxide dis-
mutase (SOD-1) expression and activity decreased  [23, 
24] , the expression of sGC in homogenates from pulmo-
nary arteries increased with postnatal age both at the lev-
el of mRNA and protein  [11]  and PDE5 activity and ex-
pression increased with postnatal age  [27] . 

 In the present work, we have observed that the re-
sponse to YC-1 augmented with postnatal age in endo-
thelium-intact piglet pulmonary arteries, confi rming our 
previous results in endothelium-denuded arteries  [11] . 
Different parts of the pulmonary circulation can react 
differently to vasoconstrictor and dilator stimuli, a phe-
nomenon further infl uenced by age  [28] . However, YC-1 
showed similar vasorelaxant potency and a similar pat-
tern of age-related changes was observed in third branch 
and fi fth-seventh-generation intrapulmonary arterioles. 
These results are consistent with the age-dependent 
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  Fig. 4.  NO sensitizing effects of YC-1. Isolated third branch endo-
thelium-denuded pulmonary artery rings from newborn ( A ) and 
2-week-old ( B ) piglets were constricted with U46619 in the absence 
(control,  $ ) or presence of YC-1 (3  �  M , U  ) and concentration-re-
sponse curves to NO were carried out. The results are means  8  SE 
(n = 7–12). * p  !  0.05 vs. control. Only levels of statistical signifi -
cance for the highest difference are shown. 
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changes in the expression of sGC in the pulmonary resis-
tance arteries as described in third branch pulmonary ar-
teries  [11] . The pharmacology of YC-1 in piglet pulmo-
nary arteries appears to be different from that of other 
sGC activators (e.g., NO and the NO donor nitroprus-
side) and PDE5 inhibitors (e.g., sildenafi l). They all share 
their dependence on sGC activity because their effects 
are strongly inhibited by the sGC inhibitor ODQ. How-
ever, in contrast to NO  [17, 24]  and sildenafi l  [27] , the 
effects of YC-1 were, in the 2-week-old pulmonary arter-
ies, partially dependent on endothelium-derived NO as 
indicated by the inhibitory effect of L-NAME and endo-
thelium removal. Thus, our data suggest that YC-1 stim-
ulated vascular relaxation might be attenuated when the 
endothelium loses its integrity and/or ability to synthesize 
NO and suggest a synergistic action of basal endothelium-
derived NO and YC-1 on sGC. Alternatively, YC-1 might 
induce direct release of endothelium-derived NO as dem-
onstrated in bovine aortic endothelial cells  [8] . Even 
when our results cannot rule out a possible effect of YC-1 
on endothelial cells, YC-1 showed sinergistic effects with 
exogenous NO in endothelium denuded arteries consis-
tent with the view that YC-1 sensitized sGC to NO. 

 Some infants fail to achieve normal postnatal decrease 
in pulmonary vascular resistance, which leads to severe 
respiratory distress and hypoxemia, referred to as PPHN 
 [1] . Reduced NO synthesis, bioavailability and/or activ-
ity have been involved in the pathogenesis of PPHN  [1, 
29] . In addition, multicenter, randomized trials have 
shown that inhaled NO improves the clinical condition 
of infants with PPHN  [30] . However, therapy with in-
haled NO fails in 40–50% of the patients  [30] . Sensitiza-
tion to NO that can be achieved by either increasing 
cGMP synthesis (i.e., increasing sGC activity) or reduc-
ing cGMP metabolism (i.e., reducing PDE5 activity) ap-
pears as a novel potential strategy to treat PPHN. The 
PDE5 inhibitor sildenafi l has been shown to be a rela-
tively selective pulmonary vasodilator with minor sys-
temic effects and can be used either alone or in combina-
tion with inhaled NO  [31] . It has been recently introduced 
in the treatment of adult pulmonary hypertension and it 
is also potentially useful in the treatment of PPHN  [30] . 
However, deleterious effects on arterial oxygenation have 
been reported in animal models of neonatal pulmonary 
hypertension  [32] . 

 Apart form its putative effects as PDE inhibitor  [4] , 
YC-1 and similar compounds, which produce NO inde-
pendent activation and sensitization towards NO, might 
have   important pharmacological implications   for the 
therapy of PPHN. The pyrazolopyridine derivative BAY 

41–2272, a compound structurally related to YC-1  [33] , 
augmented and prolonged the pulmonary vasodilator re-
sponse to inhaled NO in lambs with U46619-induced 
pulmonary hypertension  [34] . In the present work, we 
have observed that YC-1 increased the peak relaxation in 
response to an exogenous NO challenge in endothelium-
denuded 2-week-old conduit pulmonary arteries. This ef-
fect is consistent with the previously reported YC-1-in-
duced increase in the potency of NO on purifi ed sGC 
activity  [35] . Remarkably, YC-1 mediated NO sensitiza-
tion was weak and non-signifi cant in the neonatal arter-
ies. In fact, and as previously described the vasorelaxant 
responses induced by exogenously added NO in endothe-
lium-denuded pulmonary arteries increased with matura-
tion  [17, 27] , and this age-related differences in NO-in-
duced relaxation were exacerbated in the presence of 
YC-1. As mentioned above, maturational changes in the 
effi cacy of NO/cGMP to induce pulmonary vascular re-
laxation are due to alterations in multiple steps in the 
signaling pathway  [11] . Due to the important segmental 
differences in vascular contractility that are present in the 
pulmonary circulation, informations obtained in conduit 
pulmonary arteries should be cautiously extrapolated to 
resistance vessels and to in vivo situation. However, the 
present results indicate that YC-1 is also less effective as 
a vasodilator and NO sensitizer in the neonatal period 
and suggest a possible disadvantage of this drug for the 
treatment of PPHN. 

 In conclusion, the ability of YC-1 to induce pulmonary 
vascular relaxation and to augment the relaxant effects of 
NO increased with postnatal age. Either alone or in com-
bination with exogenous NO, YC-1 and YC-1-like com-
pounds could be an excellent therapeutic tool for the man-
agement of PPHN. However, one of the points of concern 
would be a reduced sensitivity of neonatal vessels to the 
pulmonary vascular actions of these compounds. 
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Isoprostanes are prostaglandin-like bioactive molecules generated via nonenzymatic peroxidation of lipid
membrane-derived arachidonic acid by free radicals and reactive oxygen species. Their cognate receptors,
biological actions, and signaling pathways are poorly understood. Aside from being sensitive and specific
biomarkers of oxidative stress, E- and F-ring isoprostanes have important biological functions and likely
mediate many of the disease-related pathological changes for which they are used as indicators. The
biochemical pathways involved in isoprostane formation, their pathogenetic relevance to adult disease
states, and their biological function are addressed. Developmentally, plasma and tissue content data show
that isoprostane levels are highest during fetal and early neonatal life, when compared with adults. As such,
the available data suggesting that isoprostanes play an important biological role, as well as possibly actively
participate in the regulation of pulmonary vascular tone and the transition from fetal to postnatal life, are
here reviewed. Lastly, the association between isoprostanes and certain neonatal clinical conditions is
addressed. Although its existence has been recognized for almost 20 years, little is known about the critical
importance of isoprostanes during fetal life and immediate neonatal period. This review is an attempt to
bridge this knowledge gap.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

The long-standing paradigm that only enzymatically formed
compounds have important biological functions changed when
Morrow et al. discovered that racemic prostaglandin (PG) diastereoi-
somers, later named isoprostanes (IsoPs), were produced in large
amounts in vivo [1–3]. IsoPs are nonenzymatic, free radical-catalyzed
isomers of cyclooxygenase (COX)-derived enzymatic products of
arachidonic acid [1,2,4].

Under physiological conditions, IsoPs are present at nanomolar
concentrations in biological fluids [2]. The development of reproduc-
ible and highly sensitive techniques, such as gas chromatography
coupled to tandem mass spectrometry, to accurately measure IsoP
levels [5] led to its acceptance as one of the most reliable indicators of
in vivo free radical-induced oxidative stress.

IsoP body fluid levels have been extensively used as clinical
markers of oxidative stress in many disease states such as athero-
sclerosis, diabetes, systemic hypertension, and cystic fibrosis [6–8].
Yet, members of the IsoP family are also biologically active and likely
contribute to the pathogenesis of oxidant-induced injury and may
mediate clinical features of diseases for which they are used as
indicators.

Oxidative stress, a term originally coined by Helmut Sies [9],
results from an imbalance between production of reactive oxygen and
nitrogen species (ROS and RNS) and endogenous antioxidant defense
mechanisms. Superoxide anion, hydrogen peroxide, and hydroxyl
radicals are the main ROS involved in oxidative stress-mediated
damage. Peroxynitrite, formed when nitric oxide interacts with
superoxide, is one of the most important RNS compounds and their
generation associated with vascular changes and tissue damage [10].

The transition from fetal to postnatal life imposes a significant
stress on the newborn by virtue of a 3- to 4-fold increase in arterial
oxygen tension. This “physiologicq oxidative stress activates specific
metabolic pathways enabling an adequate adaptation to the extra-
uterine environment [11–15]. Although possibly better suited than
adults to withstand the rapid increase in blood oxygen tension
occurring at birth, the newborn IsoP levels are significantly higher
than later in life [16,17]. Increased IsoP body fluid levels have also
been reported in preeclampsia, intrauterine growth retardation,
asphyxia, intraventricular hemorrhage, periventricular leukomalacia,
bronchopulmonary dysplasia [18], pulmonary hypertension, and
retinopathy of prematurity [19–22]. Common to all these fetal and/
or neonatal conditions is the presence of ROS-induced oxidative
stress.

In this review we will address the biochemical pathways involved
in IsoP formation, their pathogenetic relevance in disease states and
biological function. We will specifically focus on IsoPs as markers of
oxidative stress during gestation and the perinatal period. In addition
we will review the limited available data relative to the involvement
of IsoPs on the developmental-dependent regulation of pulmonary
and systemic vascular resistance and their associated clinical
implications. A better understanding of the factors accounting for
IsoP generation and their biological effects may open new therapeutic
and preventive avenues in dealing with disease states from fetal to
adult life.

Biochemistry of isoprostanes

The isolation of PG diastereomer compounds from human plasma
and urine [1,2] led to the recognition that PGs and IsoPs are generated

Fig. 1. Generation and structure of isoPs, isothromboxanes, and isoketals.
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via very similar pathways [3]. The nonenzymatic formation of IsoPs
requires arachidonic acid, molecular oxygen, and free radicals (Fig. 1).
Unlike COX-derived PGs, IsoPs are formed primarily in situ from
esterified arachidonate present in tissue phospholipids. Following
tissue formation, esterified IsoPs are enzymatically hydrolyzed in situ
to form bioactive compounds that are released into the circulation
[23,24].

The pathway of IsoP biosynthesis has been extensively described
in several recent reviews [3,4,6,25–27], and thus will be only
summarized here. Following abstraction of a bisallylic hydrogen
atom and the addition of a molecule of oxygen to arachidonic acid to
form a peroxyl radical, exo-cyclization occurs and an additional
molecule of oxygen is added to form PGG2-like compounds (G2-IsoPs)
[3,4,6,25–27]. The process can be triggered by several ROS and RNS,
including superoxide and peroxynitrite. Reduction of G2- to H2-IsoPs
follows in a process that mirrors PG biosynthesis. Once formed,
H2-IsoPs are fully reduced to form one of four prostaglandin F2a
isomers (F-ring or F2 IsoPs), which are denoted as 5-, 12-, 8-, or
15-series isomers depending on the carbon atom to which the side
chain hydroxyl is attached. Platelet-activating factor acetylhydrolases
play an important role in the hydrolysis of F2 IsoPs [24].

The H2-IsoP intermediate can also undergo rearrangement to form
compounds that are isomeric to PGE2 (E-ring or E2 IsoPs), PGD2 (D-
ring or D2 IsoPs), or thromboxane (TX)A2 (isothromboxanes) (Fig. 1)
[6,28]. Dehydration of E2- and D2-IsoPs, under physiological condi-
tions generates cyclopentenone A2- and J2-IsoPs, respectively. These
cyclopentenone IsoPs, unlike other classes of IsoPs, contain highly
reactive unsaturated carbonyl moieties on the prostane ring analo-
gous to COX-derived PGA2 and PGJ2 that readily undergo Michael
addition to thiols [29].

An important structural distinction between IsoPs and COX-
derived PGs is that the former contain side chains predominantly
oriented cis to the prostane ring [2,26]. Because the first IsoPs
described differed from COX-derived PGs, they were originally named
8-iso-PGF2α, or 8-epi-PGF2α. However, such a nomenclature does not
allow for the clear differentiation of the numerous isomeric structures
and alternative nomenclatures [30,31] have been proposed. One of
these newer nomenclatures is the one by Taber et al. that will be used
in this review. However, as the original former nomenclature is still
frequently used, the “classical” names of the compounds more
frequently addressed in this review are described (together with the
Taber's suggested terminology) in Fig. 2 and tables legends.

Arachidonic acid is not the only polyunsaturated fatty acid that can
be oxidized to generate IsoPs [32–34,26]. F-ring IsoPs have been
shown to be generated from the peroxidation of linolenic acid (F1-
IsoPs), eicosapentaenoic acid (F3-IsoPs), and docosahexaenoic acid
(F4-neuroprostanes). In addition, E-, D-, A- and J-ring isoP-like
compounds are generated from the oxidation of docosahexaenoic
and presumably eicosapentaenoic acid [33–34,26]. The biological
relevance of these new compounds is currently under scrutiny.
However, it should be noted that, when compared to arachidonic acid,
the cell contents of linolenic and eicosapentaenoic acids are very low.
Docosahexaenoic acid is mostly present in brain gray matter [3].
Nevertheless, it has been hypothesized that eicosapentaenoic and
docosahexaenoic acid-derived IsoPs contribute to the beneficial
biological effects of fish oil supplementation [26].

A series of highly reactive isomeric acyclic compounds termed
isoketals (or isolevuglandins) (Fig. 1) are generated from IsoPs and
can be present in biological systems [35–38]. These compounds can
form covalent protein adducts at a very fast rate, exceeding what is
commonly observed for other lipid peroxidation compounds [39].
Isoketals are possibly involved in the arrhythmia-related myocardial
ischemia-induced changes in cardiac ion channel function [40].
Isoketals also appear to play a role in platelet aggregation and may
contribute to the pathogenesis of atherosclerosis and thrombosis [37].
The role of isoketals has not been investigated in the fetus and

newborn, but these compounds likely also play a role in oxidative
stress-related disorders during this stage of development.

Recently, another family of isomers termed isofurans has been
discovered [41]. Isofurans derive from the peroxidation of arachi-
donic acid and are characterized by a substituted tetrahydrofuran
ring structure and are the result of molecular O2-induced attack in
the carbon-centered radical intermediate of the IsoP pathway. A rise
in arterial blood O2 tension secondary to hyperoxia exposure
promotes isofuran generation, consequently limiting the formation
of IsoPs [42].

Isoprostanes as biomarkers of oxidative stress

ROS are unstable and have a complex chemistry and most
biochemical methods to measure oxidative status lack specificity
and/or sensitivity. IsoPs rapidly diffuse to the extracellular space and
remain stable in body fluids such as blood and urine. This, together
with the well-proven direct relationship between their blood and
urine levels, has heralded IsoPs as reliable, reproducible, and sensitive
markers of oxidative stress [43]. IsoP levels can be measured in
plasma, urine, cerebral spinal fluid, bile, and bronchoalveolar lavage
fluid [44]. Normal 15-F2t-IsoP urine values for healthy adults have

Fig. 2. Contractile effects of cumulative half-logarithmic concentrations of isoPs in
pulmonary arteries of newborn (b24-h-old) piglets. Note that both E- and F-ring
isoprostanes induce concentration-dependent contractions that are reversed by
addition of the TP-receptor antagonist SQ 29,548 (SQ, 10 μM). The thromboxane A2

mimetic U46619 shows a higher contractile potency and efficacy than the isoPs.
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been determined [45]. As compared with other biomarkers of
oxidative stress, quantification of plasma or urinary IsoPs is the best
approach to evaluate oxidant stress status in vivo [43].

Most commonly the F2-IsoPs are the chosen ones to quantify
oxidative stress both in vitro and in vivo. Gas chromatography/mass
spectrometry (GC/MS) is currently the most sensitive and reliable
method to measure F2-IsoPs in biological fluids and tissues [44]. Other
methods employing either gas or liquid chromatographic/mass
spectrometry (LC/MS) are also available, but concerns about the
sensitivity of this method have been raised [44]. A number of other,
commercially available, immunological methods exist to measure
IsoPs in vivo or in vitro. Yet, the sensitivity and specificity of these
available ELISA kits remain questionable [44].

As noted above, under high O2 tension, the formation of IsoP is
reduced while isofuran generation increases. As such, it has been
recently proposed that isofurans may be more reliable biomarkers of
oxidative stress under these conditions [42]. For example, a marked
increase in isofurans during hyperoxia-induced lung injury in mice
has been observed, whereas IsoPs remained unchanged [41].
Moreover, resuscitation of preterm babies with high O2 concentra-
tions (90%) has been shown to be associated with increased
bronchopulmonary dysplasia (BPD) prevalence, as well higher urine
isofurans, but not IsoP levels [11]. Together these data suggest that
when studying body fluids of subjects exposed to high inspired O2

concentrations in addition to IsoPs, isofuran concentrations should
also be measured.

In body fluids, F2-IsoPs and isofurans can be purified and
quantified simultaneously in a single GC/MS assay. Currently, no
immunological methods are commercially available to measure
isofurans. Yet, in the commonly utilized immunoassays for IsoPs
cross-reactivity with isofurans has not been properly evaluated. Thus,
it is possible that IsoP immunoassayed measurements may reflect, at
least partially, changes in isofuran levels.

Lastly, the extent to which urine IsoP levels are influenced by the
renal tissue production of these molecules is unclear. The primary
urinary metabolite of 15-F2t-IsoP is the 2,3-dinor-5,6-dihydro-8-iso-
prostaglandin F2α [46]. More recently developed methodologies
capable of separating this urine-specific metabolite from the total
IsoP pool may allow for more accurate determination of extrarenal
oxidative stress in vivo [47].

Isoprostanes as mediators of biological activity

IsoPs exhibit vasoactive, inflammatory, and mitogenic properties
[6,48,49] and thus may mediate and/or be directly responsible for a
number of physiological and/or pathological processes. The current
knowledge on the biological effects of IsoPs is mostly derived from the
F2 series (of which 15-F2t-IsoP is the most studied) and 15-E2-IsoP.

Most of the available data identify 15-F2t-IsoP as a vasoconstrictor
in most species and vascular systems [50]. Yet the 15-F2t-IsoP-
dependent smooth muscle contractile response is not restricted to
blood vessels. A similar response has also been reported in lymphatic
[51,52], bronchial [53], intestinal [54], anduterine smoothmuscle [55].
Other 15-F IsoPs, such as 9-epi-15-F2t-IsoP, 15-epi-15-F2t-IsoP, ent-15-
F2t-IsoP, and ent-15-epi-15-F2t-IsoP are also vasoactive, although for
themost part less potent than 15-F2t-IsoP (Tables 1 and 2). TXA2-PGH2

receptors (TP) are believed to mediate the effect of these ligands [49].
In endothelial cells, 15-F2t-IsoP modulates the release of vasodilators
such as nitric oxide and prostacyclin, as well as vasoconstrictors such
as TXA2 and endothelin-1 (ET-1) (Tables 1 and 2).

In humans, two major metabolites of 15-F2t-IsoP are produced:
2,3-dinor-15-F2t-IsoP and 2,3-dinor-5,6-dihydro-15-F2t-IsoP [46,48].
The 2,3-dinor-5,6-dihydro-15-F2t-IsoP-induced porcine brain micro-
vessel constriction is comparable to that of 15-F2t-IsoP [56].

The vasoactive properties of several 5- and 12-series F2 IsoP
isomers have been also studied in pig retinal and brain microvascu-
lature. The 12-series isomers tested, 12-F2t-IsoP and 12-epi-12-F2t-
IsoP, caused marked vasoconstriction. Of the 5-series isomers tested,
5-F2t-IsoP and 5-epi-5-F2t-IsoP possessed no vasomotor properties,
whereas ent-5-F2t-IsoP caused modest vasoconstriction [57].

E-ring IsoPs, and more particularly 15-E2-IsoP, can also induce
vasoconstriction via TP receptors (Tables 1 and 2). In certain vascular
tissues, 15-E2-IsoP is a more potent vasoconstrictor than 15-F2t-IsoP
[58]. Interestingly, a contractile response was found to be exerted
through EP receptors (likely of the EP3 subtype) in porcine pulmonary
vein [49,59]. However, 15-E2-IsoP may also induce smooth muscle
relaxation through EP receptors [49,60].

Relaxant actions of F- and E-ring IsoPs have been described in
many other vascular tissues [61–63]. These actions were frequently
masked by the vasoconstrictive effects of IsoPs via TP receptors, and
only were observed when these receptors were blocked by

Table 1
Isoprostane reported effects in distinct adult animal species and vascular beds

Species/vascular bed Compound Effect (pathway) References

Rat/renal F2α Constriction (TP) [2,163]
Rat/pulmonary F2α Constriction (TP, COX, PKC)/ relaxation (NO) [61,164–166]
Rat/aorta F2α Constriction (TP,) [166,167]
Rat/cerebral arterioles F2α, E2 Constriction (TP) [168]
Rat/portal vein F2α Constriction (TP) [169]
Rat/whole animal F2α, E2 Hypertension (TP) [170]
Mouse/renal E2 Relaxation (cAMP, KCa) [62]
Rabbit/pulmonary F2α Constriction (TP) [171]
Rabbit/ear F2α Constriction (TP) [172]
Guinea pig/coronary F2α, E2 Constriction (TP) [173]
Guinea pig/cochlear vessels F2α Constriction (TP) [174]
Pig, cow, sheep /coronary F2α Constriction, not in sheep (TP) [175]
Pig/carotid F2α Constriction (TP, MAPK, MLC phos) [176]
Pig/retinal vessels F2α Constriction (TXA2, ET-1) [161]
Pig/coronary F2α Constriction (↑ in hypercholesterolemia) [177]
Pig/pulmonary E1, E2, F1α, F2α, F2β Constriction [59]
Pig/coronary E1, E2, F2β Relaxation (hyperpolarization) [63]
Dog/pulmonary E1, E2, F1α, F2α, F2β, F3β Constriction (TP, EP, TK, ROCK)/ relaxation (E1) [178]
Human/saphenous vein F2α Constriction (TP) [179]
Human/internal mammary F2α Constriction (TP, TXA2 ) [180]
Human/pulmonary E1, E2, F1α, F2α, F2β, F3β Constriction (TP, EP, TK, ROCK)/ relaxation (E1 in veins) [178]
Human/radial artery E1, E2, F2β Constriction (TP, Ca2+ stores, ROCK) [181]

E1, 15-E1t-IsoP (formerly 8-iso-PGE1); E2, 15-E2t-IsoP (8-iso-PGE2); F1α, 15-F1t-IsoP (8-iso-PGF1α); F1β, 9 -epi-15-F1t-IsoP (8-iso-PGF1β); F2α, 15-F2t-IsoP (8-iso-PGF2α); F2β, 9-epi-15-
F2t-IsoP (8-iso-PGF2β); F3β, 9 -epi-15-F3t-IsoP (8-iso-PGF3β)MAPK, mitogen-activated protein kinase; MLC phos, myosin light chain phosphorylation; ROCK, Rho kinase; TK, tyrosine
kinase; TP/EP, prostanoid receptors.
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antagonists (such as SQ 29,548 or ICI 192605), or saturated by an
agonist (such as U46619) [61–63].

Aside from its effect on smooth muscle tone, IsoPs participate in a
number of other cell-specific functions. There have been a number of
different E-ring and F-ring IsoPs tested for their function on platelets
and they have collectively been found to be antiaggregatory [48]. The
mechanism of the effects of 15-F2t-IsoP on platelets and the receptors
involved has been explored in detail. It was found to bind to two
independent sites on platelets. One of these sites is the TP receptor,
which is stimulatory. The other platelet-binding site results in
increased cAMP levels and thus has an antiaggregatory effect. E-,
but not F-ring, IsoPs promote the release of granulocyte/macrophage
colony-stimulating factor (GM-CSF) and granulocyte colony-stimu-
lating factor (G-CSF) from human airway smooth muscle cells
stimulated with interleukin-1β [64]. The GM-CSF and G-CSF response
is cAMP and PKA mediated and involves EP2, EP3, and EP4 receptors
[64]. In addition, there is evidence that IsoPs may have an anti-
inflammatory effect. 15-F2t-IsoP suppresses the adhesion of mono-
cytes to microvascular endothelial cells in vitro via a TP-dependent
and -independent signaling cascade [65]. No data concerning the
biological effects of isothromboxanes are currently published, likely
because the TXA2 ring is very unstable and longer lasting isothrom-
boxane analogues are required for these measurements.

Recent studies on cyclopentenone IsoPs, such as 15-A2-IsoP and
15-J2-IsoP, were rendered possible by their recent successful chemical
synthesis [66,67]. It has been suggested that cyclopentenone IsoPs
serve as negative feedback regulators of inflammation and may
mediate the oxidative stress-induced inflammatory response [3,68].
Very recently, Musiek et al. proposed that cyclopentenone IsoPs
represent a novel class of neurotoxic lipid peroxidation products that
contribute to ischemic and excitotoxic injury in the central nervous
system [69].

Oxidative stress, isoprostanes, and human pathological conditions

Oxidative stress is postulated to be involved in a number of
pathological conditions involving the cardiovascular, pulmonary,
renal, gastrointestinal, hepatic, and neurologic systems, as well as
metabolic and inflammatory diseases [6]. Most of the data relative to
the pathogenetic role of IsoPs in human disease were obtained from
older children and adults. The relevant adult available data will be
here reviewed with an exclusive focus on cardiovascular and
pulmonary pathological conditions. The reader should be reminded,
however, that the IsoP role in human diseases is likely equally
operative under similar pathological conditions during fetal and
neonatal life, as we further discuss in the next section.

Oxidative stress is known to induce endothelial dysfunction and
vascular remodeling in a number of vasculopathies. Systemic
hypertension associated with renovascular disease has an increased
urinary 15-F2t-IsoP excretion, suggesting that the elevated blood
pressure is secondary to oxidative stress-induced activation of the
renin–angiotensin system [70].

Diabetes, a condition involving alterations of the retinal, renal, and
peripheral vasculature, is associated with evidence of oxidative stress.
15-F2t-IsoP levels correlate with insulin requirements in early type 1
diabetes and are significantly higher in the poorly controlled, insulin-
dependent diabetic when compared with patients under good
glycemic control [71]. A cross-sectional study performed in children
with recently diagnosed type 1 diabetes, and compared with age- and
gender-matched subjects with onset of the disease longer than 1 year,
showed significantly higher levels of 15-F2t-IsoP in the former [72]. In
fact, another large and well-controlled study of children less than 7
years of age documented a direct correlation between 15-F2t-IsoP
levels in early infancy and the risk of type 1 diabetes [73]. A
connection among xanthine oxidase activity, ROS generation, and
diabetic control in children has been shown and allopurinol, an
inhibitor of this enzyme, improved glycosylated hemoglobin [74].
These results demonstrate that enhanced lipid peroxidation repre-
sents an early event in type 1 diabetes that is clearly present even
prior to the disease onset, and possibly plays a pathogenic role in the
disease development.

Hypercholesterolemia, a condition manifested early in life and
resulting in premature arteriosclerosis in children, has recently been
shown to be associated with oxidative stress [75]. This association is
likely of a causative nature, since children with gp91(phox)
hereditary deficiency showed downregulation of platelet gp91
(phox) and reduced urinary excretion of F2-IsoPs [75]. In adults
with coronary artery calcification, a manifestation of coronary artery
atherosclerosis, high F2-IsoPs have been reported in both sexes [76],
suggesting that oxidative stress is also involved in these pathologies.

In the lung, oxidative stress with elevated levels of 15-F2t-IsoP has
been documented in adults with idiopathic pulmonary hypertension.
In these patients, IsoP levels are inversely correlated with the
magnitude of the decrease of pulmonary vascular resistance on
treatment with inhaled nitric oxide [77] or epoprostenol [78]. This
observation is supportive of a role for free radical generation in the
pathogenesis of pulmonary hypertension. Increased IsoP levels are
also present in a number of airway clinical conditions. These include
cystic fibrosis [79–83] and asthma in children [84–87], as well as
adults [88–90]. The extent to which oxidative stress is a biomarker of
the disease, as suggested by many, or reflective of the IsoP direct
biological activity [91] is currently unclear, but under intense scrutiny
[49].

The vascular dysfunction observed in autoimmune diseases also
appears to be related to oxidative stress. Adult patients with
systemic lupus erythematosus, and a disease duration greater than
1 year, showed a higher 15-F2t-IsoP serum concentrations, when
compared with age- and sex-matched controls [92]. Another study
addressing the atherosclerotic risk factors and endothelial function
in pediatric-onset systemic lupus erythematosus reported no
evidence of increased IsoP levels in these patients [93]. Yet, this
could be related to duration of the disease state. In patients with
multiple sclerosis, cerebrospinal fluid 15-F2t-IsoP is elevated, and the
levels correlate with the degree of disability and are reduced in

Table 2
Isoprostane reported effects in distinct fetal and newborn animal species and vascular beds

Species/vascular bed Compound Effect (pathway) References

Rat(NB)/pulmonary F2α Constriction (TP,TXA2)/Relaxation (NO) [131]
Pig (18-d)/pulmonary F2α Constriction (TP) [134]
Pig (fetal, NB)/cerebral F2α Constriction (TXA2) [141]
Pig (NB)/pulmonary, mesenteric E1, E2, F1α, F2α, F1β, F2β Constriction (TP, TK, ROCK)/Relaxation (NO) [132]
Human/umbilical artery F2α, E2 Constriction (TP, ROCK) [123,124]
Human/umbilical vein E1, E2, F1α, F2α, F2β Constriction (TP, TXA2 ) [121,122]
Human/placental, myometrial arteries F2α, E2 Constriction (ROCK, placental arteries) [182]

E1, 15-E1t-IsoP (formerly 8-iso-PGE1); E2, 15-E2t-IsoP (8-iso-PGE2); F1α, 15-F1t-IsoP (8-iso-PGF1α); F1β, 9 -epi-15-F1t-IsoP (8-iso-PGF1β); F2α, 15-F2t-IsoP (8-iso-PGF2α); F2β, 9-epi-15-
F2t-IsoP (8-iso-PGF2β); F3β, 9 -epi-15-F3t-IsoP (8-iso-PGF3β); NB, newborn; MAPK, mitogen-activated protein kinase; MLC phos, myosin light chain phosphorylation; ROCK, Rho
kinase; TK, tyrosine kinase; TP/EP, prostanoid receptors.
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subjects under steroid therapy [94]. Increased IsoP levels have been
also been reported in Crohn's disease [95], and antiphospholipid
syndrome [96]. Possibly because of its autoimmune etiology,
hyperthyroidism, but not hypothyroidism, is also associated with
higher 15-F2t-IsoP levels [97].

Lastly elevated IsoP levels in biological fluids are present in a
number of other conditions possibly associated with oxidative stress.
Children with Duchene muscular dystrophy and Becker muscular
dystrophy have elevated 15-F2t-IsoP levels [98]. Adolescents with
sickle cell anemia have elevated urine 2,3-dinor-5,6-dihydro-15-F2t-
IsoP and inflammatory markers [99]. IsoPs have also been implicated
in acute, trauma-related cerebral vascular changes in children. On the
first day after a traumatic brain injury, 15-F2t-IsoP levels in the
cerebrospinal fluid are elevated, when compared with control
subjects, and decrease with clinical improvement [100].

Isoprostanes and the fetus

As compared with adults, the plasma 15-F2t-IsoP levels of
newborns are significantly higher and an inverse relationship
between the IsoP levels and the gestational age was reported
[16,17]. The source of IsoP generation during gestation is unclear,
but mounting evidence points to the placenta as an important
contributor. 15-F2t-IsoP concentration in plasma from the umbilical
vein was reported to be much higher than the arterial counterpart,
suggesting that the placenta is a major source of IsoP generation
during fetal life [101]. Experiments with human umbilical vein
endothelial cells demonstrated that estradiol decreased and proges-
terone reversed the estradiol-induced effect on 15-F2t-IsoP formation
in vitro [102], suggesting that IsoP generation during gestationmay be
under hormonal regulation.

Pregnancy-related placental abnormalities are associated and
possibly caused by oxidative stress. In pregnancies complicated by
preeclampsia, decidual placental layer-derived 15-F2t-IsoP generation
is increased [103,104], and maternal plasma levels of of this
metabolite are significantly higher in women with preeclampsia,
when compared with normal pregnancies [8,105].

IsoPs, possibly by inducing placental vasoconstriction, may indeed
modulatemany of the clinical manifestations of preeclampsia [106]. In
rats, chemical inhibition of angiogenesis early in pregnancy results in
changes similar to preeclampsia and are associated with an increased
placental 15-F2t-IsoP formation [107]. These findings strongly suggest
that oxidative stress plays an important role in the pathogenesis of
this disease.

A number of well-known maternal clinical conditions manifesting
during pregnancy show evidence of oxidative stress, with diabetes
being the most well-studied disease. In rats with chemically induced
diabetes, the urinary excretion of 15-F2t-IsoP is significantly increased
during pregnancy, as compared with nondiabetic pregnant controls
[108,109]. The association between oxidative stress and diabetic
embryopathy has been suggested on the basis of experiments
conducted with transgenic and knockout mice for the antioxidant
CuZnSOD [110]. Knocking out of the gene responsible for CuZnSOD
protein expression led to universal fetal demise. Yet, in mice made
diabetic during pregnancy, the prevalence of fetal teratogenicity was
more related to the increase in maternal blood glucose levels, than the
fetal antioxidative capacity [110].

Increased IsoP levels were reported in small for gestational age
neonates [111], and the risk of intrauterine fetal growth retardation is
directly proportional to their amniotic fluid concentration [112].
Maternal smoking during pregnancy, a known cause of fetal growth
retardation, is associated with increased umbilical arterial IsoP levels
[113]. A ninefold increase in 15-F2t-IsoP levels was found in amniotic
fluid of pregnancies with Down's syndrome, a condition commonly
associated with fetal growth restriction [114]. Interestingly, fetal
alcohol exposure, another known cause of intrauterine growth

retardation and embryopathies, is not associated with abnormal
IsoP levels at birth [47].

Premature and prolong rupture of the membranes is also
associated with higher IsoP levels in the amniotic fluid [115]. When
the umbilical cord arterial and venous plasma levels were measured
and correlated with the status of term infants at birth, significantly
higher arterial concentrations were demonstrated in the presence of
fetal distress [116]. In a study tracking the outcome of infants born
prematurely a direct correlation between evidence of oxidative stress
and neonatal morbidity was documented. The venous but not arterial
umbilical cord-derived plasma 15-F2t-IsoP levels are associated with a
significant increase in the prevalence of one or more clinical
conditions believed to be associated with, and possibly caused by,
oxidative stress injury [19]. These include chronic lung disease,
intracranial hemorrhage, necrotizing enterocolitis, and retinopathy of
prematurity. Together these studies suggest that oxidative stress
during gestation is associatedwithmaternal and neonatal ill effects on
the fetus and placenta possibly mediated via IsoP-induced vasocon-
striction, thrombosis, and/or inflammation.

The extent towhichmaternal–fetal oxidative stress can be reduced
during pregnancy is unknown. A reduction in the level of biomarkers
of oxidative stress in neonates has been anecdotally reported
following the use of antioxidants during pregnancy [117–120]. These
included melatonin and fish oil, substances of questionable antioxi-
dant effectwhen orally ingested. Until further evidence of their clinical
benefit is available, the oral administration of such antioxidants during
pregnancy ought to be considered as experimental therapy.

Isoprostanes and the control of umbilical vasculature

The IsoP-induced vasomotor effects on human umbilical vessels
have been widely studied out of the belief that the in vitro responses
offer further insight on the potential role of these prostanoids on the
in vivo regulation of umbilical–placental vascular resistance. Although
not necessarily so, given the unique nature of the umbilical
vasculature, the reported data further substantiate results obtained
from animal studies. When compared with the TXA2 analogue
U46619, E- and F-ring IsoPs vasoconstrict human umbilical veins to
a lesser extent [121,122]. E-ring IsoPs elicit a greater endothelium-
dependent vasoconstrictive response, when comparedwith the F-ring
compounds, an effect likely mediated via TXA2 [122].

Similar studies on the human umbilical artery also demonstrated
that the E- and F-ring IsoPs have a vasoconstrictive effect mediated via
TP receptors [123]. Yet, the 15-E2t-IsoP-induced vasoconstriction was
antagonized by the Rho kinase inhibitor Y-27632, suggesting that the
response is RhoA/Rho kinase dependent [124]. Interestingly, in the
same study, RhoA and Rho kinase mRNA expression levels were
measured in umbilical arteries from neonates born to normotensive
and preeclamptic women. Preeclampsia was associated with a
reduction in mRNA expression of these compounds, which the
authors speculated was a protective response to enhance placental
blood flow in this disease [124].

Isoprostanes and the neonatal circulation

During the transition from fetal to postnatal life, dramatic changes
in the pulmonary circulation take place, mostly characterized by a
marked decrease in pulmonary vascular resistance within minutes
from birth [125]. A second phase of pulmonary vascular resistance
reduction takes place over the first weeks of extrauterine life. Many
developmentally dependent factors are thought to regulate the
pulmonary blood flow changes during, and immediately following,
birth [58,125–130]. The pulmonary vascular responses to IsoPs have
been studied in the newborn rat [131] and pig [58,132] and the
available data suggest that these compounds play an important role in
the transitional circulation.
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Belik et al. analyzed the effects of 15-F2t-IsoP in intralobar
pulmonary arteries of 1- and 2-week-old rats, as compared with
adults [131]. 15-F2t-IsoP evoked a TP-receptor-mediated contraction
that increased with postnatal age in a similar pattern as previously
reported with the TXA2 mimetic and TP-receptor agonist U46619
[133]. In U46619-precontracted pulmonary arterial muscle, 15-F2t-
IsoP induced a relaxant effect in the adult and further contraction in
the newborn rat. This pulmonary vasoconstrictor effect of 15-F2t-IsoP
was abolished by endothelium removal and NO synthase inhibition,
and was markedly attenuated by COX blockade [131].

Truog et al. [134] observed that 15-F2t-IsoP induced marked
pulmonary vasoconstriction in 2-week-old piglets. Gonzalez-Luis et
al. [58] evaluated the response to several F- and E-ring IsoPs in
pulmonary arteries and veins from newborn and 2-week-old piglets
(Table 2). A postnatal age-dependent reduction in the contractile
responses to 15-F1t-IsoP, 9-epi-15-F1t-IsoP, 15-F2t-IsoP, and 15-E2t-
IsoP was documented in these vessels (Fig. 1). IsoP contraction was
mediated through the TP receptor and the signaling pathways
involved tyrosine kinases(s) and Rho kinase [58]. Interestingly, no
developmental changes on the pulmonary vascular responsiveness to
the TP-receptor agonist U46619 were observed. Therefore, age-
related decreases in pulmonary vascular sensitivity appear to be
unique for IsoPs. In the presence of a TP-receptor antagonist (SQ
29,548), 15-E2t-IsoP induced an endothelium-derived NO-dependent
relaxation in pulmonary arteries that increased with postnatal age
[132]. The E- and the F-ring IsoPs also induced TP-mediated
contraction of neonatal and 2-week-old piglet mesenteric arteries
that decreased with postnatal age [58].

Isoprostanes and the newborn

Judged by the plasma and urine IsoP levels, newborns are
subjected to a greater oxidative challenge, when compared with
adults, and the more immature the infant at birth the higher the
plasma 15-F2t-IsoP content [16,135]. Interestingly, and further
suggesting that the source of IsoP generation during gestation is the
fetus and/or placenta, the maternal 15-F2t-IsoP levels during
pregnancy and post delivery are not different than levels in
nonpregnant women [16]. The fact that the higher IsoP levels at
birth are associated with oxidative stress is further supported by the
evidence that markers of oxidation-damaged erythrocyte removal
from the blood are present in 74% of preterm and 21% of term
newborns, as compared with only in 10% of adults [136]. The plasma
15-F2t-IsoP levels gradually decrease, and by 6 months of age are
reduced to 25% of the birth value [17].

As noted earlier, IsoPs may be involved in the pathogenesis of
several neonatal clinical conditions including asphyxia, intraventric-
ular hemorrhage, periventricular leukomalacia, bronchopulmonary
dysplasia pulmonary hypertension, and retinopathy of prematurity
[19–22]. The following is an organ-specific review of the most
relevant and recent reports suggesting a putative role for IsoPs in
neonatal disease states.

Isoprostanes and the neonatal brain

Periventricular white matter injury is one of the most severe
sequelae observed in premature and term infants. It is associated and
likely causative of cerebral palsy and long-term neurological dys-
function in survivors of prematurity. The pathogenesis of this
condition remains unclear, yet commonly ascribed to hypoxic–
ischemic tissue injury [137]. Because ROS formation is seen following
a decrease in cell oxygen availability, the prevalence of oxidative
stress in this condition has been investigated. Oxidative tissue damage
was documented in the periventricular white matter of premature
neonates, as well as the cerebral cortex of term infants succumbing
from severe hypoxic–ischemic insults [138]. In a small sample of

premature infants with white matter injury, the cerebrospinal fluid
15-F2t-IsoP levels were significantly increased in one-third of the
subjects [139].

In the newborn rat, global perinatal asphyxia increases the brain
tissue 15-F2t-IsoP and the levels are predictive of behavioral
disturbance sequelae [140]. In the fetal and neonatal pig cerebral
circulation, 15-F2t-IsoP causes periventricular vasoconstriction, the
magnitude of which decreases postnatally, and appears to be
mediated via TXA2 generation [141].

The nature of the cells involved in oxidative stress-associated brain
injury is currently unknown. In postmortem examination of prema-
ture infants, the brain oxidative damage particularly targeted the
oligodendrocyte lineage, suggesting that these cells are most
vulnerable to this type of injury [138]. Experiments conducted in
vitro documented that 15E2t-IsoP, but not 15-F2t-IsoP, elicited a
concentration-dependent death of progenitor oligodendrocytes by
oncosis [142]. In another study, where different brain cells from
newborn pigs were exposed in vitro to 15-F2t-IsoP, oncotic death was
only observed in the microvascular endothelial cells [143]. Cell death,
in this study, was associated with increased endothelial TXA2

formation and was prevented by thromboxane synthase inhibitors
of this compound, suggesting that IsoP-induced cell damage is
mediated by TXA2 [143].

Which specific lipid peroxidation product is responsible for the
oxidative stress-induced brain damage is currently unclear. Aside
from F- and E-ring IsoP-associated oxidative damage [141–143], a
new class of free radical-mediated peroxidation products potentially
involved in this process has been described. Neuroprostanes originate
from peroxidation of docosahexaenoic acid, a polyunsaturated fatty
acid particularly abundant in neurons [144]. Themechanism bywhich
neuroprostanes induce neurological damage is unclear. However,
molecular modeling of a neuroprostane esterified in phospholipids
indicates that it is a very distorted molecule which would be expected
to disrupt normal membrane integrity [145].

Isoprostanes and the newborn lung

In preterm infants, immaturity in combination with oxidative
stress, volutrauma, and inflammatory processes can lead to chronic
lung injury or BPD [18,146,147]. Oxidative damage is found very early
in life in infants subsequently developing chronic lung disease,
suggesting that ROS trigger cellular and molecular changes that may
impair normal pulmonary growth and development [146,147].
Whether IsoP generation plays a significant role in the BPD
pathogenesis remains a hotly debated issue.

In part the apparently discrepant data relate to the methodological
approach employed in the distinct BPD studies. Urinary excretion of
15-F2t-IsoP in early postnatal life was reported in one study not to
correlate with the development of BPD in preterm infants [148]. Yet, a
comparison of tracheal aspirate and urinary 15-F2t-IsoP levels during
the first 2 days of life in premature infants raised concerns about the
urinarymeasurement of this IsoPmetabolite. Tracheal aspirate 15-F2t-
IsoP alpha levels correlated with respiratory disease severity, whereas
the urinary concentrations did not discriminate between sick andwell
infants [149]. An increase in plasma IsoPs was observed in preterm
infants who developed either BPD or periventricular leukomalacia
was reported utilizing an immunoassay test; however this method-
ology, as previously discussed, is less than optimal raising concerns
about the results [21]. Very recent studies have shown a correlation
between oxygen used during resuscitation of extremely premature
babies and levels of IsoPs and isofurans in urine as measured by GC/
MS/MS, and the development of chronic conditions especially BPD
[150].

The available animal experimental data clearly indicate that F-ring
IsoPs are increased following exposure to hyperoxia. In premature
lambs chronically exposed to 100% O2 after birth, a significant increase
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in lung tissue 15-F2t-IsoP was documented, when compared with air-
treated animals [151]. A similar increase in plasma levels of this IsoP
were documented in newborn rabbits exposed to 80–100% O2 for 4
days [152]. That inflammation modulates the IsoP-induced chronic
lung changes is highlighted by the decrease in 15-F2t-IsoP levels
following dexamethasone treatment of chronically hyperoxia-ex-
posed newborn rabbits [152].

Newborn rats chronically subjected to 60% O2 for 14 days develop
lung parenchymal and pulmonary vascular changes compatible with
BPD and persistent pulmonary hypertension syndrome [153]. Chronic
oxygen supplementation is detrimental to the lung alveolar epithelial
cells by inducing the release of free radicals. Which of the specific ROS
is responsible for the O2-induced alveolar epithelial cell necrosis
remains unclear, but there is evidence that hydrogen peroxide, as
opposed to products of lipid peroxidation, is involved [154].

IsoPs have been directly implicated in the newborn rat chronic O2

exposure-induced pulmonary hypertension. The mechanism by
which this occurs involves lipid peroxidation-dependent IsoP release
that induces pulmonary hypertension via endothelin-1 generation
[155]. Chronic O2 exposure in the presence of a ROS scavenger
abrogates the pulmonary hypertension, but not the BPD-like lung
parenchymal changes in this experimental newborn rat model [155].
Inhibition of lung macrophage influx in newborn rats chronically O2-
exposed suppresses the tissue IsoP content increase and pulmonary
hypertension features, but did not prevent the development of BPD in
this experimental model [156]. Taken together, these results suggest
that the mechanism involved in oxidative stress-induced pulmonary
hypertension is distinct, when compared with the process leading to
chronic parenchymal lung disease changes in the newborn rat.

The chronic hyperoxia-induced pulmonary hypertension in the
newborn rat is mediated via TP receptors, but not TXA2 regulated
[157]. This suggests that IsoP activation of TP receptors might be
involved in this process. The in vitro newborn rat pulmonary arteries
response to 15-F2t-IsoP is altered following chronic O2 exposure. A
significant increase in pulmonary arterial muscle force generation and
a reduced endothelium-dependent relaxation were documented in
the 60% O2 chronically exposed newborn rat [158]. Thus, not only a
hyperoxia regimen, similar to that used clinically, induces IsoP release,
but it also potentiates the pulmonary vasoconstrictive capacity of
thesemetabolites. These findings strongly corroborate the speculation
that IsoPs play an important role in the pathogenesis of pulmonary
hypertension. Recently other factors such as increased pulmonary
arterial smooth muscle calcium sensitivity, mediated via RhoA/Rho
kinase pathways, have been also signaled to contribute to the
pathogenesis of this condition [22].

As previously discussed, as arterial blood oxygen tension increases,
the formation of IsoPs becomes highly disfavored leading to an
increase in isofurans [41]. Thus measuring IsoP changes secondary to
hyperoxia exposure may lead to misleading results. Most of the
available experimental data obtained in hyperoxia-exposed animals
utilized an immunoassay to measure IsoP levels. When used for this
purpose, immunoassay quantification of IsoPs is likely an unreliable
indicator of oxidative stress.

Isofurans, like IsoPs, have a ring structure and contain 20 carbons.
This possibly allows for a cross-reaction between IsoPs and isofurans.
A recent clinical study assessing the effect of neonatal resuscitation
with a high and low oxygen supplementation regime clearly showed
changes in urine isofurans, but not IsoPs [11].

Lastly, exposure of newborn rats for 2 weeks to 13% O2 induces
pulmonary hypertension of a greater severity than observed following
chronic hyperoxia [159]. Rho kinase activation is also involved in this
process, and inhibitors of this enzyme abrogate the pulmonary
hypertension severity in the chronically hypoxic newborn rat [159].
ROS formation is involved in the chronic hypoxia-induced pulmonary
hypertension [160]. The extent to which IsoPs participate in this
process warrants further investigation.

Isoprostanes and the retinopathy of prematurity

Retinopathy of prematurity is considered one of the most
important tissue damage induced by oxidative stress in preterm
infants [20]. As noted elsewhere, 15-F2t-IsoP and its metabolite (2,3-
dinor-5,6-dihydro-15-F2t-IsoP) evoke vasoconstriction in the piglet
retina by stimulating TXA2 formation from neurovascular cells [161].
In addition, a potential role for 15-F2t-IsoP in retinal microvascular cell
death has also been proposed [162]. The mechanism of this cell death
seems largely mediated by TXA2. However, further studies addressing
the newborn retina are necessary to properly evaluate the possible
role of IsoPs in the retinopathy of prematurity.

Conclusions

IsoPs are free radicals and ROS-generated bioactive molecules, via
nonenzymatic peroxidation of lipid membrane-derived arachidonic
acid. The knowledge about their cognate receptors, biological actions,
and signaling pathways has increased considerably in recent years.
Aside from being sensitive and specific biomarkers of oxidative stress,
their generation is likely of critical physiological significance. E- and F-
ring IsoPs have important biological functions that mediate disease-
induced vascular, lymphatic, and airway smooth muscle changes.

The potential physiological effect of IsoPs might be of particular
importance during the fetal and neonatal period, given that their
contents in body fluids during these stages are many fold higher than
later in life. The IsoP isomer PGs play amajor role in the control of fetal
vascular tone and in the circulatory changes that take place following
birth. However, the IsoP-dependent regulatory role of vascular
resistance is poorly understood, but possibly of great importance
early in life. Such is the case for the ductus arteriosus, a vessel only
functional during fetal life under the control of COX-derived PGs.
Further investigation of the role of IsoPs in the regulation of ductus
arteriosus patency during fetal life, and its closure immediately after
birth is warranted.

Given the potential role of IsoPs in multiple diseases, the
development of tools directed to inhibit their synthesis or their
biological effects is an appealing therapeutic strategy. Part of their
biological effects can be prevented by TP-receptor antagonists.
However, the nonenzymatic nature of their synthetic process is a
challenge to achieve synthesis inhibition in a targeted manner. In
addition, the biological significance of compounds such as isoketals,
isofurans, neuroprostanes, or non-arachidonic acid-derived IsoPs
requires further investigation. The broken paradigm that only
enzymatically formed compounds have important biological func-
tions now poses new challenges for drug development.
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Age-Related Differences in Vasoconstrictor
Responses to Isoprostanes in Piglet Pulmonary

and Mesenteric Vascular Smooth Muscle

GEMA GONZÁLEZ-LUIS, FRANCISCO PÉREZ-VIZCAÍNO, FERMÍN GARCÍA-MUÑOZ,
JO G.R. DE MEY, CARLOS E. BLANCO, AND EDUARDO VILLAMOR
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Institute Maastricht (CARIM) [J.G.R.D.M.], University of Maastricht, 6202 AZ Maastricht, The
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Universitario Materno-Infantil de Canarias, 35015 Las Palmas de Gran Canaria, Spain, Department of
Pharmacology [F.P.-.V.], School of Medicine, Universidad Complutense, 28040 Madrid, Spain

Isoprostanes are prostaglandin (PG)-like compounds produced
nonenzymatically by free radical–catalyzed peroxidation of arachi-
donic acid. Isoprostanes evoke potent vascular effects but their
actions in the neonatal vasculature are poorly known. We aimed to
study the effects of 8-iso-PGE1, 8-iso-PGE2, 8-iso-PGF1�, 8-iso-
PGF1�, 8-iso-PGF2�, and 8-iso-PGF2� in pulmonary arteries (PA),
pulmonary veins (PV), and mesenteric arteries (MA) from newborn
and 2-wk-old piglets. Isoprostanes produced concentration-
dependent contractions of PA, PV, and MA (magnitudes up to 1.5-
to 2-fold greater than the responses to 62.5 mM KCl) but they were
markedly less potent vasoconstrictors than the thromboxane A2

(TXA2) mimetic U46619. Neonatal PA were more sensitive to
8-iso-PGF1�, 8-iso-PGF1�, and 8-iso-PGF2� than 2-wk-old PA.
Neonatal PV were more sensitive to 8-iso-PGE2 and 8-iso-PGF1�,

and neonatal MA were more sensitive to 8-iso-PGE2, 8-iso-PGF1�,
8-iso-PGF1�, 8-iso-PGF2�, and 8-iso-PGF2� than the corresponding
2-wk-old vessels. The sensitivity to U46619 decreased with post-
natal age in MA but did not change in PA and PV. The contractile
responses to all the isoprostanes and to U46619 were reverted by the
TXA2 receptor (TP) antagonist SQ 29,548. Moreover, isoprostane-

evoked contractions in 2-wk-old PA were reduced by inhibitors of
tyrosine kinase (genistein) and Rho kinase (Y 27632 and hydroxy-
fasudil) but not by inhibitors of protein kinase C (chelerythrine),
mitogen-activated protein kinase kinase (PD 98059) or p38-kinase
(SB 203580). In conclusion, isoprostanes produced compound-,
tissue-, and age-dependent constriction of neonatal porcine pulmo-
nary and mesenteric vascular smooth muscle. Isoprostane-evoked
PA vasoconstriction involved TP receptors and activation of ty-
rosine kinases and Rho kinases. (Pediatr Res 57: 845–852, 2005)

Abbreviations
COX, cyclooxygenase
EC50, half-maximum effective concentration
MA, mesenteric artery
PA, pulmonary artery
PG, prostaglandin
PKC, protein kinase C
PV, pulmonary vein
TP, thromboxane A2 receptor
TXA2, thromboxane A2

Isoprostanes are PG-like compounds formed in vivo by the free
radical–catalyzed peroxidation of arachidonic acid, a reaction
independent of the COX enzyme (1–3). They are generated
initially at the site of a free radical attack of esterified arachidonate
in cell membranes from which they are cleaved, presumably by

phospholipases (2,3). Isoprostanes are used clinically and exper-
imentally as markers for many disease states in which oxidative
stress is a prominent feature, including asthma, myocardial and
renal ischemia–reperfusion injury, atherosclerosis, pulmonary hy-
pertension, and hypercholesterolemia (4–6). However, isopros-
tanes are much more than inert markers and have been shown to
possess biologic activity in whole-animal, isolated tissue, and
cell-based systems (6,7). In the vascular system, isoprostanes
exert important effects that range from powerful vasoconstriction
to complete vasodilatation, depending on the particular isopros-
tane, tissue, and species studied (7).

The neonatal period appears to be particularly interesting for
the study of the biologic effects of isoprostanes because the
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3-fold increase in the arterial oxygen tension after birth renders
a higher susceptibility to oxidant-mediated lipid peroxidation
(8,9). Moreover, isoprostanes have been proposed as markers
to quantify oxidative stress in perinatal asphyxia (10), prema-
turity (11), periventricular leukomalacia (12), bronchopulmo-
nary dysplasia (12), and neonatal pulmonary disease (13).

At birth, the placenta is replaced in its respiratory function
by the lungs and in its nutritional function by the gastrointes-
tinal tract. The unique hemodynamic changes that this process
of transition implies for the pulmonary and mesenteric circu-
lations have been extensively studied but remain incompletely
understood. Numerous studies demonstrated ontogenic differ-
ences in contractile and relaxing responses of pulmonary and
mesenteric vessels (14–19). However, despite the fast-growing
body of literature addressing isoprostanes and their effects on
diverse vascular smooth muscles, data regarding the develop-
ment of isoprostane effects in newborn vasculature are scarce.
Truog et al. (20), observed that 8-iso-PGF2� induced marked
pulmonary vasoconstriction in 2-wk-old piglets. In addition,
Belik et al. (9) have shown that the 1-wk-old rat pulmonary
vascular response to 8-iso-PGF2� is clearly distinct from the
adult. This age-dependent difference in force development was
similar to the pattern previously described during stimulation
of rat pulmonary artery with other agonists, including the TxA2

analog U46619, which appears to act via the same receptor as
8-iso-PGF2� (9,21). No study has characterized the response to
isoprostanes in neonatal systemic vessels.

In the present study, we hypothesized that the vascular
response to isoprostanes in early postnatal life is developmen-
tally regulated in porcine pulmonary and mesenteric vessels.
Therefore, we aimed to study the effects of several E-ring
(8-iso-PGE1 and 8-iso-PGE2) and F-ring (8-iso-PGF1�, 8-iso-
PGF1�, 8-iso-PGF2�, 8-iso-PGF2�) isoprostanes on contractile
activity in isolated pulmonary arteries (PA), pulmonary veins
(PV), and mesenteric arteries (MA) from newborn and 2-wk-
old piglets.

METHODS

Tissue preparation. All experiments were carried out in accordance with
the European Animals Act 1986 (Scientific Procedures) and approved by the
institutional review board. Neonatal piglets aged 12–24 h (n � 24) and 2 wk
(n � 25), obtained from a local farm, were killed by exsanguination after being
anesthetized with sodium pentobarbitone (100 mg · kg�1). The stomachs of all
subjects were distended with milk curd at the time of sacrifice and their small
intestine was filled with chyme, confirming that they had been fed. This
observation is important, because it has been reported that the initial feedings
after birth, specifically in the first 18 h of postnatal life, produce significant
changes on vasoactive mediators within the piglet mesenteric vasculature (19).
The lungs and intestines were rapidly immersed in cold (4°C) Krebs-Ringer
bicarbonate buffer (composition in mmol L�1: NaCl, 118.5; KCl, 4.75; MgSO4

· 7 H2O, 1.2; KH2PO4, 1.2; NaHCO3, 25.0; CaCl2, 2.5; glucose, 5.5). PA, PV
(third-fourth branch, in situ external diameter 1–2 mm), and MA with a similar
in situ external diameter (distal half of the MA trunk) were carefully dissected
free of surrounding tissue and cut into rings of 2–3 mm of length under a
dissection microscope.

Isometric force measurement. After dissection, two L-shaped stainless-
steel wires were inserted into the arterial lumen and the rings were introduced
in Allhin organ chambers filled with Krebs solution at 37°C, gassed with 95%
O2/5% CO2. One wire was attached to the chamber and the other to an
isometric force-displacement transducer (model PRE 206-4, Cibertec, Madrid,
Spain). The isometric force signal was amplified, A/D converted (PowerLab,
ADInstruments Pty., Castle Hill, Australia), and recorded (Chart v3.4, ADIn-
struments Pty.). An optimal resting tension of 0.3 g (PA of 12- to 24 h-old

animals), 0.5 g (PA of 2-wk-old animals and PV of both groups), 1 g (MA of
12- to 24 h-old animals), or 2 g (MA of 2-wk-old animals) was applied to the
vascular segments, as determined from previous experiments (14,15). Tissues
were allowed to equilibrate for 60–90 min. During this period, they were
restretched and washed every 30 min with warm Krebs solution. Before
commencing the experiments, the tissues were transiently challenged with 62.5
mM KCl to assess the functional state of each vessel and to establish a
reference nonreceptor-mediated contraction for standardization of contractile
responses to the isoprostanes. This method of standardization was chosen
because it takes into account not only the vascular smooth muscle mass but
also the functional capacity of the vascular rings to develop contraction. The
contractile response to KCl of piglet pulmonary and mesenteric vascular rings
is qualitatively similar at 12–24 h and 14 d of age, as demonstrated by
preliminary (unpublished) concentration-response curves. In these curves, 62.5
mM KCl produced 75–85% of the maximal contraction induced by 125 mM
KCl.

Cumulative concentration (0.1 nM–10 �M) response curves were con-
structed for 8-iso-PGE1, 8-iso-PGE2, 8-iso-PGF1�, 8-iso-PGF1�, 8-iso-PGF2�,
8-iso-PGF2�, and the TXA2 mimetic U46619. In some experiments, the
vascular effects of isoprostanes and U46619 were tested in endothelium-
denuded arteries or in the presence of the TXA2 receptor (TP) antagonist SQ
29,548 (10 nM–0.1 �M), the COX inhibitor indomethacin (10 �M), the
tyrosine kinase inhibitor genistein (0.1 mM), the protein PKC inhibitor chel-
erythrine (10 �M), the Rho kinase inhibitors Y 27632 (10 �M) and hydroxy-
fasudil (10 �M), the mitogen-activated protein kinase kinase inhibitor PD
98059 (50 �M), and the p38-kinase inhibitor SB 203580 (30 �M).

Drugs. Isoprostanes and U46619 (9,11-dideoxy-11�,9�-epoxymethano-
prostaglandin F2� methyl acetate solution) were purchased from Cayman
Chemical (Ann Arbor, MI). Y27632 was obtained from Tocris (Ellisville, MO)
and hydroxyfasudil from Asahi Chemical (Tokyo, Japan). All other chemicals
were obtained from Sigma Chemical Co. (St. Louis, MO). Isoprostanes,
genistein, chelerythrine, PD 98059, and SB 203580 were dissolved initially in
DMSO. Indomethacin and Y 27632 were dissolved initially in ethanol. All
other chemicals were dissolved initially in distilled deionized water. The
maximal bath concentration of DMSO and ethanol did not exceed 0.1%, which
was found to have no effect on mechanical activity.

Analysis of data. Results are expressed as mean � SEM and n reflects the
number of animals. The contractile responses were expressed as absolute
values (g) or were standardized relative to responses to 62.5 mM KCl. The
potency of each isoprostane, EC50, was interpolated from the individual
concentration-effect curves. However, the EC50 value for the majority of the
isoprostanes was not determined, as the responses did not appear to be
maximal at the highest concentration tested (10 �M). The efficacy was defined
as the maximum vasoconstriction (Emax) achieved with each isoprostane.
Differences between mean values were assessed by one-way ANOVA fol-
lowed by Bonferroni posthoc t test. Differences were considered significant at
a p � 0.05.

RESULTS

Contractile effects of isoprostanes in porcine pulmonary
and mesenteric vessels. Isoprostanes produced concentration-
dependent contractions of 12- to 24-old and 2-wk-old piglet
PA, PV, and MA with magnitudes up to 1.5- to 2-fold greater
than the responses to 62 mM KCl but they showed, in general,
markedly lower potency and efficacy than the TP receptor
agonist U46619 (Figs. 1–3 and Table 1).

In PA (Fig. 1), 8-iso-PGE2 appeared to be the most potent of
the isoprostanes (Fig. 1B, Table 1). When constructing the
cumulative concentration-response curve, addition of the high-
est concentrations (�1 �M) of 8-iso-PGE2 consistently re-
duced the vessel tone in PA and this effect was more marked in
the 2-wk-old animals (Fig. 1B). 8-iso-PGF2� was the most
efficacious of the isoprostanes (Fig. 1D). However, the re-
sponses did not appear to be maximal at the highest concen-
tration tested (10 �M) and the detectable threshold concentra-
tion for the constrictor effects of 8-iso-PGF2� was relatively
high (�0.1 �M). 8-iso-PGF1� and 8-iso-PGF1� had little or no
contractile effect on the 2-wk-old PA but produced a potent
constriction on the neonatal PA (Fig. 1C and E). In addition,
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the contractions induced by 8-iso-PGE2 (only one point) and
8-iso-PGF2� were, at some of the concentrations tested, sig-
nificantly higher in neonatal than in 2-wk-old PA (Fig. 1B and
F). Significant age-related changes were not observed for the
PA contractions induced by 8-iso-PGE1, 8-iso-PGF2�, and
U46619 (Fig. 1, Table 1).

In PV (Fig. 2), 8-iso-PGE2 was the most potent and
efficacious of the isoprostanes, being, in terms of efficacy
(but not of potency), comparable with U46619 in the 12- to
24-h-old animals (Fig. 2B, Table 1). The efficacy of 8-iso-
PGF2� (Fig. 2D) in neonatal PV was also comparable to
U46619. When comparing isoprostane-evoked contractions
in 12- to 24-h-old and 2-wk-old PV, a clear ontogenic
pattern was not observed. However, for some particular
concentrations, 8-iso-PGE2 and 8-iso-PGF1� produced a
higher level of contraction in the neonatal PV (Fig. 2B and

C). As occurred with the PA, addition of high concentrations
(�10 �M) of 8-iso-PGE2 consistently reduced tone in PV
and this effect was more marked in the 2-wk-old animals
(Fig. 2B).

In MA (Fig. 3), the response to isoprostanes demonstrated a
high degree of variability. In spite of that, we observed that
8-iso-PGE2 was the most potent and efficacious of the isopros-
tanes, being, in terms of efficacy (but not of potency), compa-
rable with U46619 in the 12- to 24-h-old animals (Fig. 3B,
Table 1). As shown in Figure 3, the relaxation induced by high
doses of 8-iso-PGE2 in PA and PV was not observed in MA
(the maximal concentration tested was 10 �M). 8-iso-PGE2,
8-iso-PGF1�, 8-iso-PGF2�, and 8-iso-PGF2� produced higher
contractions in neonatal MA than in the corresponding 2-wk-

Figure 1. Isoprostane-evoked contractions in 12- to 24-h-old ( squares) and
2-wk-old (circles) piglet pulmonary arteries. Mean concentration-response
relationships obtained in response to cumulative addition of 8-iso-PGE1 (A),
8-iso-PGE2 (B), 8-iso-PGF1� (C), 8-iso-PGF2� (D), 8-iso-PGF1� (E), and
8-iso-PGF2� (F). Contractions evoked in response to the TXA2 mimetic
U46619 (G) and 62.5 mM KCl (H) are also represented. Responses are
expressed as a percentage of the response to 62.5 mM KCl evoked in each
tissue at the beginning of the study. Open symbols represent isoprostane-
evoked contraction in the presence of the TP receptor antagonist SQ 29,548 (10
nM). Each point represents the mean � SEM of 6–24 animals. *p � 0.05 12-
to 24-h-old vs 2-wk-old. †p � 0.05 vs control.

Figure 2. Isoprostane-evoked contractions in 12- to 24-h-old (squares) and
2-wk-old (circles) piglet pulmonary veins. Mean concentration-response rela-
tionships obtained in response to cumulative addition of 8-iso-PGE1 (A),
8-iso-PGE2 (B), 8-iso-PGF1� (C), 8-iso-PGF2� (D), 8-iso-PGF1� (E), and
8-iso-PGF2� (F). Contractions evoked in response to the TXA2 mimetic
U46619 (G) and 62.5 mM KCl (H) are also represented. Responses are
expressed as a percentage of the response to 62.5 mM KCl evoked in each
tissue at the beginning of the study. Each point represents the mean � SEM of
5–8 animals. *p � 0.05 12- to 24-h-old vs 2-wk-old.
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old vessels (Fig. 3, Table 1). Sensitivity to U46619 also
decreased with postnatal age (Fig. 3G, Table 1).

Involvement of TP receptors in mediating isoprostane con-
tractions. We examined the effect of the TP receptor antagonist
SQ 29,548 on isoprostane- and U46619-mediated contractions
in piglet pulmonary and MA and PV. When 2-wk-old PA were
exposed to SQ 29,548 (10 nM), the contractile responses to
isoprostanes and U46619 were markedly reduced or even
abolished (Fig. 1). In another group of experiments, tissues
were first preconstricted with isoprostanes or U46619 at a
concentration of 10 �M, then challenged with SQ 29,5480 (0.1
�M). We observed that isoprostane- and U46619-induced
contractions of 12- to 24-h-old and 2-wk-old PA, PV, and MA
were significantly reversed or completely abolished by SQ

29,548 (not shown). In contrast, SQ 29,548 had no remarkable
effect on the contractions induced by endothelin-1 (0.1 �M) or
KCl (62.5 mM).

Characterization of underlying signalling pathways. The
contribution of various signalling pathways to 8-iso-PGE2-,
8-iso-PGF2�-, 8-iso-PGF2�-, and U46619-evoked contractions
were examined pharmacologically in the 2-wk-old PA. 8-iso-
PGE2, 8-iso-PGF2�, 8-iso-PGF2�, and U46619 were tested
because they produced the highest level of contraction. Endo-
thelium removal and COX inhibition did not significantly
affect isoprostane- or U46619-induced contractions (Figs.
4–7). In another group of experiments, 2-wk-old PA were
exposed to various kinase inhibitors for 20–30 min before the
concentration-response curves to 8-iso-PGE2, 8-iso-PGF2�,
8-iso-PGF2�, and U46619 were carried out. Contractions to
isoprostanes and U46619 were unaffected by the PKC inhibitor
chelerythrine, the mitogen-activated protein kinase kinase PD
98059, or the p38-kinase inhibitor SB 203580 (Figs. 4–7) but
were markedly reduced or abolished by the tyrosine kinase
inhibitor genistein or the Rho kinase inhibitors Y 27632 and
hydroxyfasudil (Figs. 4–7).

DISCUSSION

We have examined the effects of a wide range of isopros-
tanes in pulmonary and mesenteric blood vessels from 12- to
24-h-old and 2-wk-old piglets. We found several E-ring (8-iso-
PGE1 and 8-iso-PGE2) and F-ring (8-iso-PGF1�, 8-iso-PGF1�,
8-iso-PGF2�, and 8-iso-PGF2�) isoprostanes to increase tone in
these vascular smooth muscles to varying degrees. Interest-
ingly, some of the isoprostanes induced higher contractile
responses in neonatal than in 2-wk-old vessels. Either in PA,
PV, or MA isoprostane-induced contraction was markedly
reduced in the presence of the thromboxane TP receptor an-
tagonist SQ 29,548, indicating that isoprostane-evoked re-
sponses involve primarily these receptors. This leads to the
suggestion that isoprostanes may act as an alternative ligand
for TP receptors in addition to TXA2 itself. Although high
concentrations of isoprostanes (in the micromolar range) were
required to induce significant vascular contraction, high local
concentrations of some of these compounds are found in
clinical situations of oxidative injury (22,23). Thus, it is likely
that incidental activation of the TP receptors by isoprostanes
may indeed contribute to and exacerbate the pathology asso-
ciated with oxidative injury in the neonatal period.

Isoprostanes and pulmonary vessels. During the transition
from fetal to postnatal life, dramatic changes in the pulmonary
circulation take place, characterized by a marked decrease in
pulmonary vascular resistance within minutes from birth. A
second postnatal phase of pulmonary vascular resistance re-
duction takes place over the first weeks of extrauterine life
(24). Several age-related changes on pulmonary vascular reac-
tivity have been characterized during this second phase of
pulmonary vascular resistance reduction (14–16). However,
this study and another (25) showed that the responses of
pulmonary vessels to U46619 did not change with postnatal
age. Because U46619 is a selective agonist of TP receptors,
these results suggest that there are no developmental changes

Figure 3. Isoprostane-evoked contractions in 12- to 24-h-old (squares) and
2-wk-old (circles) piglet mesenteric arteries. Mean concentration-response
relationships obtained in response to cumulative addition of 8-iso-PGE1 (A),
8-iso-PGE2 (B), 8-iso-PGF1� (C), 8-iso-PGF2� (D), 8-iso-PGF1� (E), and
8-iso-PGF2� (F). Contractions evoked in response to the TXA2 mimetic
U46619 (G) and 62.5 mM KCl (H) are also represented. Responses are
expressed as a percentage of the response to 62.5 mM KCl evoked in each
tissue at the beginning of the study. Each point represents the mean � SEM of
5–9 animals. *p � 0.05 12- to 24-h-old vs 2-wk-old.
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in TP-receptor activity. In contrast, we found age-related dif-
ferences on isoprostane-evoked responses in PA and veins, i.e.
a reduction with postnatal age in the contractile responses of
PA and/or PV to 8-iso-PGF1�, 8-iso-PGF1�, 8-iso-PGF1�, and
8-iso-PGE2. Therefore, age-related decreases in pulmonary
vascular sensitivity to isoprostanes appear to be a specific
phenomenon for mild stimulation of TP receptor with these
compounds more than a general reduction in the contractile
response of the pulmonary vessels with age.

In a previous study in 2-wk-old piglets, Truog et al. (20)
observed that 8-iso-PGF2� induced, in a dose-dependent man-
ner, marked pulmonary vasoconstriction transduced through
the TP receptor. However, when compared with U46619,
8-iso-PGF2� was less potent by approximately one order of
magnitude (20). Janssen and Tazzeo (21) and Tazzeo et al. (26)
examined the responses of adult porcine PA and veins to
8-iso-PGE1, 8-iso-PGE2, 8-iso-PGF1�, 8-iso-PGF2�, and 8-iso-

PGF2�, finding that 8-iso-PGE2 was the most potent and
efficacious in both PA and veins. However, isoprostanes ex-
erted, in adult pulmonary vessels, maximal contractions that
were 50–90% of the response to 60 mM KCl, whereas the
contractions that we describe in 12- to 24-h-old and 2-wk-old
tissues were as much as 150–200% of the response to KCl.
Therefore, the age-related decrease in isoprostane-evoked con-
tractions, which we have found by comparing neonatal and
2-wk-old animals, seems to be augmented in adult vessels.
Another point of interest is that some of the F-ring isopros-
tanes, such as 8-iso-PGF2� and 8-iso-PGF2�, produced, in our
experiments, levels of contraction that are comparable with
those induced by the E-ring isoprostanes. In contrast, in the
porcine adult pulmonary vessels, F-ring isoprostanes induced
markedly weaker contractions than E-ring isoprostanes
(21,26). Finally, Janssen and Tazzeo (21) observed that, al-
though the contractions induced in adult porcine PA and PV by

Table 1. Parameters of the concentration-response curves reflecting the efficacy and potency (Emax and EC50, respectively) of 8-iso-PGE2

and U46619 in pulmonary and mesenteric vasculature of 12- to 24-h-old (NB) and 2-wk-old (2 wk) piglets

8-iso-PGE2 U46619

Emax (%KCl) logEC50 n Emax (%KCl) logEC50 n

Pulmonary artery NB 114.46 � 30.79 �6.58 � 0.17 7 269.42 � 26.09 �8.06 � 0.13 9
2 wk 97.81 � 9.99 �6.69 � 0.07 23 280.85 � 21.89 �7.83 � 0.14 23

Pulmonary vein NB 198.77 � 14.40* �7.44 � 0.12 6 216.25 � 35.71 �9.19 � 0.63 6
2 wk 144.77 � 11.32 �7.61 � 0.22 8 193.96 � 22.28 �8.45 � 0.58 5

Mesenteric artery NB 211.53 � 22.26 �7.26 � 0.46** 6 203.38 � 13.16 �8.29 � 0.09** 7
2 wk 137.79 � 40.03 �5.96 � 0.16 10 214.38 � 21.18 �7.13 � 0.23 9

Contractions are expressed as the percentage of the response to 62.5 mM KCl evoked in each tissue at the beginning of the study.
*, ** p � 0.05, 0.01 12- to 24-h-old vs 2-wk-old.

Figure 4. Mean dose-response relationship for 8-iso-PGE2 in 2-wk-old piglet pulmonary artery, obtained in the presence and absence of the following:
endothelium, the cyclooxygenase inhibitor indomethacin (10 �M), the Rho kinase inhibitors Y 27632 (10 �M) and hydroxyfasudil (10 �M), the tyrosine kinase
inhibitor genistein (0.1 mM), the mitogen-activated protein kinase kinase inhibitor PD 98059 (50 �M), the p38-kinase inhibitor SB 203580 (30 �M), and the
protein kinase C inhibitor chelerythrine (10 �M). Each point represents the mean � SEM of 5–6 animals. **p � 0.01 vs control. Only levels of statistical
significance for the highest difference are shown.

Figure 5. Mean dose-response relationship for 8-iso-PGF2� in 2-wk-old piglet pulmonary artery, obtained in the presence and absence of the following:
endothelium, the cyclooxygenase inhibitor indomethacin (10 �M), the Rho kinase inhibitors Y 27632 (10 �M) and hydroxyfasudil (10 �M), the tyrosine kinase
inhibitor genistein (0.1 mM), the mitogen-activated protein kinase kinase inhibitor PD 98059 (50 �M), the p38-kinase inhibitor SB 203580 (30 �M), and the
protein kinase C inhibitor chelerythrine (10 �M). Each point represents the mean � SEM of 5–6 animals. **p � 0.01 vs control. Only levels of statistical
significance for the highest difference are shown.
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8-iso-PGE1, 8-iso-PGF1�, 8-iso-PGF2�, and 8-iso-PGF2� were
essentially completely prevented by TP receptor blockade,
8-iso-PGE2 was able to evoke substantial contraction of PV in
the maintained presence of TP receptor blockade. Moreover,
their data suggest that, in the adult porcine PV, 8-iso-PGE2 can
also act upon another type of excitatory receptor, likely EP3

receptors or a unique isoprostane receptor (21). Our data do not
allow us to speculate on the presence of these putative isopros-
tane receptors. However, we found 8-iso-PGE2 evoked con-
tractions of PV, PA, and MA to be equally highly sensitive to
the TP-receptor blocker SQ 29,548.

8-iso-PGF2� is the isoprostane upon which most previous
studies focused. In fact, the only previous study evaluating
age-related changes in the vascular actions of isoprostanes
described the effects of 8-iso-PGF2� in intralobar PA segments
of 1- and 2-wk-old rats, compared with adults (9). Belik et al.
(9) demonstrated that force developed by the rat PA in re-
sponse to 8-iso-PGF2� increased with postnatal age. However,
the lesser force development of the newborn pulmonary arterial
muscle during 8-iso-PGF2� stimulation reflected the decreased
force potential of this tissue in response to a number of stimuli,
including the TxA2 analog U46619 (9). In contrast, we have
not observed developmental changes on the response to
U46619 in porcine pulmonary vessels. Interestingly, when PA
were stimulated with U46619, Belik et al. (9) observed an
8-iso-PGF2�-induced relaxation in the adult and a marked
dose-dependent contraction in the 1-wk-old rat. This contrac-
tile effect of 8-iso-PGF2� was abolished by endothelium re-
moval and NO synthase inhibition and was markedly attenu-

ated by COX inhibition (9). In contrast, we did not observe any
significant alteration of 8-iso-PGF2�-induced contraction when
endothelium was removed or the COX inhibitor indomethacin
was present. Moreover, during stimulation of either neonatal or
2-wk-old PA with U46619 (0.1 �M), we did not observe
additional contractions produced by any of the six isoprostanes
tested in the present work (27). Therefore, the vascular actions
of isoprostanes seem to be markedly species-dependent. This
fact limits the extrapolation of our results to the human new-
born. In fact, Tazzeo et al. (26) compared the responses to
isoprostanes of human and porcine PA and found a higher
efficacy of these compounds in the human tissues. However,
the underlying signaling pathways of isoprostane-induced con-
traction were similar in both species.

Using pharmacological tools, we sought to characterize the
signaling pathways underlying the PA vasoconstrictor re-
sponses to 8-iso-PGE2, 8-iso-PGF2�, 8-iso-PGF2�, and
U46619. The PKC inhibitor chelerythrine had no effect on
isoprostane- or U46619-induced contractions. In contrast, it
has been recently reported that an atypical isoform of PKC
(PKC�) plays a key role in U46619-induced contraction in rat
PA (28). It might be argued that chelerythrine is a poor
inhibitor of this isoform (29). However, calphostin C or the
PKC� pseudosubstrate peptide, which are effective inhibitors
of PKC�, were also without effect on the vasoconstriction
induced by U46619 in 2-wk-old piglet PA (unpublished ex-
periments) indicating interspecies differences in the signal
transduction pathways.

Figure 6. Mean dose-response relationship for 8-iso-PGF2� in 2-wk-old piglet pulmonary artery, obtained in the presence and absence of the following:
endothelium, the cyclooxygenase inhibitor indomethacin (10 �M), the Rho kinase inhibitors Y 27632 (10 �M) and hydroxyfasudil (10 �M), the tyrosine kinase
inhibitor genistein (0.1 mM), the mitogen-activated protein kinase kinase inhibitor PD 98059 (50 �M), the p38-kinase inhibitor SB 203580 (30 �M), and the
protein kinase C inhibitor chelerythrine (10 �M). Each point represents the mean � SEM of 5–6 animals. **p � 0.01 vs control. Only levels of statistical
significance for the highest difference are shown.

Figure 7. Mean dose-response relationship for U46619 in 2-wk-old piglet pulmonary artery, obtained in the presence and absence of the following: endothelium,
the cyclooxygenase inhibitor indomethacin (10 �M), the Rho kinase inhibitors Y 27632 (10 �M) and hydroxyfasudil (10 �M), the tyrosine kinase inhibitor
genistein (0.1 mM), the mitogen-activated protein kinase kinase inhibitor PD 98059 (50 �M), the p38-kinase inhibitor SB 203580 (30 �M), and the protein kinase
C inhibitor chelerythrine (10 �M). Each point represents the mean � SEM of 5–6 animals. **p � 0.01 vs control. Only levels of statistical significance for the
highest difference are shown.
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8-iso-PGE2-, 8-iso-PGF2�-, 8-iso-PGF2�-, and U46619-
evoked pulmonary artery contractions were unaffected by in-
hibitors of the mitogen-activated protein kinase kinase (PD
98059) or the p38-kinase (SB 203580), but markedly reduced
by the nonspecific tyrosine kinase inhibitor genistein. Tyrosine
kinases are known to activate several other kinases (7). We
found that two agents highly selective for Rho-kinase (Y 27632
and hydroxyfasudil) also inhibited isoprostane- and U46619-
mediated contractions. Therefore, the excitatory effects of
8-iso-PGE2, 8-iso-PGF2�, 8-iso-PGF2�, and U46619 in 2-wk-
old PA appear to be mediated by TP receptors and their
signaling pathways involve tyrosine kinases(s) and Rho-
kinase. Similar signaling pathways of isoprostane-evoked con-
striction have been reported in human and canine pulmonary
vasculature (7). Intracellular signaling via the small GTP-
binding protein RhoA and its downstream effector Rho-kinase
plays a role in regulating diverse cellular functions, including
vascular smooth muscle contraction (30). Maturational
changes in the RhoA/Rho-kinase pathway have been very
recently described in piglet pulmonary arteries (30). The pu-
tative role of RhoA/Rho-kinase maturation in age-related
changes in isoprostane-evoked responses remains to be
investigated.

Pulmonary veins are exposed to higher oxygen concentra-
tions than PA, but it seems that this fact does not imply a
higher activity of antioxidant defenses (15,31). Thus, PV are
presumably exposed to higher oxidant conditions and, conse-
quently, to higher formation of isoprostanes. In addition, PV
are the major site of action of a number of vasoactive factors
in different animal species and at different ages (14,32,33). In
the present work, we found porcine PV to exhibit a profound
vasoconstrictor response to several isoprostanes. Certain iso-
prostanes (8-iso-PGE1, 8-iso-PGE2) were more potent vaso-
constrictors in PV than in PA. Moreover, at high concentra-
tions (1–10 �M), contractions produced by 8-iso-PGE2 and
8-iso-PGF2� were similar in magnitude than U46619-evoked
contractions. In addition, we have observed an age-related
decrease of the responses induced by 8-iso-PGE2 and 8-iso-
PGF1� (only one point). Previous studies have evaluated the
response to isoprostanes of adult human (7), canine (7), and
porcine (21) PV. Human PV responded to E-ring and F-ring
isoprostanes but to a lesser extent than human PA (7). The
canine PA was essentially unresponsive to isoprostanes,
whereas the PV exhibited a marked stimulatory response to
both E- and F-ring compounds (7). Finally, in the adult porcine
pulmonary vessels, the differences between arteries and veins
concerning isoprostane-induced contractions (21) are not so
marked as those presently described in neonatal vessels.

Isoprostanes and mesenteric arteries. The fetal intestine is
functionally dormant and has a high vascular resistance, most
likely because its oxidative demands are significantly low
(18,34). Vascular resistance in the intestinal bed drops dramat-
ically at birth, when increased intestinal function demands an
enhanced oxygen delivery (18). This transition is accompanied
by dramatic functional changes in mesenteric vascular reactiv-
ity, as occurs in the other dormant fetal organ, the lung (18).
NO, endothelin-1, and myogenic responses are the three de-
terminant factors for vascular control in 1-d-old porcine small

MA (18,35). In older subjects, however, these vessels are
primarily passive in nature and fail to demonstrate significant
diameter change in response to NO synthase inhibitors, block-
ade of endothelin receptors, or changes of pressure or flow rate
(18). In the present work, we observed a significant postnatal
decrease in isoprostane-evoked contraction of rings from the
distal portion of the MA trunk. However, and in contrast with
the pulmonary vessels, the sensitivity of the MA to U46619
also decreased with age. Vascular reactivity data obtained in
larger arteries are difficult to extrapolate to small resistance
arteries. However, we speculate that this age-related reduction
in the response to TP-receptor stimulation, by either isopros-
tanes or TXA2, may play a role in the postnatal reduction of
mesenteric vascular resistance.

Conclusion. An increasing body of evidence seems to indi-
cate that free radicals are involved in several neonatal disease
processes such as chronic lung disease, retinopathy of prema-
turity, necrotizing enterocolitis, and periventricular leukoma-
lacia (12,36). There are also accumulating data implying the
involvement of reactive oxygen species and oxidative stress in
signal transduction of numerous biologic processes, including
control of newborn transitional circulation (15,16,37). This
type of cell signalling consistently implies the additional in-
volvement of other bioactive molecules, such as isoprostanes,
that stem from reactive oxygen species reaction with cell
membrane lipids. In the present work, we describe for the first
time the effects of a wide range of E-ring and F-ring isopros-
tanes in 12- to 24-h-old and 2-wk-old porcine pulmonary and
mesenteric vasculature. We found that isoprostanes evoked
vasoconstriction via an action on TP receptor and that the
response to some of the isoprostanes decreased with postnatal
age. Although information obtained in conduit arteries should
be cautiously extrapolated to resistance vessels and to in vivo
situations, we speculate that age-related changes in isoprostane
activity may have implications for the perinatal circulatory
transition. Whether neonatal pathologic conditions with in-
creased oxidative stress result in alterations not only in iso-
prostane production but also in the vascular response to these
compounds, remains to be investigated.
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1. ABSTRACT 

 
We studied the putative relaxant effects of 

several isoprostanes (8-iso-PGE1, and 8-iso-PGE2, 8-iso-
PGF1alpha, 8-iso-PGF1beta, 8-iso-PGF2alpha, and 8-iso-
PGF2beta) on pulmonary (PA), mesenteric (MA), coronary 
(CA) arteries and pulmonary veins (PV), from newborn and 
2-week-old piglets. Isoprostanes were compared with 
agonists of the EP (PGE1, PGE2, and misoprostol), DP 
(PGD2), and IP (iloprost) receptors. Isoprostane-induced 
relaxation was only observed when TP receptors were 
occupied (by U46619) or blocked (by SQ 29,548). Under 
these conditions, 8-iso-PGE2 induced a relaxation of PA 
(but not PV or MA) that increased with postnatal age. 8-
iso-PGE1, 8-iso-PGE2, and 8-iso-PGF2alpha evoked modest 
relaxations in CA. 8-iso-PGE2-induced relaxation of PA 
was impaired by endothelium removal and by the presence 
of blockers of NO synthase (L-NAME), guanylate cyclase 
(ODQ), or EP receptor (AH6809). PGE1, PGE2, and 
misoprostol (but not PGD2 or iloprost) induced a relaxation 
of PA that increased with age. In conclusion, occupancy or 
blockade of TP receptors unmasked a relaxant effect of 8-
iso-PGE2 in piglet PA. This relaxation increased with 
postnatal age, was endothelium-dependent and involved EP 
receptors and NO.   

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 

 
Isoprostanes are prostaglandin (PG) isomers that 

are produced in vivo primarily by a free radical-catalyzed 
peroxidation of polyunsaturated fatty acids (1, 2). Initially, 
isoprostanes were recognized as being valuable markers of 
oxidative stress and numerous pathological conditions have 
been shown to be associated with increases in urinary, 
plasma, and tissue levels of  isoprostanes. Moreover, few 
members of the isoprostane family are biologically active 
and could contribute to the functional consequences of 
oxidant injury and  mediate many of the features of the 
disease states for which they are used as indicators (1, 2). 
 

There is increasing evidence that isoprostanes 
exert a wide variety of actions on vascular smooth muscle 
and endothelial cells. Many have described contractile 

responses to isoprostanes in a wide variety of vascular 
tissues, generally via stimulation of thromboxane A2 
receptors (TP receptors) (1-4) . In addition, and depending 
on the compound and the vascular bed, vasodilatory actions 
of isoprostanes have been also identified (5-7). These 
actions were frequently masked by the vasoconstrictive 
effects of isoprostanes on TP receptors and only were 
observed when these receptors were blocked by antagonists 
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(such as SQ 29,548 or ICI 192605) or saturated by an 
agonist (such as U46619) (5-7).  
 

Newborns and particularly preterm infants are 
very susceptible to oxidative stress (8, 9).  A large growing 
body of literature is addressing the possible role of 
isoprostanes in the pathophysiology of several neonatal 
conditions, such as asphyxia, intraventricular hemorrhage, 
periventricular leukomalacia, bronchopulmonary dysplasia, 
pulmonary hypertension and retinopathy of prematurity  
(10-16). However, the possible contribution of isoprostanes 
to the normal transition to extra-uterine life remains largely 
unknown. In a previous study, we reported  that several E- 
and  F-ring isoprostanes induced vasoconstriction in 
pulmonary  arteries (PA), pulmonary veins (PV), and 
mesenteric arteries (MA) from newborn and 2-wk-old 
piglets (17). This effect was mediated by stimulation of TP 
receptors and decreased with postnatal age. Interestingly, 
we observed  that 8-iso-PGE2  presented a dual effect on 
piglet PA, inducing contraction at low concentrations and 
relaxation at high concentrations. The relaxant effects of 8-
iso-PGE2  were more marked in the PA from 2-week-old 
piglets than in the newborns (17). Similarly, Belik et al. 
demonstrated that in PA of adult rats contracted with 
U46619, 8-iso-PGF2α induced a significant dose-dependent 
relaxation. In contrast, no effect was observed in arteries 
from 2-week-old animals, and a significant contraction was 
noted in PA from 1-wk-old animals (18). Therefore, the 
relaxant effects of isoprostanes in PA appear to be age-
dependent. In the present study, we hypothesized that TP 
receptor blockade or occupancy unmasked the relaxant 
effects of  several E-ring (8-iso-PGE1 and 8-iso-PGE2) and 
F-ring (8-iso-PGF1α, 8-iso-PGF1β, 8-iso-PGF2α, and 8-iso-
PGF2β) isoprostanes in neonatal and 2-week-old piglet 
pulmonary, mesenteric and coronary vessels.  

 
3. MATERIALS AND METHODS 
 
3.1.Tissue preparation 

All experiments were carried out in accordance 
with the European Animals Act 1986 (Scientific 
Procedures) and approved by institutional review board. 
Neonatal piglets aged 12–24 h (n=30) and 2 weeks (n=30), 
obtained from a local farm, were killed by exsanguination 
after being anesthetized with sodium pentobarbitone (100 
mg/kg). The lungs, heart and intestines were rapidly 
immersed in cold (4°C) Krebs-Ringer bicarbonate buffer 
(composition in mmol/L: NaCl, 118.5; KCl, 4.75; MgSO4 · 
7 H2O, 1.2; KH2PO4, 1.2; NaHCO3, 25.0; CaCl2, 2.5; 
glucose, 5.5). PA, PV (third-fourth branch, in situ external 
diameter 1–2 mm), MA with a similar in situ external 
diameter (distal half of the MA trunk) and coronary artery 
(CA, left anterior descendent) were carefully dissected free 
of surrounding tissue and cut into rings of 2–3 mm of 
length under a dissection microscope. Lungs from adult 
pigs were obtained from a local abattoir and processed in 
the same way.  

 
3.2 Isometric force measurement 

After dissection, two L-shaped stainless steel 
wires were inserted into the arterial lumen and the rings 
were introduced in Allhin organ chambers filled with Krebs 

solution at 37°C, gassed with 95% O2/5% CO2. One wire 
was attached to the chamber and the other to an isometric 
force-displacement transducer (model PRE 206-4, Cibertec, 
Madrid, Spain). The isometric force signal was amplified, 
A/D converted (PowerLab, ADInstruments Pty., Castle 
Hill, Australia), and recorded (Chart v3.4, ADInstruments 
Pty.). An optimal resting tension of 0.3 g (PA of 12 to 24 h-
old animals), 0.5 g (PA of 2-week-old animals and PV of 
both groups), 1 g (MA of 12- to 24 h-old animals and CA), 
or 2 g (MA of 2-week-old animals, PA of adults) was 
applied to the vascular segments, as determined from 
previous experiments (19-22). Tissues were allowed to 
equilibrate for 60–90 min. During this period, they were 
restretched and washed every 30 min with warm Krebs 
solution.  

 
Concentration-response curves to isoprostanes:  

8-iso-PGE1 (15-E1t-IsoP in the nomenclature of Taber et 
al.) (23), 8-iso-PGE2 (15-E2t-IsoP), 8-iso-PGF1α (15-F1t-
IsoP), 8-iso-PGF1β (9-epi-15-F1t-IsoP),  8-iso-PGF2α (15-
F2t-IsoP), and 8-iso-PGF2β (9-epi-15-F2t-IsoP) and 
prostanoids (misoprostol, PGE1, PGE2, PGD2, and iloprost) 
were carried out in rings pre-contracted with U46619 (0.1-
1µM) or endothelin-1 (ET-1, 10nM). In some experiments, 
the vascular effects of isoprostanes were tested in 
endothelium-denuded arteries or in the presence of the TP 
receptor antagonist SQ 29,548 (0.1µM), the non-selective 
EP receptor antagonist AH6809 (6-isopropoxy-9-
oxoxanthene-2-carboxylic acid; 10 µM), the 
cyclooxygenase (COX) inhibitor indomethacin (10µM), the 
non-selective NO synthase inhibitor L-NAME (0.1mM), or 
the soluble guanylate cyclase inhibitor ODQ (10µM). At 
the end of the experiments, papaverine (0.1mM) was added 
to determine the maximum relaxation of each vessel.    

 
3.3 Drugs and solutions 

 Isoprostanes, U46619 (9,11-dideoxy-11α,9 α-
epoxymethanoprostaglandin F2α methyl acetate solution), 
misoprostol, PGE1, PGE2, PGD2, iloprost, and AH6809 
were purchased from Cayman Chemical (Ann Arbor, MI, 
U.S.A.). All other chemicals were obtained from Sigma 
Chemical Co. (St. Louis, MO). Isoprostanes and ODQ were 
dissolved initially in DMSO. Indomethacin and 
prostaglandins were dissolved initially in ethanol. All other 
chemicals were dissolved initially in distilled deionized 
water. The maximal bath concentration of DMSO and 
ethanol did not exceed 0.1%, which was found to have no 
effect on mechanical activity.  

 
3.4 Analysis of data 
 Results are expressed as mean ± SEM and n reflects the 
number of animals from which the rings were obtained. 
Contractions are expressed in terms of active wall tension 
(mN), while the relaxant responses are expressed as the 
percentage of the maximum relaxation induced by 
papaverine in each individual vessel. The maximal effect 
(Emax) produced with the highest concentration (10 µM) of 
an agonist and the half-maximum effective concentration 
(EC50) value were interpolated from the individual 
concentration-effect curves. The pD2 values were 
calculated as the negative log of EC50 values. Statistically 
significant differences between groups were calculated by
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Table 1. Contractions induced by U46619 and ET-1 in 
porcine pulmonary arteries 
Agonist Concentration 

(µM) Age Tension (mN) n 

U46619  0.1 NB 4.88±0.51*† 24 
U46619 0.1 2 wk  6.85±0.64 26 
U46619 1 2 wk 9.16 ±0.88* 8 
U46619 0.1 +AH 2 wk 4.51±0.52* 8 

U46619 0.1 adult 17.73±2.95*  12 
ET-1  0.01 NB 6.70±0.70 24 
ET-1  0.01 2 wk 8.83±0.82 26 
ET-1   0.01 +SQ 2 wk 8.47±0.94 26 
Values are means ± SEM of n animals. NB= newborn; 
AH= AH6809;  SQ= SQ29,548; *P<0.05 vs. U46619/0.1 
µM/2 wk ; †P<0.05 vs. adult.  
 
Student’s test for unpaired observations or for multiple 
comparisons by one-way ANOVA followed by 
Bonferroni’s test. P<0.05 was considered statistically 
significant.  

 
4. RESULTS 
 

The contractions induced by U46619 and ET-1 
under the different experimental conditions are summarized 
in Table 1. In endothelium intact PA pre-contracted with 
U46619 (0.1 µM), 8-iso-PGE2 induced a concentration-
dependent relaxation (Figures 1A and 1B) with higher 
efficacy and potency in the 2-wk-old (Emax 76.37± 5.09%, 
pD2 5.95±0.13, n=8) than in the neonatal vessels (Emax 
22.06 ±2.92%, pD2 5.51±0.01, n=5, P<0.05 vs. 2-week-old) 
(Figures 1 and 2). No significant differences in the relaxant 
effects of 8-iso-PGE2 were observed when the PA were pre-
contracted with U46619 1µM instead of 0.1µM (Figure 2). 
The other isoprostanes (8-iso-PGE1, 8-iso-PGF1α, 8-iso-
PGF1β, 8-iso-PGF2α, and 8-iso-PGF2β) did not induce 
significant relaxation of U46619-contracted  PA from 
newborn and 2-wk-old animals (an example of 8-iso-PGF2α 
is shown in Figure 1C), and none of the isoprostanes 
relaxed PV (an example is shown in Figure 1D). In adult 
PA, 8-iso-PGE1, and 8-iso-PGF2α induced modest 
relaxations and 8-iso-PGE2 evoked a relaxation of 56.71 ± 
8.91% (pD2 6.29 ±0.12, n=6, P<0.05 vs. newborn) (Figure 
2C). 

 
When the pulmonary vessels were pre-contracted 

with ET-1 (10 nM) none of the isoprostanes induced a 
significant relaxation. As shown in Figure 2A, high 
concentrations of 8-iso-PGE2 even increased the tone 
induced by ET-1 and this effect was reversed by adding the 
TP receptor antagonist SQ 29,548 (0.1µM). As shown in 
Figure 2B, when SQ 29,548 was present in combination 
with ET-1,  8-iso-PGE2 relaxed the PA (but not PV). The 
maximal relaxation induced by iso-8-iso-PGE2 in 2-wk-old 
PA incubated with SQ 29,548  and pre-contracted with ET-
1 was 35.70 ± 12.02 (Figure 2A). The presence of SQ 
29,548 did not unmask a relaxant effect of the other 
isoprostanes tested in PA or veins (data not shown).  

 
As shown in Figures 3A and 3B, the relaxation 

induced by 8-iso-PGE2 in the PA was impaired (P<0.05 vs. 
control) by endothelium removal (Emax 28.08 ± 7.06%), or 
by the presence of NO synthase inhibitor L-NAME (Emax 
42.79± 7.06%), the guanylate cyclase inhibitor ODQ (Emax 

27.72± 4.65%), or the EP receptor antagonist AH6809 
(Emax 44.50 ± 6.04%)  In contrast, the presence of the COX 
inhibitor indomethacin did not significantly affect 8-iso-
PGE2–evoked relaxation of PA (Figure 3B).  

 
In order to asses the functionality of prostanoid 

receptors in the 2-wk-old piglet PA, we examined the 
relaxant effects of the EP receptor agonists  PGE1, PGE2, 
and misoprostol, the DP-receptor agonist PGD2, and the IP 
receptor agonist iloprost and we observed that only the EP 
receptor agonists relaxed U46619-contracted arteries 
(Figure 4). In contrast, the IP and EP receptor agonists did 
not produce any relaxation under the same experimental 
conditions. As shown in Figure 5 and Table 2, the relaxant 
efficacy of PGE1, PGE2, and misoprostol, as well as the 
sensitivity of the PA to the adenylate cyclase stimulator 
forskolin increased with postnatal age.  

 
None of the isoprostanes tested induced 

relaxation of MA pre-contracted with U46619. In 
contrast, 8-iso-PGE1, 8-iso-PGE2, and 8-iso-PGF2α 
relaxed U46619-contracted CA in a concentration-
dependent-manner (Figure 3C). The maximal 
relaxations obtained (with an isoprostane concentration 
of 10 µM) were 19.85 ± 6.54%,  29.56 ± 7.89%, and 
10.27 ± 5.78%   (for 8-iso-PGE1, 8-iso-PGE2, and 8-
iso-PGF2α, respectively). Endothelium removal did not 
affect isoprostane-induced relaxation in CA (data not 
shown). The other isoprostanes tested (i.e. 8-iso-
PGF1α, 8-iso-PGF1β, and 8-iso-PGF2β) did not induce 
significant relaxations in CA.  
 
5. DISCUSSION 
 

In a previous work we demonstrated that several 
E- and F-ring isoprostanes induced TP receptor-mediated 
contraction of PA, PV, and MA form newborn and 2-week-
old piglets (17). Herein, we report that occupancy (with the 
agonist U46619) or blockade (with the antagonist SQ 
29,548) of TP receptors unmasked a relaxant effect of 8-
iso-PGE2  in the PA. This effect was not observed for the 
other E- or F-ring isoprostanes tested. 8-iso-PGE2 -
mediated PA relaxation increased with postnatal age, was 
partially endothelium-dependent and appeared to involve 
stimulation of EP receptors and production of NO.   

 
Several studies demonstrated that when their 

effects through TP receptors are blocked, certain 
isoprostanes can elicit a relaxant response in pulmonary 
vessels. However, the relaxant potency and efficacy of 
isoprostanes in pulmonary vascular smooth muscle is very 
low when compared with airway smooth muscle (1, 2, 24). 
8-iso-PGF2 α  induced relaxation of rat PA by a non-TP 
receptor mechanism that involves the release of NO (5, 18). 
8-iso-PGE1 evoked dose-dependent relaxations in human 
and canine PV, and in canine PA, but not in the human PA 
(25). 8-iso-PGE2, and 8-iso-PGF1α also induced modest 
relaxations of human PV (25).  In the present study, we 
observed that 8-iso-PGE2  was the isoprostane with the 
highest relaxing efficacy in porcine PA. 8-iso-PGE1 and 
PGF2 α elicited modest relaxations in the adult PA, which 
were not found in the vessels from newborn or 2-week-old 
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Figure 1. Relaxant effects of cumulative half-logarithmic concentrations of isoprostanes in piglet pulmonary vessels. Typical 
original recordings of tension development over time in pulmonary artery (A-C) and vein (D)  rings from newborn (A) and 2-wk-
old (C-D) piglets. Vessels were pre-contracted with U46619 (0.1 µM) and, at the end of the experiment, papaverine (0.1mM)  
was added to determine the maximum relaxation. 



Isoprostanes and vascular relaxation 

373 

 
 
Figure 2. Relaxant effects of isoprostanes in porcine pulmonary vessels. A, B: Typical original recordings of tension 
development over time in pulmonary artery rings from  2-wk-old piglets pre-contracted with endothelin-1 (ET-1, 10 nM).  
Observe (A) that 8-iso-PGE2 increased the tone induced by ET-1 and this effect was reversed by adding the TP receptor 
antagonist SQ 29,548 (0.1µM). However, when SQ 29,548  was present in combination with ET-1 (B),  8-iso-PGE2 relaxed the 
pulmonary artery. At the end of the experiment, papaverine (0.1mM)  was added to determine the maximum relaxation. C, D: 
Summary of the relaxant effects of isoprostanes in PA from newborn (C), 2-wk-old, and adult pigs. 
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Figure 3. A, B: Effects of endothelium removal (E-), the non-selective NO synthase inhibitor L-NAME (0.1mM), the soluble 
guanylate cyclase inhibitor ODQ (10µM), the COX inhibitor indomethacin (10µM), and the non-selective EP receptor antagonist 
AH6809 (10 µM) on the relaxations induced by  8-iso-PGE2 in pulmonary arteries form 2-wk-old piglets. For clarity, the control 
group is repeated in panels A and B. C: Relaxant effects of isoprostanes in coronary artery rings from 2-wk-old piglets. All the 
vessels were pre-contracted with U46619 (0.1 µM). *P<0.05 for difference in Emax  from control. 
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Figure 4. Relaxant effects of cumulative half-logarithmic concentrations of prostanoids in pulmonary arteries from 2-wk-old 
piglets. Typical original recordings of tension development over time.  Vessels were pre-contracted with U46619 (0.1 µM) and, 
at the end of the experiment, papaverine (0.1mM) was added to determine the maximum relaxation.
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Figure 5. Relaxant effects of the EP receptor agonists prostaglandin (PG)E1 (A), PGE2 (B), and misoprostol and the adenylate 
cyclase stimulator forskolin (D) in pulmonary arteries form newborn (NB) and 2-wk-old piglets. Vessels were pre-contracted 
with U46619 (0.1 µM). The effects of the non-selective EP receptor antagonist AH6809 (10 µM) on the relaxation induced by  
PGE2 are shown in panel B. *P<0.05 for difference in pD2  from control. †P<0.05 for difference in Emax  from control. 
 
animals. Therefore, the vascular relaxant effects of 
isoprostanes appear to be species-, tissue-, and –age 
dependent. Accordingly, Belik et al. found significant 
developmental differences in the NO-dependent, rat 
pulmonary arterial  relaxant response to 8-iso-PGF2 α  (18). 

 
Isoprostanes and prostanoids share a similar 

structure, differing only in the orientation of their aliphatic 
side chains (1, 2). Thus, it is reasonable to assume that 
isoprostanes  are capable of forming similar binding 
interactions with classic prostanoid receptors (1, 2, 26), 
four of which (DP, IP, EP2, and EP4) mediate relaxation 
through a cyclic AMP-dependent mechanism (27). A 
possible explanation for the modest isoprostane-induced 
relaxations that we found might be a low functionality of 
prostanoid receptors in our vascular preparations. However, 
we observed that the EP receptor agonists PGE1 (present 
work and 28), PGE2, and misoprostol were potent relaxants 
of the porcine PA. In contrast, the DP-receptor agonist 
PGD2, and the IP-receptor agonist iloprost did not evoke 
relaxation of these vessels. To the best of our knowledge, 
the prostanoid receptor population expressed in porcine PA 
has not been characterized. The main receptor responsible 
for PGE2-induced ductus arteriosus relaxation in fetal pigs 
is EP2, but the cAMP-inhibiting EP3 receptor is also 
present, modulating the dilating effect of PGE2 (29). E-ring 

isoprostanes evoke EP-mediated relaxations in porcine 
airway smooth muscle (26). We found that PGE2- and 8-
iso-PGE2-induced relaxation of piglet PA was impaired by 
AH6809 suggesting the involvement of EP receptors. 
However, AH6809 is a non selective EP receptor 
antagonist, which does not allow us to discriminate 
between EP2 and EP4 receptors. Moreover, AH6809 may 
also block DP and TP receptors (30, 31). Accordingly, we 
observed that AH6809 impaired the contraction induced by 
U46619. Interestingly, a recent study in murine aorta 
demonstrated that PGE2 elicits relaxation through EP4 
receptor-mediated formation of cAMP by the endothelium, 
which stimulates endothelial NOS activity (32). With our 
present results we can only speculate about the putative 
participation of this mechanism in the endothelium-
dependent relaxation evoked by 8-iso-PGE2. Future 
functional experiments with more selective EP antagonists 
(32), as well as investigations addressing the expression 
and binding activity of prostanoid receptors in porcine 
pulmonary vessels are, therefore, warranted.   

 
Depending on the species and the vascular tissue, the 
relaxations evoked by isoprostanes has been reported to be 
endothelium-dependent (5, 18) or –independent (7).  
Isoprostanes have been shown to induce  endothelial NO, 
TxA2, ET-1 and inositol 1,4,5-trisphosphate formation (10, 
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Table 2. Concentration-response parameters for prostanoids and forskolin in piglet pulmonary arteries 
Agonist Newborn 2-wk-old 
 Emax pD2 n Emax pD2 n 
PGE1   64.9 ± 4.4  6.82 ± 0.23 6 99.3 ± 2.2* 6.94 ± 0.19 6 
PGE2  58.2 ± 4.2  6.78 ± 0.14 6 99.8 ± 0.5* 7.08 ± 0.12 6 
Misoprostol 49.8 ± 7.1  6.24 ± 0.14 6 92.7 ± 5.3* 6.38 ± 0.12 6 
Forskolin 98.2 ± 2.2  6.42 ± 0.11 6 98.9 ± 0.7 7.0 ± 0.11* 6 
Values are means ± SEM of n animals. *P<0.05 vs. newborn..  
 
18, 33). We observed that  8-iso-PGE2 –induced relaxation 
of PA (but not CA) was impaired by endothelium removal 
as well as by NOS and sGC inhibition, suggesting a role for 
endothelium-derived NO. The age-dependent increase that 
was observed for 8-iso-PGE2 –elicited relaxation, is a 
common finding for other vasodilators acting through the 
NO-sGC-cGMP pathway in piglet PA and has been 
extensively discussed elsewhere (19-21, 34-37). 
Developmental changes in the expression and/or activity of 
NO synthases, sGC, phosphodiesterases, and reactive 
oxygen species-producing enzymes may account for this 
postnatal increase in responsiveness (19-21, 34-36). Herein, 
we found that the relaxant efficacy of  PGE1, PGE2, and 
misoprostol, as well as the potency of the adenylate cyclase 
stimulator forskolin, also increased with age. This suggests 
that also the adenylate cyclase/cAMP pathway undergoes 
significant alterations during the first days of postnatal life. 
Alternatively, as discussed below, the developmental 
changes in relaxation might be related to  alterations in the 
responsiveness to U46619, the TP receptor agonist used to 
contract the arteries in our experiments (34).  

 
Cogolludo et al. (34) have shown that two 

pathways are involved in TP-receptor induced 
vasoconstriction in piglet PA. First, the activation of 
protein kinase C (PKC) zeta leads to voltage-gated K+ 
channels channel blockade, membrane depolarization, L-
type Ca2+ channel activation, and increase in [Ca2+]i. 
Second, a RhoA/Rho kinase-mediated Ca2+ sensitization 
pathway also mediate U46619-induced contraction. This 
second pathway contributes more importantly to TP-
mediated contraction in the 2-week-old animals than in the 
newborns (34). Ca2+-desensitization is mediated by both 
cGMP- and cAMP-dependent protein kinases (38). 
Therefore, the maturational shift from PKC and voltage-
gated K+ channels to RhoA/Rho kinase-mediated Ca2+ 
sensitization in TP receptor-elicited pulmonary 
vasoconstriction might be partially responsible for the 
developmental increase in cGMP- and cAMP-mediated 
relaxation. 

 
In conclusion, our results contribute to reinforce 

the idea that isoprostanes are not only markers but also 
mediators of the biological effects of oxidative stress. Part 
of the vascular effects of isoprostanes are based on their 
capacity to stimulate contractile and relaxant receptors (1, 
2, 17, 18, 25) but another part is based on their stimulation 
of  the production and release of vasoconstrictors and 
vasodilators (1, 2, 10, 18, 33). In addition, reactive oxygen 
species induce the release of isoprostanes and other 
vasoactive mediators but can also interact with these 
mediators (21, 36) and may even be produced by them as 
part of their transduction mechanisms (37, 39). The 
interactions of these processes achieve a particular 

relevance in the perinatal period, which is characterized by 
abrupt changes in the oxidant status (8, 9).  
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Summary, General Discussion and Future Perspectives 

 

1. The NO/sGC/cGMP pathway 

 

At birth, as the lung becomes responsible for blood oxygenation, there is an 8- to 10-

fold increase in pulmonary blood flow, and pulmonary arterial pressure falls from 

suprasystemic levels in the fetus to about half of systemic values (2, 5, 25). A second 

gradual phase of reduction in pulmonary vascular resistance occurs over the first 

weeks of postnatal life in order to reach the low pulmonary arterial pressure 

characteristic of the adult (37-39). Although the NO/sGC/cGMP pathway is critically 

involved in the transition of pulmonary circulation at birth, neonatal pulmonary 

arteries from several species show an impairment in endothelium-dependent 

relaxation (4, 8, 37, 91). More specifically, neonatal pulmonary arteries fail to relax to 

acetylcholine and the response gradually matures during the first 2 weeks of life. 

Muscarinic receptor density increases rapidly immediately after birth and the 

subtypes change (40) but the relatively poor newborn relaxant response is not 

restricted to receptor-dependent mechanisms (37). Endothelium removal or NOS 

inhibitors abolished the relaxant response to acetylcholine, indicating the prominent 

role of endothelium-derived NO in the phenomenon (37, 91). The poor vasodilatory 

response to acetylcholine of neonatal pulmonary arteries is not due to the arterial 

smooth muscle cells being incapable of relaxation. The neonatal pulmonary arteries  

relax in response to exogenous NO (37, 51, 72, 93) and to NO-independent sGC 

stimulators (chapters II and III) although the response does improve significantly 

during the first 2 weeks of life.  

 

Ideally, eNOS is sufficiently expressed, produces NO sufficiently and the NO is not 

scavenged by ROS. The NO produced by the endothelial cells diffuses to the adjacent 

smooth muscle cells reaches its signaling target, mainly sGC, and elicits an increase 

in cGMP (18). In the present Thesis, and in the work of other investigators, the 

NO/sGC/cGMP pathway has been dissected in an attempt to explain the relatively 

poor NO bioactivity of neonatal pulmonary arteries. The expression of eNOS did not 

change in the pulmonary arteries after birth (8, 41 and chapter IV). In contrast, 

cytosolic SOD expression and activity are higher in neonatal than in 2-wk-old 

pulmonary arteries (72, 91). Herein (chapter II), we found an age-dependent increase 

in the 1 subunit of sGC protein expression which correlates with the increased 

vasorelaxant response to the sGC stimulators NO and YC-1 (chapters II and III). The 

sGC increase was also observed at the level of mRNA, indicating that the age-

dependent change does not require post-transductional mechanisms.  Finally, PDE5 

activity and expression increased with postnatal age (61).  Taken together, all these 
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results suggest that the age-related changes in the efficacy of NO/cGMP to induce 

pulmonary relaxation and its contribution to reduce pulmonary vascular resistance 

are due to alterations in multiple steps in the signalling pathway (Figure 1). First, the 

bioavalability of NO during the first hours of life may be reduced due to an enhanced 

metabolism of NO by superoxide anion. In pulmonary arteries, superoxide levels 

depend on the balance of its synthesis, mainly contributed by the membrane NADPH 

oxidase, and its metabolism, mainly contributed by cytosolic SOD (72). However, as 

mentioned above, the expression (72) or activity (91) of SOD was not reduced in 

newborns. A potential additional vascular source of superoxide is COX-1. 

Interestingly, COX-1 inhibitors increased the NO-induced relaxation in newborns but 

not in 2 week-old piglets which suggested that COX-1 was contributing to an 

increased metabolism of NO in newborn pulmonary arteries (72). Second, a reduced 

expression of sGC in newborns as described herein is consistent with a lower response 

to NO. Third, a reduced expression and activity of PDE5, and thus, a reduced cGMP 

metabolism, in newborns piglets may partly counteract the above mechanisms (61). 

Finally, an increased responsiveness to cGMP cannot be excluded.   

 

In contrast to the relaxations induced by ACh, NO gas, NO donors and  YC-1,  NO-

mediated NANC relaxation of piglet pulmonary arteries decreased with postnatal age 

and is almost absent in the 2-week-old pulmonary arteries (chapter IV). Paradoxically, 

whereas NANC relaxation decreased with advancing age, a marked increase in nNOS 

expression was observed. These data reflect how during the early stages of life, where 

marked physiological changes take place, changes in the expression of a single protein 

often do not correlate with a complex functional response which involves the 

integrated activity of large number of proteins. NO production is regulated by NOS 

transcription, post-transcriptional modification, intracellular localization, substrate 

and co-factor availability, and  superoxide production (37). Alterations in these 

regulatory mechanisms, and structural or metabolic factors which might interfere with 

the NO diffusion from the nerve terminal to the smooth muscle cell and its oxidative 

breakdown within the adventitial layer of the vessel (49, 51, 56, 91) might explain the 

developmental changes in NO-mediated NANC relaxation of pulmonary arteries.  Other 

potential mechanism which might account for changes in NANC relaxation include 

developmental changes in other vasoactive mediators released by NANC stimulation.  
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Figure 1. Age related changes in the relaxation mediated by the NO/sGC/cGMP and 

the AC/cAMP pathways in piglet pulmonary arteries during the first two weeks of 

postnatal life. The signalling steps which increase with age are depicted in red and the 

steps which decrease with age are depicted in blue.  

 

 

2. The Isoprostane pathway 

 

Isoprostanes are nonenzymatic, free radical-catalyzed isomers of COX-derived 

enzymatic products of arachidonic acid (62-64). Isoprostane body fluid levels have 

been extensively used as clinical markers of oxidative stress in many disease states 

(44, 46, 59, 60, 62). Yet, members of the isoprostane family are also biologically active 

and likely contribute to the pathogenesis of oxidant-induced injury and may mediate 

clinical features of diseases for which they are used as indicators. There is increasing 

evidence that isoprostanes exert a wide variety of actions on vascular smooth muscle 

and endothelial cells. Many have described contractile responses to isoprostanes in a 

wide variety of vascular tissues, generally via stimulation of thromboxane A2 receptors 

(TP receptors) (46, 47, 65, 67). In addition, and depending on the compound and the 

vascular bed, vasodilatory actions of isoprostanes have been also identified (48, 103, 

104). These actions were frequently masked by the vasoconstrictive effects of 

isoprostanes on TP receptors and only were observed when these receptors were 

 91



blocked by  antagonists (such as SQ 29,548 or ICI 192605), or saturated by an agonist 

(such as U46619) (48, 103, 104).  

 

The pulmonary vascular responses to isoprostanes have been studied in the newborn 

rat (12) and pig (chapters VI and VII) and the available data suggest that these 

compounds play an important role in the transitional circulation. Belik et al. analyzed 

the effects of 15-F2t-IsoP in intralobar pulmonary arteries of 1- and 2-week-old rats, as 

compared with adults (12). 15-F2t-IsoP evoked a TP-receptor-mediated contraction that 

increased with postnatal age in a similar pattern as previously reported with the TP 

receptor agonist U46619 (12, 14). In U46619-precontracted pulmonary arterial 

muscle, 15-F2t-IsoP induced a relaxant effect in the adult and further contraction in 

the newborn rat. This pulmonary vasoconstrictor effect of 15-F2t-IsoP was abolished by 

endothelium removal and NO synthase inhibition, and was markedly attenuated by 

COX blockade (12). Truog et al. observed that 15-F2t-IsoP induced marked pulmonary 

vasoconstriction in 2-week-old piglets (88). We evaluated the response to several F- 

and E-ring IsoPs in pulmonary arteries and veins from newborn and 2-week-old 

piglets (Chapters VI and VII). A postnatal age-dependent reduction in the contractile 

responses to 15-F1t-IsoP (8-iso-PGF1α), 9-epi-15-F1t-IsoP (8-iso-PGF1β), 15-F2t-IsoP (8-

iso-PGF2α), and 15-E2t-IsoP (8-iso-PGE2) was documented in these vessels. Isoprostane 

contraction was mediated through TP receptors and the signaling pathways involved 

tyrosine kinases(s) and Rho kinase. Interestingly, no developmental changes on the 

pulmonary vascular responsiveness to the TP-receptor agonist U46619 were observed. 

Therefore, age-related decreases in pulmonary vascular sensitivity appear to be unique 

for isoprostanes. The E- and the F-ring isoprostanes also induced TP-mediated 

contraction of neonatal and 2-week-old piglet mesenteric arteries that decreased with 

postnatal age. 

 

 

Occupancy (with the agonist U46619) or blockade (with the antagonist SQ 29,548) of 

TP receptors unmasked a relaxant effect of 15-E2t-IsoP (8-iso-PGE2) in the PA (chapter 

VII). This effect was not observed for the other E- or F-ring isoprostanes tested. 15-E2t-

IsoP-mediated PA relaxation increased with postnatal age, was partially endothelium-

dependent and appeared to involve stimulation of EP receptors and production of NO. 

The age-dependent increase that was observed for 15-E2t-IsoP–elicited relaxation is, as 

discussed above, a common finding for vasodilators acting through the NO-sGC-cGMP 

pathway. However, we found that the relaxant efficacy of PGE1, PGE2, and 

misoprostol, as well as the potency of the adenylate cyclase stimulator forskolin, also 

increased with age. This suggests that also the adenylate cyclase/cAMP pathway 

undergoes significant alterations during the first days of postnatal life. Alternatively 

the developmental changes in relaxation might be related to alterations in the 
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responsiveness to U46619, the TP receptor agonist used to contract the arteries in our 

experiments. Cogolludo et al. (21) have shown that two pathways are involved in TP-

receptor induced vasoconstriction in piglet PA. First, the activation of protein kinase C 

(PKC) zeta leads to KV channel blockade, membrane depolarization, L-type Ca2+ 

channel activation, and increase in [Ca2+]i. Second, a RhoA/Rho kinase-mediated Ca2+ 

sensitization pathway. This second pathway contributes more importantly to TP-

mediated contraction in the 2-wk-old animals than in the newborns (21). Ca2+-

desensitization is mediated by both cGMP- and cAMP-dependent protein kinases (85). 

Therefore, the maturational shift from PKC and voltage-gated K+ channels to 

RhoA/Rho kinase in TP receptor-mediated pulmonary vasoconstriction might be 

partially responsible for the developmental increase in cGMP- and cAMP-mediated 

relaxation. 

 

 

 

 

 

Figure 2. Mechanisms of action of isoprostanes in piglet pulmonary arteries. 

 93



3. Future Perspectives 

 

3.1 Other causes of disminished NO bioactity: eNOS uncoupling and naturally 

ocurring NOS inhibitors 

 

There are four principle causes of diminished NO bioactivity: decreased expression 

and/or activity of the eNOS enzyme, eNOS uncoupling, enhanced breakdown or 

scavenging of NO and impaired transmission of NO-mediated signaling events (failure 

of the effector mechanisms) (18). As discussed above, the role of some of these factors 

on the neonatal impairment of NO bioactivity in pulmonary arteries has been 

extensively analyzed. However, the information about other putative factors (such as 

eNOS uncoupling or naturally occurring NOS inhibitors) is more limited. 

 

The activity of eNOS might be affected at multiple levels, including  subcellular 

localization, interaction with substrate and co-factors, posttranslational modifications, 

and interaction with several regulatory proteins (34). Reduced availability of the 

substrate L-arginine, or the cofactor BH4), as well as changes in HSP90-eNOS 

interactions or Thr495 dephosphorylation can uncouple eNOS and result in the 

production of superoxide instead of NO (13, 34). Uncoupling transforms eNOS from a 

protective enzyme to a oxidative stress contributor and appears to play an important 

role in the pathogenesis of various cardiovascular diseases (35). Interestingly, upon 

stimulation of eNOS, fetal pulmonary artery endothelial cells produced only NO but 

eNOS becomes uncoupled after birth, leading to production of both NO and superoxide 

(55). This suggests that eNOS uncoupling might participate in the developmental 

adaptation of the pulmonary vascular system.  

 

Asymmetric dimethylarginine (ADMA) and NG-monomethyl- L-arginine (L-NMMA) are 

naturally occurring inhibitors of NOS which compete with the NO substrate L-arginine 

(77, 90). The concentration of ADMA in the human circulation is approximately 10 

times greater than that of L-NMMA. ADMA has emerged as an early marker and/or 

mediator of endothelial  dysfunction and it has been proved to be a novel, independent 

risk factor of cardiovascular and metabolic diseases (26). ADMA is present in the urine 

of healthy newborn infants, and gradually declines to become undetectable by five 

days of age (73). ADMA is metabolised to citrulline by the dimethylarginine 

dimethylaminohydrolase enzymes (DDAH I and II) both of which are highly expressed 

in the fetal lung. Each isoform is developmentally regulated and DDAH II activity 

increases rapidly immediately after birth (9, 52). Therefore, it has been suggested that 

ADMA and DDAH could play a significant role in the regulation of the fetal and 

newborn pulmonary vasculature (37).  
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3.2 New therapeutic agents for PPHN: sGC stimulators/activators and Rho-kinase 

inhibitors 

 

Recent studies indicate that NO-independent sGC stimulators/activators and Rho-

kinase inhibitors can cause pulmonary vasodilation and augment responsiveness to 

inhaled NO in the laboratory, suggesting a future role for these strategies in neonates 

with PPHN who fail to respond to other therapies (3, 27-29, 71) 

 

NO-independent but heme-dependent stimulators of sGC, as well as NO- and heme-

independent sGC activators, are emerging as valuable tools that could help to 

elucidate the physiology and pathophysiology of the NO–sGC–cGMP pathway in more 

detail (19, 31, 86). The first group of these compounds comprises the heme-dependent 

sGC stimulators including YC-1, BAY 41-2272, BAY 41-8543, A-350619 and CFM-

1571. These compounds show a strong synergy with NO and a loss of activation after 

oxidation or removal of the prosthetic heme moiety of sGC (19, 31, 86). However, more 

recent studies reveal that YC-1 can activate sGC with both heme-dependent and 

heme-independent mechanisms (54). The second group comprises the sGC activators, 

including BAY 58-2667, HMR-1766 and S-3448, which have been found to require 

neither NO nor heme, and demonstrate even more pronounced action on the oxidized 

form of sGC (31, 86). This unique characteristic can be explained by a mechanistic 

model in which the sGC prosthetic heme is replaced by the sGC activator (31). These 

compounds therefore represents an entirely new pharmacological principle and are 

now entering clinical development. 

 

Activation of the RhoA/Rho-kinase pathway can induce Ca2+ sensitization, a 

phenomenon in which sustained vasoconstriction occurs, independent of ongoing 

increases in cytosolic Ca2+ smooth muscle (22, 85, 98). Studies on the role of Rho 

kinase in the regulation of vascular tone and structure have been aided by the 

development of selective Rho kinase inhibitors. Results with the prototypical 

inhibitors, fasudil, and Y-27632, have provided support for the concept that Rho 

kinase plays an important role in the regulation of baseline tone and vasoconstrictor 

responses in the pulmonary vascular bed (3, 66).  In the present Thesis we 

demonstrated that the RhoA/Rho-kinase pathway is involved in isoprostane-mediated 

contraction of the pulmonary arteries (chapter VI). Rho-kinase inhibitors cause potent 

and sustained pulmonary vasodilation in fetal sheep, suggesting that high Rho-kinase 

activity maintains elevated PVR in utero (3, 71). Maturational changes in the 

RhoA/Rho-kinase pathway have been also described in newborn piglet pulmonary 

arteries and postnatal exposure to hypoxia induced actin cytoskeleton remodelling 

associated with Rho activation in  PASMCs from these animals (10). A Rho-kinase 

inhibitor prevented the  increase in PVR associated with the exposure to acute or 
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chronic hypoxia in neonatal rats (57). Therefore, Rho kinase inhibitors appear as 

promising therapeutic agents for neonatal and postnatal pulmonary hypertension (3).  

 

3.3 The cross-talk between cGMP- and cAMP-mediated relaxation 

  

Cyclic cGMP and cAMP are major second messengers that play a key role in eliciting 

vascular relaxation after stimulation of the corresponding upstream receptors. A 

cross-talk between the cGMP and cAMP pathways has been proposed to exist. This 

can involve activation of eNOS by cAMP, cross-activation of PKG by cAMP and of 

cAMP-dependent protein kinase (PKA) by cGMP as well as actions of the nucleotides or 

the kinases on PDEs (17). PDE2 and PDE3 are both cAMP-selective, but they have 

significant relevance to the NO/cGMP transduction system since the rate of cAMP 

hydrolysis by PDE2 and PDE3 is stimulated and inhibited, respectively, by cGMP (42).  

In the present Thesis we demonstrated an age-related increase in the pulmonary 

relaxation evoked by either the NO/sGC/cGMP  (chapters II and III) and the adenylate 

cyclase/cAMP (chapter VII) pathways. The putative cross-talk between the two 

pathways of relaxation during the first days of postnatal life remains to be 

investigated. 

 

  

3.4  Developmental trajectory of pulmonary vascular reactivity under oxygen 

stress   

 

Prenatal and postnatal exposure to chronic hypoxia compromises the development of 

pulmonary vasculature and impairs adaptation to extrauterine life (39, 92). 

Permanent, irreversible hypoxic damage to vasculature can occur, particularly in the 

immature lungs of preterm infants (39). As extensively discussed above, endothelium-

dependent relaxation via the NO pathway is normally absent or poor at birth and the 

response increases during the first days of postnatal life. Chronic postnatal hypoxia 

abolishes this developmental increase in NO-mediated relaxation (33, 39) but the 

mechanisms underlying this impairment remain to be investigated.  

 

It has been shown that hyperoxia, even for short periods and particularly following a 

previous hypoxic insult, contributes to the development of several neonatal 

morbidities (15, 30, 81-83). In this regard, oxygen administration in the delivery room 

has become a matter of discussion in the last years (30, 82, 83, 89). Supplemental O2 

is detrimental to the development of both airways and pulmonary vasculature. Our 

present understanding of cellular mechanisms by which NO and isoprostanes 

participate in the manifestations of oxygen toxicity, or in the countervailing processes 
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that defend against it, is incomplete (6). A significant increase in pulmonary arterial 

muscle force generation and a reduced endothelium-dependent relaxation has been 

documented in the 60% O2 chronically-exposed newborn rat (11).  Isoprostanes have 

been directly implicated in this model of hyperoxia-induced pulmonary hypertension. 

The mechanism by which this occurs involves lipid peroxidation-dependent 

isoprostane release that induces endothelin-1 generation (45). Chronic O2 exposure in 

the presence of an isoprostane scavenger abrogates the pulmonary hypertension, but 

not the lung parenchymal changes in this experimental model (51). In addition, the 

pulmonary vascular response to 15-F2t-IsoP is altered following chronic O2 exposure.  

Thus, not only a hyperoxia regimen, similar to what is used clinically, induces 

isoprostane release, but it also potentiates the pulmonary vasoconstrictive effects of 

these metabolites accounting for the maintenance of a high pulmonary vascular 

resistance (11).  Whether neonatal pathological conditions with increased oxidative 

stress result in alterations not only in the production of isoprostanes but also in the 

vascular response to these compounds in other species, remains to be studied.  

 

3.5 Postnatal changes in hypoxic pulmonary vasoconstriction 

 

Hypoxic pulmonary vasoconstriction (HPV) is a highly conserved adaptive physiological 

mechanism that optimizes O2 saturation of pulmonary venous blood by increasing 

PVR in poorly aerated regions of the lung , thereby diverting pulmonary blood flow to 

the better ventilated ones (1, 80, 95-97, 100, 101). HPV reflects an intrinsic property 

of the pulmonary artery smooth muscle cells. However, despite intensive research, the 

molecular basis of HPV remains one of the most enduring mysteries of cell physiology 

and several, sometimes contradictory, hypotheses have emerged to explain it (1, 95, 

97). Nevertheless, there is consensus about the involvement of a putative redox-based 

O2 sensor, i.e. the mitochondrial electron transport chain (mETC) (50, 58, 70, 95, 97) 

and/or the membrane NADPH oxidase (95, 101), regulating the activity of effector 

proteins and there is a large body of evidence indicating a role of reactive O2 species 

(ROS) as signalling intermediates (96, 97, 100, 101). Voltage-gated K+ (KV) channels 

are known effector proteins which are inhibited by hypoxia, leading to cell membrane 

depolarization and opening of L-type voltage-operated Ca2+ channels (VOCC) (7, 16, 

23, 43, 53, 75). Additional effectors include store-operated Ca2+ channels (SOCC) 

leading to increased capacitative Ca2+ entry and Rho kinase, which is involved in Ca2+-

sensitization (78, 79, 87, 94, 99, 102)  

 

The developmental aspects of HPV have been studied using a variety of species, ages 

and methods (23, 24, 32, 36, 69, 74, 76). These studies have yielded variable results 

and describe developmental increases (23, 24, 32, 36, 69), decreases (76), or no 

changes (74) in the pulmonary vascular response to acute hypoxia. The specific 
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postnatal developmental trajectories of the different mediators involved in HPV 

sensing/signalling remains to be investigated. In addition, new HPV 

sensors/transducers such as hydrogen sulfide (68), or ceramide (20) have recently 

been proposed and the study of their putative role in neonatal pulmonary arteries is 

warranted.  

 

3.6 Isoprostanes and ductus arteriosus 

 

COX-mediated metabolites of arachidonic acid, and more particularly E-series PGs, 

have a profound relaxant effect in the  DA. Accordingly, they are used as standard 

therapy to treat some forms of congenital heart disease in which survival of the 

newborn is dependent on persistent patency of the DA. On the other hand, patent DA  

is a major indication for use of  COX inhibitors in preterm infants (84). As discussed 

elsewhere, isoprostanes are PG-like bioactive molecules generated via nonenzymatic 

peroxidation of arachidonic acid by free radicals and reactive oxygen species. 

Surprisingly, the vascular actions of isoprostanes in the DA have not been studied so 

far. Therefore, further investigation of the role of IsoPs in the regulation of ductus 

arteriosus patency during fetal life, and its closure immediately after birth is 

warranted. It would be also of interest to analyze whether COX inhibition for the 

treatment of patent DA alters isoprostane production by increasing substrate 

availability.  

 

3.7 Inhibition of isoprostane production. Other metabolites from 

polyunsaturated fatty acids.  

 

Given the potential role of isoprostanes in multiple diseases, the development of tools 

directed to inhibit their synthesis or their biological effects is an appealing therapeutic 

strategy. Part of their biological effects can be prevented by TP-receptor antagonists. 

However, the nonenzymatic nature of their synthetic process is a challenge to achieve 

synthesis inhibition in a targeted manner. Finally, the biological significance of other 

metabolites formed by free-radical pathways from polyunsaturated fatty acids, such as 

isothromboxanes, isoketals, isofurans, neuroprostanes, or non-arachidonic acid-

derived isoprostanes requires further investigation (44).  
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Samenvatting  

 

Succesvolle aanpassing van de pasgeborene aan postnatale omstandigheden vereist een 

dramatische overgang van de pulmonale circulatie van een conditie met hoge weerstand in 

utero naar een toestand van lage weerstand binnen enkele minuten na de geboorte. 

Wanneer de pulmonale circulatie niet in staat is deze normale transitie te ondergaan of te 

behouden, resulteert dit in persisterende pulmonale hypertensie van de neonaat (PPHN), een 

klinisch syndroom bestaande uit verscheidene neonatale cardiopulmonale afwijkingen die 

gekenmerkt worden door een aanhoudende verhoging van pulmonale vasculaire weerstand 

na de geboorte, leidend tot een rechts-links shunt van bloed door de ductus arteriosus of 

het foramen ovale en ernstige hypoxemie. Oorzaken van PPHN zijn onder meer afwijkingen 

betreffende de pulmonale vasculaire tonus, reactiviteit, groei en structuur. De aard van de 

onderliggende defecten is echter onzeker, niet verrassend aangezien de mechanismen die 

verantwoordelijk zijn voor het bereiken van de normale daling van pulmonale vasculaire 

weerstand bij de geboorte nog altijd slecht begrepen zijn. 

 

Gedurende het foetale en neonatale leven, is de reactie op verschillende vasoactieve stimuli 

waarschijnlijk afhankelijk van de mate van structurele ontwikkeling van de pulmonale 

circulatie en, misschien meer specifiek, van de mate van structurele en functionele 

maturatie van specifieke receptoren. Daarbij variëren zowel het rijpingstempo alsook de 

kwetsbaarheid voor insulten, zoals hypoxie, voor verschillende vasoactieve mechanismen. In 

de afgelopen jaren richtten talrijke studies zich op de veranderingen die optreden gedurende 

de foetale/neonatale ontwikkeling in verscheidene zoogdiersoorten betreffende de pulmonale 

vasculaire reactiviteit door foetale, neonatale en volwassen vaten te vergelijken. 

 

Bij de regulatie van de tonus van de pulmonale circulatie is een groot aantal factoren 

betrokken die hun invloed uitoefenen via een breed scala aan signaleringsroutes en het is 

niet mogelijke deze allemaal in één onderzoek te overzien. Het belangrijkste doel van deze 

Thesis is daarom het verschaffen van inzicht in twee van deze zogenoemde pathways (de 

NO/cGMP/sGC en de isoprostanen pathway) en het analyseren van de veranderingen die 

deze pathways ondergaan tijdens de ontwikkeling gedurende de eerste dagen post partum in 

pulmonale en systemische vaten. Deze veranderingen werden bestudeerd in bloedvaten van 

pasgeboren en 2 weken oude biggetjes.  
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