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Background: cardiac dysfunction is reported to occur after 
severe perinatal asphyxia. We hypothesized that anesthesia of 
the mother with propofol during emergency cesarean sec-
tion (c-section) would result in less cardiac injury (troponin T) 
in preterm fetuses exposed to global severe asphyxia in utero 
than anesthesia with isoflurane. We tested whether propofol 
decreases the activity of proapoptotic caspase-3 by activating 
the antiapoptotic AKT kinase family and the signal transducer 
and activator of transcription-3 (sTAT-3).
Methods: Pregnant ewes were randomized to receive either 
propofol or isoflurane anesthesia. A total of 44 late-preterm 
lambs were subjected to in utero umbilical cord occlusion 
(UcO), resulting in asphyxia and cardiac arrest, or sham treat-
ment. After emergency c-section, each fetus was resuscitated, 
mechanically ventilated, and supported under anesthesia 
for 8 h using the same anesthetic as the one received by its 
mother.
results: At 8 h after UcO, the fetuses whose mothers had 
received propofol anesthesia had lower plasma troponin T lev-
els, and showed a trend toward a higher median left ventricular 
ejection fraction (LVeF) of 84% as compared with 74% for those 
whose mothers had received isoflurane. Postasphyxia activa-
tion of caspase-3 was lower in association with propofol anes-
thesia than with isoflurane. Postasphyxia levels of sTAT-3 and 
the AKT kinase family rose 655% and 500%, respectively with 
the use of propofol anesthesia for the mother.
conclusion: The use of propofol for maternal anesthesia 
results in less cardiac injury in late-preterm lambs subjected to 
asphyxia than the use of isoflurane anesthesia. The underlying 
mechanism may be activation of the antiapoptotic sTAT-3 and 
AKT pathways.

Multi-organ dysfunction is a common outcome of severe 
perinatal asphyxia (1,2). One of the organs significantly 

involved in the fate of the asphyctic newborn is the heart (3,4); 
it can compromise the oxygen supply of other organs, resulting 
in irreversible injury (5). It is therefore important to maintain 
adequate cardiac function in neonates who have undergone an 

asphyxic insult. Currently, the only available therapy for car-
diac function in the neonatal setting after an ischemic insult 
consists in treatment with positive inotropic and/or vasoac-
tive drugs. The impact of this measure is limited because it 
neither prevents nor attenuates the degree of the initial myo-
cardial ischemic injury (6,7). Evidence has now accumulated 
that some anesthetics such as propofol are cardioprotective in 
adult patients exposed to myocardial ischemia (8–10), and that 
this propofol-related cardioprotection is mediated through 
the activation of signal transducer and activator of transcrip-
tion (STAT)-3 and phosphoinositide-3-kinase/AKT (11). 
Isoflurane, a volatile anesthetic, also protects the adult heart 
from ischemia and reperfusion injury by intervening with the 
mitochondrial apoptosis pathway (12,13). Both anesthetics are 
rapid acting and reliable and are therefore used when prompt 
delivery of the fetus becomes essential, as when the fetal heart 
rate (HR) pattern suggests possible asphyxia or other emergent 
circumstances necessitating an emergency cesarean section 
(c-section) (14). Clinical studies in nonemergency c-sections 
did not show any difference between the two anesthetics with 
respect to maternal and fetal outcomes (15). However, to our 
knowledge, there are no studies evaluating risks or benefits of 
general maternal and fetal anesthesia for the immature heart in 
preterm infants with severe asphyxia. It is not known whether 
these two anesthetics modulate the same pathways in the neo-
natal heart as they do in the adult heart. It is also not clear 
whether opting for general anesthesia rather than neuraxial 
anesthesia for c-section in pregnant women carrying a dis-
tressed fetus with suspected asphyxia can confer protection for 
the fetal heart from ischemia and reperfusion injury.

We sought to elucidate these points by establishing an ani-
mal model of fetal lambs exposed to severe asphyxia leading to 
cardiac arrest that are then delivered preterm by an emergency 
c-section under general anesthesia using propofol or isoflu-
rane (Figure 1). After delivery, the preterm lambs underwent 
resuscitation followed by 8 h of intensive care. They received 
the same sedation regime after birth and resuscitation as their 
mothers had received during c-section.
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To assess cardiac function in the preterm lambs, left ventricular 
ejection fraction (LVEF) was determined. This parameter is often 
depressed after birth asphyxia and is a useful marker of severity 
and a prognostic indicator in asphyxia (16). In addition, troponin 
T, a marker of cardiac injury, was measured (1,17). To assess acti-
vation or suppression of mitochondrial apoptotic and survival 
pathways in myocardial left ventricular tissue, the protein level 
of apoptosis executioner cysteinyl aspartate-specific protease-3 
(caspase-3) was determined. Caspase-3 is activated by caspase-9 
on release of cytochrome c from failing mitochondria in the pres-
ence of severe cellular hypoxia (18). B-cell lymphoma–extra large 
(Bcl-xL) is a protein capable of mediating cell survival by inhibit-
ing the release of mitochondrial cytochrome c (19). The activ-
ity of Bcl-xL is regulated by phosphorylated STAT-3 (pSTAT-3) 
(20,21) and by AKT (22), both of which were also assessed. The 
expanding knowledge and about the activation or suppression of 
molecular death and survival pathways and an improved under-
standing of their effects and impact on clinical parameters that 
can be measured at the bedside (such as troponin T and LVEF) 
may help in creating a therapy that not only influences surrogate 
end points but also intervenes in the pathogenesis of ischemia 
and reperfusion injury.

ReSUlTS
Physiology
All the lambs had similar birth weights of 3.6 ± 0.1 kg. In order 
to achieve a mean arterial blood pressure (MABP) of <30 mm 
Hg for 2 min, the total duration of umbilical cord occlusion 
(UCO) required was 10.7 ± 0.3 min in the propofol-treated 
lambs and 11.3 ± 0.6 min in the isoflurane-treated lambs (P 
= not significant). All the animals developed bradycardia 
(HR < 30/min) and needed resuscitation. Chest compression 
was started, and was continued until the HR was >80/min. 
The time needed to achieve this HR spontaneously was 9.0 ± 
0.3 min in the propofol-treated lambs and 9.0 ± 0.4 min in the 
isoflurane-treated ones. All the animals that had been exposed 
to UCO needed adrenaline to recover HR and MABP. The 
mean dose of adrenaline used was 0.29 ± 0.10 mg/kg BW in 
the propofol-treated group and 0.32 ± 0.12 mg/kgBW in the 
isoflurane-treated group. HR and MABP values did not differ 

significantly between the groups after delivery and resuscita-
tion (Figure 2a,b). Initial pH values before birth were similar 
in all the groups (7.26 ± 0.01, Figure 2d). After UCO followed 
by successful resuscitation, the pH decreased to 6.91 ± 0.03 in 
the propofol-treated asphyxia group, whereas the propofol-
treated control animals (no UCO) showed a pH of 7.10 ± 0.03 
at the corresponding time point after birth. In the isoflurane-
treated asphyxia group the pH was 6.84 ± 0.01 after resusci-
tation as compared with 7.07 ± 0.02 in the isoflurane-treated 
control (no UCO) group (P < 0.05).

Creatine Kinase in Fetal Plasma
There were no significant differences among the various groups 
with respect to changes in creatine kinase (CK) levels (Figure 2c). 
A trend toward increase was observed in the UCO groups, with 
CK increasing by 277.1% in the propofol treatment group and up 
to 455.7% in the isoflurane treatment group as compared with 
the gestational age (GA) control group (P = not significant).

M-Mode Echocardiography
Because of logistical limitations, echocardiography could be 
performed at baseline only in 24 of the 36 late-preterm lambs. 
Measurements at 8 h after resuscitation were limited to 16 of the 
36 animals. We therefore present the individual measurements 
per group as compared only with the medians of the groups. 
Measurements are considered only to determine trends.

Echocardiography at baseline. The median baseline LVEF at 
1 h after birth was 84.0% in the propofol-treated group and 
81.0% in the isoflurane control group (Figure 3a). The baseline 
LVEF in asphyctic lambs was 89.0% in the propofol-treated 
group and 90.0% in the isoflurane-treated group. The baseline 
LVEF was higher after resuscitation and adrenaline treatment 
in propofol-treated asphyctic lambs than in the corresponding 
control group. A similar difference was observed between the 
two isoflurane groups.

Echocardiography after 8 h. LVEF measurements at 8 h after 
birth, immediately before the lambs were killed were 89.5% 
and 88.5% in the propofol and isoflurane control groups, 
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Figure 1. Study design and time course of experiments. The lambs were delivered at 89% of full gestational age (GA). The ewes carrying the fetuses con-
stituting the GA control group were euthanized, and their offspring were delivered by cesarean section (c-section) and also euthanized. The ewes of the 
other groups underwent c-section under sedation with the same anesthetic that would subsequently be used for their respective offspring. Two groups 
of lambs were exposed to total umbilical cord occlusion leading to cardiac arrest.
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respectively. LVEF values in both propofol-treated and iso-
flurane-treated animals increased relative to the respective 
baseline values. The final LVEF in asphyctic lambs was 82.0% 
in the propofol treatment group and 73.5% in the isoflurane 
treatment group. In comparison with the baseline values, 

LVEF decreased in propofol-treated and isoflurane-treated 
lambs. The LVEF at the end of the experiment was lower in 
propofol-treated asphyctic lambs than in the propofol-treated 
control group. A similar difference was observed between the 
two isoflurane groups.
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Figure 2. Heart frequency (HF), creatine kinase (CK), blood pressure (BP), and pH in the various groups. (a) HF. (b) Systolic and diastolic blood pressure 
readings. (c) Creatine kinase in fetal plasma at the end of the experiment. (d) pH values. During the experiments, there were no signs of propofol infusion 
syndrome, such as bradycardia, arterial hypotension, rhabdomyolysis, or acidosis, in the propofol-treated lambs. The data are depicted as mean values 
and SeMs. Circles symbolize the propofol control group, squares symbolize the propofol-treated asphyctic group, triangles symbolize the isoflurane con-
trol group, and diamonds symbolize the isoflurane-treated asphyctic group. GA, gestational age.
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Figure 3. Cardiac parameters left ventricular ejection fraction (lVeF) and cardiac troponin T (cTnT) in various groups. (a) M-mode echocardiography: 
lVeF. Because of technical reasons, lVeF could not be determined in all the animals. However, a trend for a decreasing median could be observed in the 
isoflurane-treated asphyctic group at the end of the experiment, whereas the decrease in the propofol-treated asphyctic group was less distinct. Circles 
symbolize the propofol control group, squares symbolize the propofol-treated asphyctic group, triangles symbolize the isoflurane control group, and 
diamonds symbolize the isoflurane-treated asphyctic group. (b) cTnT in fetal ovine plasma at the end of the experiment. The data are depicted as mean 
values and SeMs. Significant differences as compared with gestational age (GA) control groups are *P < 0.05 (GA group n = 8, propofol control n = 11, 
propofol-treated asphyxia n = 10; isoflurane control n = 7, and isoflurane-treated asphyxia n = 8). Significant differences (P < 0.05) between the propofol 
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Cardiac Troponin T in Fetal Plasma
In the isoflurane-treated asphyctic group, cardiac troponin T 
(cTnT) increased to 1.3 ± 0.4 µg/l (P < 0.05) as compared with 
the GA control group value of 0.2 ± 0.1 µg/l (Figure  3b). In 
the propofol-treated asphyctic group, cTnT increased to 0.6 ± 
0.2 µg/l (P = not significant) as compared with the GA control 
group. In comparison with isoflurane, propofol reduced cTnT 
content in fetal plasma after severe asphyxia by 48.2% (P < 0.05).

Cytochrome c–Releasing Apoptosis Assay
The values of cytochrome c were lower (57.4 ± 4.2%) in the pro-
pofol-treated asphyctic group and higher (166.0 ± 31.8%) in the 
isoflurane-treated asphyctic group relative to the corresponding 
values in the GA control group (P = not significant) (Figure 4a). 

Cytochrome c values in isoflurane-treated asphyctic lambs were 
353.1 ± 59.5% of the values in GA controls (P < 0.05), 212.7% of 
the values in the isoflurane control group (P < 0.05), and 614.8% 
of the values in the propofol asphyxia group (P < 0.05).

Western Blot Analysis
Cleaved caspase-9. In the isoflurane-treated asphyxia group, 
cleaved caspase-9 had increased 217.8 ± 28.7% (P < 0.05) as 
compared with GA controls and 360.4% (P < 0.05) as com-
pared with the propofol-treated asphyxia group (Figure 4b).

Cleaved caspase-3. In the propofol-treated asphyxia group, 
cleaved caspase-3 had increased 333.5 ± 27.8% (P < 0.05, 
Figure 4c) as compared with the GA controls, and 190.2% (P 
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Figure 4. Western blot tests for cytochrome c release into (a) the cytosol, (b) cleaved caspase-9, and (c) caspase-3. The corresponding levels in the 
gestational age (GA) control group were set at 1. The data are depicted as mean values and SeMs. Significant differences (P < 0.05) as compared with 
GA control groups (n = 8) are marked by *. Significant differences (P < 0.05) between asphyctic (propofol-treated n = 10; isoflurane-treated n = 8) and 
the corresponding asphyxia-free control group (propofol-treated n = 11; isoflurane-treated n = 7) are marked by §. Significant differences between the 
propofol-treated asphyctic group and the isoflurane-treated asphyctic group are marked by †. Significant differences (P < 0.05) between the propofol 
control group (n = 11) and the corresponding isoflurane control group (n = 7) are marked by ‡.
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< 0.05) as compared with the propofol-treated control group. 
Values of cleaved caspase-3 in isoflurane-treated asphyctic 
lambs increased 500.5 ± 76.2% as compared with GA controls 
(P < 0.05), 355.5% (P < 0.05) as compared with the isoflurane 
control group, and 150.1% (P < 0.05) as compared with the 
propofol-treated asphyctic group.

pSTAT-3 and Tyr705. The protein level of pSTAT-3 increased 
250.5 ± 34.1% in the propofol control group as compared 
with the GA control group (P < 0.05; Figure  5a). In the 
 propofol-treated asphyctic group, pSTAT-3 was higher by 
209.2 ± 25.7% (P < 0.05) as compared with the GA control 
group and by 655.8% (P < 0.05) as compared with the isoflu-
rane-treated asphyctic group. The pSTAT-3 value in the iso-
flurane control group was similar to that in the GA control 
group, whereas in the  isoflurane-treated asphyctic group it 
was lower (31.9 ± 13.4%) as compared with the GA controls 
(P = not significant).

Bcl-xL. The protein level of Bcl-xL was higher (206.1 ± 33.9%) 
in the propofol control group as compared with the GA control 

group (P < 0.05; Figure 5b). The Bcl-xL value in the propo-
fol-treated asphyctic group was higher (172.6 ± 17.1%) (P = 
not significant) as compared with the GA control group and 
higher (268.8%) (P < 0.05) as compared with the isoflurane 
asphyxia group as well. There was no difference in Bcl-xL val-
ues between the isoflurane control group and the GA control 
group. The Bcl-xL value in the isoflurane-treated asphyctic 
group was lower (64.2 ± 6.4%) as compared with GA controls 
(P = not significant) and higher (205.1%) (P = not significant) 
as compared with the isoflurane control group.

Phosphorylated AKT. The protein level of pAKT in the pro-
pofol-treated asphyctic group was higher (256.3 ± 34.0%) as 
compared with the GA control group (P < 0.05) (Figure 5c). 
The pAKT value in the isoflurane-treated asphyctic group was 
lower (22.9%) as compared with the propofol-treated asphyc-
tic group (P < 0.05).

DISCUSSION
In this article, we demonstrated, for the first time, functional 
and molecular changes that take place in the hearts of late-
preterm lambs. We used a unique experimental sequence of 
severe asphyxia brought about by complete UCO in utero, fetal 
cardiac arrest, emergency c-section, postnatal resuscitation 
of the fetus, and intensive care for the first 8 h after birth. The 
molecular and functional changes indicated that the choice of 
sedative drugs has the potential to mediate cardioprotection in 
the asphyctic fetus when administered before the actual deliv-
ery to the maternal–fetal unit during c-section, and postnatally 
to the survivors in the neonatal intensive care unit.

Cardiac dysfunction is a common feature in asphyxiated pre-
term infants, but is often underdiagnosed; it therefore requires 
a high index of suspicion (3,4). Echocardiography helps in 
early recognition and better management of these cases. LVEF 
is a useful marker of severity and prognosis of cardiac dys-
function related to perinatal asphyxia (16). We were able to 
show, for the first time, that the choice of anesthesia for emer-
gency c-section in the mother can influence the heart function 
of a lamb fetus that has undergone severe asphyxia. Abboud 
et al. showed that, in the absence of fetal asphyxia, neonatal 
status was equally good regardless of whether the anesthetic 
used during the c-section was propofol or isoflurane (15). This 
observation was congruent with the findings in our control 
groups of late-preterm lambs after the use of either isoflurane 
or propofol as sedation in the ewes. The choice of anesthetic for 
the pregnant animal during c-section had an impact on neo-
natal status only if the fetus had received exposure to severe 
asphyxia followed by resuscitation. In late-preterm asphyctic 
lambs, LVEF was re-established better after propofol treatment 
than after isoflurane treatment. Echocardiography showed that 
anesthesia with isoflurane was associated with a trend toward 
higher levels of cTnT in the fetal plasma of severely asphyctic 
lambs than anesthesia with propofol. TnT is a marker of car-
diac damage in preterm and term-born infants and is a strong 
indicator of myocardial injury caused by perinatal hypoxia 
(1,17). Therefore, it can be speculated that the absence of an 
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increase in cTnT when propofol treatment is used may be a 
sign of cardioprotection.

The lower rate of release of cTnT into fetal plasma and the 
improvement in heart function in asphyctic late-preterm 
lambs treated with propofol may be partially attributable to a 
reduced rate of apoptosis. In our study, activation of myocar-
dial caspase-3, which determines the incidence of apoptosis 
(19), was significantly reduced by propofol treatment. Wang 
et al. provided evidence that propofol might interfere with 
apoptotic pathways through activation of AKT (11). Activated 
AKT blocks apoptosis by phosphorylating its substrates, such 
as Bcl-2-associated death protein (Bad) (23). The latter, in 
turn, modulates Bcl-xL, an antiapoptotic protein (19). In sup-
port of this hypothesis, we found that propofol-treated groups 
showed increased cardiac protein levels of phosphorylated 
AKT and Bcl-xL as well as slightly better LVEF values as com-
pared with the isoflurane-treated groups. Indeed, isoflurane 
caused no change in cardiac pAKT and Bcl-xL. The increase in 
pAKT and Bcl-xL after fetal exposure exposure to propofol is 
thought to lead to lower levels of cytochrome c being released 
from the mitochondria, and consequently to less activation of 
caspase-9 and caspase-3 in fetal hearts. Some previous studies 
have demonstrated that the level of phosphorylated AKT may 
reflect its activity under conditions such as preconditioning 
(24) and postconditioning (23). Therefore, the findings of our 
study suggest that propofol administration to the mother and 
to the fetus at the onset of reperfusion for 8 h might attenu-
ate myocardial apoptosis, partly through maintaining or even 
increasing the activity of the phosphoinositide-3-kinase/AKT 
pathway.

Another pathway that contributes to myocardial protection 
in ischemic postconditioning is activation of pSTAT-3 (25,26). 
A recent study by Bolli et al. has provided evidence that recruit-
ment of STAT3 plays an essential role in the upregulation of 
cardioprotective and antiapoptotic proteins; the evidence fur-
ther suggests that STAT3 activation is important in inhibit-
ing both the death receptor pathway and the mitochondrial 
pathway (27). STAT-3 regulates the transcription of Bcl-xL 
(20,21). It is currently not known whether this pathway can be 
activated by propofol. In view of the fact that myocardial pro-
tection by ischemic postconditioning and by anesthetic drugs 
seem to share many pathways, we determined the protein lev-
els of pSTAT-3 in the fetal hearts. We found that pSTAT-3 was 
indeed increased by propofol but not by isoflurane. Our data, 
combined with those in the cited literature, indicate that pro-
pofol may exert a cardioprotective effect by activation of the 
STAT-3 and AKT pathways, leading to activation of Bcl-xL. 
The consequent reduction in cytochrome c release from the 
mitochondria would have the effect of reducing caspase-9 and 
-3 activation (Figure 6).

Our study has several limitations. First, the control group 
also received a sedative drug. In order to capture the true effect 
of propofol on cardiac function, one would have to compare 
against an untreated control group. However, from the clini-
cal and ethical points of view, it was not feasible to maintain 
late-preterm lambs without sedation and ventilation after 

subjecting them to asphyxia and subsequent resuscitation. 
Therefore, for the purpose of controls, we evaluated lambs that 
had not been subjected to asphyxia.

Second, although the levels of cTnT and the molecular medi-
ators were measured in all the animals at all time points, the 
assessment of LVEF was not performed in all the animals at all 
time points because of logistical constraints. Therefore, the rel-
evance of the echocardiographic results is limited. However, the 
trends observed for LVEF corresponded to the data obtained 
in cTnT assay and western blot, and we therefore incorporated 
the echocardiographic data into the manuscript despite their 
limited relevance.

Third, a risk associated with the postnatal use of propofol in 
neonates is the possible occurrence of propofol infusion syn-
drome (28). This is characterized by hemodynamic abnormali-
ties, lactic acidosis, and rhabdomyolysis, and is associated with 
a mortality of ~85% (3). The propofol-treated lambs in our 
study developed no acidosis, no increase in CK, and no severe 
hemodynamic disturbances within 8 h (Figure 2). But we can-
not rule out the possibility that the use of propofol for a longer 
duration or in a bigger sample of individuals could lead to pro-
pofol infusion syndrome, given the relatively high interindi-
vidual variability in propofol pharmacokinetics in preterm and 
term neonates (5). On the other hand, the human fetus is not 
affected by propofol anesthesia to the mother during c-section 
(15). Therefore, future studies should evaluate whether the use 
of propofol in human fetuses in the prenatal stage alone (and 
not in the postnatal situation) would be effective in reducing 
fetal cardiac injury caused by severe asphyxia.

In this study, we were able to show in our animal model of 
late-preterm sheep that, in the absence of asphyxia, there is no 
difference in the cardiac status of the newborn animals, irre-
spective of the anesthetic used (propofol or isoflurane). This 
has already been shown in human newborns (15). Our study 
provided evidence, for the first time, that propofol treatment, as 
compared with isoflurane treatment, results in less myocardial 
injury and apoptosis and in a better cardiac output in late-pre-
term lambs after exposure to severe asphyxia and resuscitation. 
To our knowledge, this is the first report to demonstrate a clini-
cal benefit for the fetus from the experimental concept of isch-
emic pre- and postconditioning. The fact that anesthetic drugs 
such as propofol can be administered easily to the fetus through 
placental perfusion even before birth offers a new and very early 
therapeutic option for either pharmacological precondition-
ing of a fetus at risk or for postconditioning of a fetus that has 
already been exposed to asphyxia. In this context, our study is 
the first step toward re-evaluating the therapeutic option of using 
propofol for maintaining and modulating the cardiac function 
of the fetus during and after perinatal asphyxia. The possibil-
ity of pharmacological treatment of the asphyctic fetus through 
its mother offers new opportunities for therapeutic strategies in 
the delivery room. These require intensive cooperation between 
anesthesiologist, obstetrician, and pediatrician. More studies 
are needed in order to evaluate whether our findings of clinical 
benefit are limited to the animal model, or whether human new-
borns too may profit from early treatment in utero.
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In summary, we were able to show that propofol treatment 
prenatally and in the first hours of life may help to preserve 
LVEF in late-preterm lambs exposed to severe asphyxia and car-
diac arrest, and that this intervention reduces the release of cTnT 
into fetal plasma. This beneficial effect seems to be mediated, 
at least in part, by an induction of the STAT-3 and AKT path-
way, resulting in reduced release of cytochrome c from the mito-
chondria and less activation of apoptosis executioner caspase-3. 
These results could provide the rationale for a clinical study to 
evaluate the effects of propofol anesthesia in the delivery room 
for mothers who are carrying fetuses at risk for asphyxia.

MeTHODS
Animals
The study was approved by the Animal Ethics Research Committee, 
Maastricht University, The Netherlands. Texel ewes were date-mated, 
and the fetuses were randomized for UCO and sedation. Observations 
were made in 44 late-preterm fetal sheep of both genders at a GA of 133 
or 134 d (term 150 d). Eighteen sheep fetuses were subjected to total 
UCO in utero, and 18 fetal sheep served as sham controls. In each group, 
half of the pregnant ewes and their offspring were sedated with propo-
fol and the others with isoflurane. Eight lambs served as GA controls 
for reference values for the molecular pathways in this age group. In 
order to avoid any influence of anesthetic drugs in the latter group, the 
pregnant ewes were euthanized using an injection of T61 (Veterinaria 
AG, Zürich, Switzerland) at gestational day 133 or 134; their offspring 
were delivered surgically immediately thereafter and were also directly 
euthanized using an injection of T61 (Veterinaria AG).

Experimental Protocol
The pregnant ewes of the isoflurane group were intubated after thiopen-
thal induction (15 mg/kg), and general anesthesia was maintained with 
isoflurane (1–2%). The pregnant ewes of the propofol group received 
propofol both as induction bolus (6 mg/kg) and for general anesthe-
sia (25 mg/kg/h) during the c-section. In both groups of animals, 
anesthesia was supplemented by continuous remifentanyl infusion 
(3 μg/kg/min). After a lower-midline incision, the fetus was carefully 
extracted through a small incision in the uterus. An endotracheal tube 
was inserted into the fetus and clamped to prevent breathing. Catheters 
were placed in the femoral and umbilical arteries and in the jugular 
vein for baseline blood sampling (Abbott i-STAT 1 Blood Gas Analyzer; 
Abbott Laboratories, Abbott Park, IL) and for continuous monitoring 
of fetal MABP and HR. Electrocardiogram and electroencephalogram 
electrodes were put in place and stitched to the skin. The umbilical cord 
was gently extracted through an incision in the uterus, and a vascu-
lar occluder (OC16HD, 16 mm; In Vivo Metric, Healdsburg, CA) was 
placed around the umbilical cord. The aim of the occlusion was to 
achieve a MABP of <30 mm Hg for 2 min (Figure 1). At the end of the 
occlusion period, the lambs had experienced severe bradycardia (HR < 
30/min) or even complete cardiac arrest. If there was no increase in HR 
at 20 sec after the end of the occlusion period, resuscitation was started. 
The resuscitation protocol included immediate start of cardiac massage 
at a frequency of 120/min and adrenaline administration in augmented 
doses from 30 μg, to 60 μg, to 0.1 mg. In addition, a volume bolus of 
ringer lactate of 10 ml/kg BW was administered after the first shot of 
adrenaline, and ventilation was administered using a balloon (FiO2 
= 0.21, frequency = 60/min). After cutting of the umbilical cord, the 
fetus was brought to an open, heated incubator (IW930 Series CosyCot 
Infant Warmer; Fisher & Paykel Healthcare, Auckland, New Zealand), 
and body temperature was maintained at 38.5 °C while resuscitation 
was continued. The lambs were administered pressure-regulated ven-
tilation using a ventilator Servo 900C (Siemens-Elema, Solna, Sweden) 
with initial settings as follows: FiO2 = 1, positive end-expiratory pres-
sure, 5 cmH20, peak inspiratory pressure 30 cmH20, frequency 60/min, 
I:E 1:2. Thereafter, inspiratory pressure was adjusted to achieve a tar-
geted volume of 3.0 L/min and a PaCO2 of 35–45 mm Hg. Ventilation 
and sedation were continued for 8 h after the delivery. Sedation was 

maintained either with isoflurane (0.5–1.0%) or with propofol (1–3 mg/
kg/h), supplemented with remifentanyl (3 μg/kg/min) in both groups. 
The remifentanyl was dissolved in 20% glucose and ringerlactate solu-
tion in a concentration allowing for infusion at the rate of 3 ml/kg/h. 
All the lambs (sham treated included) received surfactant (200 mg/kg 
BW Curosurf, courtesy of Chiesi, Parma, Italy) intratracheally, and two 
times maternal blood transfusion of 10 ml/kg BW during initial stabili-
zation. All cord-occluded lambs except two spontaneously developed a 
HR > 150/min and sufficient MABP (>50 mm Hg) within 10 min after 
the start of resuscitation; the two lambs were excluded from the study.

The 18 sham-treated fetuses were prepared in utero, with insertion 
of catheters in the femoral and umbilical arteries and jugular vein 
and endotracheal intubation, as described above. At 11 min (mean 
 duration of occlusion in the study group) after the end of the instru-
mentation procedure, the lambs were delivered, weighed, sedated, 
and connected to pressure-controlled ventilation as described above.

At 8 h after delivery, the lambs were euthanized using an intrave-
nous injection of T61 (Veterinaria AG). The heart was immediately 
removed and shock-frozen in liquid nitrogen. Tissues were subse-
quently stored at −80 °C.

M-Mode Echocardiography
Transthoracic echocardiography using a 5.2-MHz transducer (Megas 
CVX, Esaote, Genova, Italy) was performed at baseline (1 h after birth) 
and prior to euthanasia (8 h after birth). M-mode recordings from a 
parasternal short-axis view were used to determine LV  end-diastolic 
diameter and LV end-systolic diameter in accordance with the recom-
mendations of the American Society of Echocardiography. The investi-
gator performing and reading the echocardiogram was blinded to the 
treatment allocation.

Western Blot Test
Frozen left ventricular heart tissue was homogenized in ice-cold radio-
immunoprecipitation assay buffer (Sigma-Aldrich, St. Louis, MO) con-
taining Halt Protease and Phosphatase Inhibitor Cocktail, EDTA-free 
(100X) (Thermo Fisher Scientific, Rockford, IL). The samples were then 
centrifuged at 500g for 20 min at 4 °C to remove cellular debris. Protein 
content in the supernatant was determined using the Micro BCA Protein 
Assay Kit (Thermo Fisher Scientific), with bovine serum albumin as the 
standard. Western blots were performed as described previously (29). 
The following dilutions were used for antibodies: 1:1,000 for mono-
clonal anti-β-actin clone AC-1 (Sigma-Aldrich), anticleaved-caspase-3 
(Asp175) (Cell Signaling Technology, Danvers, MA) (30), anticleaved-
caspase-9 (Novus Biologicals, Littleton, CO), anti-Bcl-xL (Cell Signaling 
Technology), anti-phospho-AKT (Cell Signaling Technology), and anti-
pSTAT-3 (Cell Signaling Technology). As secondary antibody, IRDye 
680 conjugated goat (polyclonal) antirabbit IgG, IRDye 800 conjugated 
goat (polyclonal) antirabbit IgG, IRDye 680 conjugated goat (polyclonal) 
antimouse IgG, and IRDye 800 conjugated goat (polyclonal) antimouse 
IgG, (LI-COR, Lincoln, NE) were used in dilutions of 1:10,000. The 
blots were analyzed using the LICOR Odyssey Infrared Imaging System, 
and the signals of the target proteins were normalized to the signal of 
β-actin, which acts as a housekeeping protein. Images were acquired 
using Adobe Photoshop CS4 software (San Jose, CA).

Cytochrome c–Releasing Apoptosis Assay Kit
The cytochrome c release rate was determined using the cytochrome 
c–releasing apoptosis assay kit (BioVision, Mountain View, CA) in 
accordance with the manufacturer’s protocol.

Measurement of Blood Biochemical Variables
Troponin T (fourth-generation TnT assay) content in fetal ovine 
plasma was analyzed on the Elecsys 2010 (Roche Diagnostics, Basel, 
Switzerland).

CK plasma concentration was determined on a Beckman Coulter 
LX20 PRO Clinical Chemistry analyzer (Beckman Coulter, Fullerton, 
CA). The analysis was performed as described in the manual (https://
www.beckmancoulter.com/wsrportal/page/techdocSearch).

Statistical Analysis
Measurements of LVEF were depicted as median values. All other 
data were depicted as mean ± SEM. The statistical significance of 
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intergroup differences was analyzed using ANOVA followed by the 
Student–Newman–Keuls multiple-comparison test. Differences with 
probability values of P < 0.05 were considered significant. All statisti-
cal analyses were performed using the statistical software GraphPad 
Prism 5.0 (La Jolla, CA).
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