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Chronic lung disease (or bronchopulmonary dysplasia), mostly occurring after 
severe infant respiratory distress syndrome, is an important complication in the 
extremely preterm baby admitted to the Neonatal Intensive Care Unit [1].
Antenatal glucocorticoid treatment is well established for prevention or reduction 
of infant respiratory distress syndrome and concomitant chronic lung disease 
[2,3]. Since the late eighties of the last century, neonatal glucocorticoid treatment, 
especially dexamethasone, has become an established therapy to prevent or 
reduce chronic lung disease in the prematurely born infant [4,5].
However, in the last decade, long-term adverse side effects of neonatal 
glucocorticoid treatment have been reported, particularly regarding neuromotor 
and cognitive development [6-10]. Since the glucocorticoids are administered 
systemically and most tissues express receptors for glucocorticoids, long-term 
adverse side effects are not necessarily restricted to the brain [11].
With respect to possible adverse effects on the cardiovascular system, short-term 
side effects have been described. However, not much is known with regard to 
possible long-term adverse effects of perinatal (ante- and/or neonatal) 
glucocorticoid treatment.

Aim of the thesis

The aim of this thesis is to describe the histopathological, functional and 
hemodynamic impact of neonatal glucocorticoid treatment on the rat heart during 
development into adulthood. Furthermore, we aimed at determining possible long-
term effects of neonatal glucocorticoids on cardiac function and hemodynamics in 
children who had been treated antenatally and/or neonatally with glucocorticoids. 
To this end cardiovascular function was evaluated at school age.

Outline of the thesis

Chapter 2 is a review of the current literature regarding short- and long-term 
cardiovascular effects of perinatal glucocorticoid treatment. The quoted studies in 
animals and humans as a whole present evidence as well as a growing awareness 
of mild to possibly severe consequences of particularly dexamethasone treatment 
for immediate and/or long-term cardiovascular function.

Chapter 3 describes the change in life expectancy of the rat after neonatal 
dexamethasone treatment. In this chapter we describe the untimely death of the 
dexamethasone treated animals, which is associated with hypertension and 
histopathological abnormalities of the kidney and the heart.
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Chapter 4 reports on these histopathological changes in the rat heart during 
adulthood after neonatal dexamethasone treatment. We found that neonatal 
dexamethasone treatment causes hypertrophy of cardiomyocytes and leaves the 
rat heart with a reduced number of cardiomyocytes during adulthood. Also an 
increased amount of interstitial myocardial collagen was found.

Trying to reveal the origin of the above-mentioned changes and to determine if this 
reduction in number of cardiomyocytes is caused by a temporary suppression of 
proliferation or by apoptosis we performed histopathological studies on the heart 
of the neonatal rat. Chapter 5 discusses the short-term histopathological changes 
in the development of the heart of the rat pup after neonatal dexamethasone 
treatment.

Aiming to assess the pattern of the cardiac changes through life and the extent of 
these changes at different ages, chapter 6 reports on the histopathological 
changes in the rat heart with ageing after neonatal dexamethasone treatment.

The question remains whether the results of the animal experiments may be 
extrapolated to humans. Chapter 7, therefore, is dedicated to the question 
whether perinatal use of glucocorticoids in humans also has long-term negative 
effects by describing the results of a follow-up study on the cardiovascular status 
at school age of prematurely born children treated antenatally and/or neonatally 
with glucocorticoids.

Chapter 8 contains the summary and general conclusions of this thesis. 
Recommendations with respect to the application of glucocorticoids in humans 
during the neonatal period are given as well.

Chapter 9 is the summary of this thesis in Dutch.
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Abstract

Chronic lung disease in the extremely preterm baby is still a major complication in 
neonatal intensive care. Perinatal (ante- and neonatal) glucocorticoids are widely 
used to prevent severe infant respiratory syndrome and/or to reduce chronic lung 
disease respectively. A review of the literature regarding the cardiovascular side 
effects of antenatal and neonatal glucocorticoids is presented here.
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Introduction

Mortality and morbidity after preterm birth still has been determined substantially 
by the severity of infant respiratory distress syndrome (RDS) and its main 
complication, chronic lung disease (CLD) or bronchopulmonary dysplasia (BPD) 
[1,2]. This review mainly focuses on the (long-term) cardiovascular effects of the 
use of glucocorticoids (GCs) in the perinatal period.

Reduction of respiratory distress syndrome

In 1972, Liggins and Howie were the fi rst to report that the incidence of RDS 
decreased substantially when treating the mother with imminent preterm birth, 
with the GC betamethasone (Bmeth). It not only decreased the incidence of RDS, 
it also increased survival [3]. Since then numerous investigations have been 
reported, which all indicated that antenatal GC-administration reduces neonatal 
morbidity in preterm infants. Despite this, antenatal GCs have not been used 
frequently up to the late 1980s and early 1990s. Since 1995, however, GC-
therapy became common practice with the publication of the National Institute of 
Health consensus Statement on effects of GCs for fetal maturation on perinatal 
outcomes [4]. 

Although antenatal GCs are nowadays standard care for women at risk for preterm 
delivery before 32 to 34 weeks gestational age, the choice and dosing of GCs has 
not been standardized. Most randomized trials of antenatal GC-therapy have been 
based on the use of dexamethasone (Dex) or Bmeth. However, observational 
evidence indicates differences in outcome, demonstrating that the risk of neonatal 
death is decreased with Bmeth but not with Dex [5-7].

Prevention or reduction of chronic lung disease

Despite a reduction due to antenatal GCs, RDS and concomitant CLD are still 
major complications in neonatal intensive care medicine [2]. CLD is usually 
defi ned as oxygen dependency at 36 weeks postmenstrual age or 28 days 
postnatal age, together with persistent clinical respiratory symptoms and 
concomitant abnormalities on chest radiographs [8,9]. Technological advances 
such as improved ventilatory strategies, together with the use of antenatal GCs 
and neonatal treatment with exogenous surfactant, have reduced severe RDS in 
the extremely prematurely born baby. These treatment modalities, on the other 
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hand, have also resulted in an increased survival of even smaller and more 
immature infants, giving a net increase in the incidence of CLD [2].

CLD has been characterized histologically by pathological changes of large, 
simplifi ed alveolar structures, a dysmorphic capillary confi guration and variable 
interstitial cellularity and/or fi broproliferation [1], which give rise to and contribute 
to an increased morbidity and mortality of these very immature babies.

Although reduction in volutrauma oxidative injury with consequent infl ammation 
will improve lung morphology and thus will lower the incidence of CLD [1,2], 
development of a more specifi c, effective and even preventive therapy is urgently 
needed. The use of GCs during the neonatal period was an important step towards 
this goal.

The fi rst report on GCs to treat neonatal lung disease was published in 1956 [10]. 
In 1972 two studies were published which reported possible treatment of RDS 
with prednisolone [11] and hydrocortisone (HC) [12]. However, it was not until 
the late eighties and early nineties that the use of GCs for treatment of CLD 
became common practice [13-15]. Dex has been the most frequently used GC to 
reduce CLD, although other GCs including HC [16,17], prednisolone, 
methylprednisolone and inhalation GCs have been studied as well [18,19]. 
Reviews indicate that systemic GCs improve respiratory function in the short-term 
and expedite extubation in preterm infants [20,21]. 
Additionally, GCs are used in neonatology for treatment of hypotension and to treat 
a post-extubation stridor.

In the late 1990s major concerns arose regarding the long-term neuro-
developmental consequences of neonatally administered GCs, when randomized 
follow-up trials indicated an increased risk of cerebral palsy after neonatal Dex-
treatment [22-24]. Since then numerous studies have been published reporting 
long-term side effects of neonatal GCs both in animal and in human studies. Most 
of these effects were related to neurodevelopmental outcome [25-33]. Side effects 
regarding the endocrine [34,35] and immune system [36] have also been 
reported. Therefore, the American Academy of Pediatrics does not recommend the 
routine use of systemic Dex for the prevention or treatment of CLD in infants with 
very low birth weight (<1500 g) [9,37].

In the studies mentioned above mainly Dex was used. Only one retrospective 
study described long-term follow-up of HC: Van der Heide et al. found an equal 
clinical effi cacy of HC compared to Dex regarding the reduction of CLD, but no 
adverse effects related to cognition and motordevelopment [17].
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Perinatal glucocorticoids and cardiovascular side effects

In the concept of ‘developmental origins of health and disease’ evidence 
accumulates indicating that events occurring in the earliest stages of human 
development, even before birth, may infl uence the occurrence of cardiovascular 
disease and other diseases which only manifest themselves during adulthood
[38-42]. One important determinant is the exposure of the fetus to excess GCs 
[43]. Therefore, antenatal GC-treatment could have an impact on future health 
perspective.

Antenatal glucocorticoids and long-term cardiovascular side effects
For many years, both animal and human studies related changes in behavior of 
the young offspring with the degree of maternal stress or with GC-exposure of the 
fetus or neonate. Studies in sheep revealed that even a brief period of Dex-
exposure very early in pregnancy may lead to the development of hypertension, 
left ventricular (LV) hypertrophy, and reduced cardiac functional reserve in adult 
life [44,45].

In animal studies Benediktsson et al. found that offspring of rats treated during 
pregnancy with Dex had lower birth weights and higher blood pressures during 
adulthood than offspring of control rats [46]. Celsi et al. found that fetal growth 
was retarded by treating pregnant rats with Dex [47]. After birth the pups had 
lower body and kidney weights and a lower number of glomeruli than control 
pups. Immunohistochemistry on kidneys of rats treated antenatally with Dex 
demonstrated a marked reduction in the number of cells undergoing mitosis in the 
cortical nephrogenic zone. Although body and kidney weights normalized by 
60 days of age, blood pressure remained signifi cantly higher than blood pressure 
of the control group [47]. High levels of maternal GCs impaired renal development 
and led to arterial hypertension in the offspring. Even though renal mass 
normalized eventually, glomerular damage as well as sodium retention occurred, 
and these factors may contribute to the development of hypertension. In contrast, 
when pregnant rats were treated with HC, which is metabolized by the placenta, 
fetal development and adult blood pressure were normal [47]. Ortiz et al. tried to 
determine if prenatal Dex had a role in programming a progressive increase in 
blood pressure and renal injury in rats [48]. Pregnant rats were given either 
placebo or intraperitoneal injections of Dex during gestation. It was found that 
prenatal Dex in rats results in glomerulosclerosis, in hypertension and in a 
reduction in glomerular number when administered at specifi c points during 
gestation. Hypertension was observed in animals that had a reduction in 
glomerular number as well as in those who did not have such a reduction, 
suggesting that a reduction in glomerular number is not the sole cause for the 
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development of hypertension [48]. Exposure of the ovine fetus during early 
gestation to exogenous GCs (at 27–28 days gestation, term being ± 145 days) 
causes a resetting of the barorefl ex, accompanied by increased sympathetic 
activity and altered nitric oxide-mediated compensatory vasodilatory function, all 
of which may be important contributors to programming of hypertension [49].

The change from hyperplasia to physiological hypertrophy of cardiomyocytes 
(increase of cardiac mass by growth of individual cardiomyocytes instead of an 
increase in number of cardiomyocytes) around birth is characterized by a decrease 
in myocardial DNA and an increase in protein/DNA ratio. Among many of the 
events associated with birth is an increase in plasma cortisol concentrations in the 
few days before delivery of the fetus. To determine the possible role of cortisol in 
the postnatal change in myocardial growth, Rudolph et al. measured DNA and 
protein concentrations in the free walls of the left and right ventricles of normal 
fetal lambs, normal newborn lambs, and fetal lambs in which cortisone was 
infused into the left coronary artery [50]. They found that cortisol inhibits 
cardiomyocyte replication and mirrors the change in myocardial growth pattern 
(transition from hyperplasia to hypertrophy) normally occurring after birth. This 
results in a heart with a lower number of cardiomyocytes. To achieve a normal 
cardiac mass postnatally, each myocyte would be required to hypertrophy more 
than physiologically [50,51].

Slotkin et al. examined possible mechanisms underlying effects on specifi c organ 
systems [52]. They administered Dex to pregnant rats during gestation (on 
gestational days 17, 18 and 19, term being ± 23 days) and studied cell 
development in the heart and kidney of the offspring. In both kidney and heart, 
DNA content was markedly lower during the fi rst postnatal week, the period of 
rapid cell division. Partial recovery occurred by the end of the fi rst postnatal 
month, but the cardiomyocytes became signifi cantly enlarged. The protein/DNA 
ratio increased after a low dose of Dex, but markedly decreased after a high dose. 
These results suggest that tissue growth impairment during antenatal Dex-
treatment causes primary defi cits in cell proliferation that extend to a variety of 
different cell types. However, as a consequence, effects on cell size are dose-
specifi c, possibly refl ecting actions of GCs selective for certain cell types or phases 
of cell development [52]. Torres et al. found that prenatal Dex-treatment produced 
smaller pups with larger heart/body weight ratios, accompanied by a higher 
proliferative index and a reduction in extracellular matrix in the ventricles (with 
lowest values in the septal region) compared with control pups [53]. This suggests 
that exposure to excess GCs in utero has a potential adverse effect on cardiac 
development and that assessment of cardiac function should be closely monitored 
after antenatal GC-exposure [53]. In sheep, maternal treatment with Dex in doses 
and intervals similar to those used in human obstetric practice, can modify the 
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fetal cardiovascular, metabolic and endocrine defense responses to acute 
hypoxaemia [54]. Roghair et al. found that exposure of the early gestation ovine 
fetus to exogenous GCs (at 27–28 days gestation) induced organ-specifi c 
alterations in postnatal cardiovascular physiology. It was demonstrated that early 
gestation GC-exposure elicits primary alterations in coronary responsiveness before 
the development of systemic hypertension. GC-induced alterations in coronary 
physiology may provide a mechanistic link between an adverse intrauterine 
environment and later cardiovascular disease [55].

In a human study Dalziel et al. studied 223 six-year-old children of mothers who 
presented with unplanned premature labor and took part in a randomized, 
controlled trial of prenatal Bmeth-therapy for the prevention of neonatal RDS [56]. 
The authors investigated whether prenatal exposure to Bmeth alters blood 
pressure in childhood of the offspring. They found that children exposed prenatally 
to Bmeth (n=121) did not differ in systolic or diastolic blood pressure from 
children exposed to placebo (n=102), thus concluding that prenatal exposure to 
Bmeth for prevention of neonatal RDS does not alter blood pressure at 6 years of 
age [56]. Vural et al. found that one course of antenatal Bmeth did not affect the 
cardiac wall thickness and systolic function in premature infants [57]. In contrast 
a follow-up study by Doyle et al. investigated the relationship between exposure to 
antenatal GC-therapy and blood pressure at 14 years of age in 177 prematurely 
born children [58]. Children exposed to antenatal GCs (n=89) had higher systolic 
and diastolic blood pressures than those not exposed to GCs (n=88). However, 
few children had a blood pressure in the hypertensive range. It was concluded 
that antenatal GC-therapy is associated with higher systolic and diastolic blood 
pressures in adolescence, and might lead to clinical hypertension in survivors well 
beyond birth [58].

In a recently published article describing the Australasian Collaborative Trial of 
Repeated Doses of Steroids (ACTORDS) Mildenhall et al. investigated if exposure 
to more than one course of antenatal GCs was associated with changes in infant 
blood pressure and myocardial wall thickness in the fi rst month after birth [59]. 
Included were mothers who were eligible for but declined to enter a randomized 
trial of repeated doses of antenatal GCs, who were less than 32 weeks pregnant, 
had received an initial course of GCs seven or more days previously and were 
considered to be at risk of preterm birth. They measured blood pressure of the 
neonates daily during the fi rst week and then weekly until 4 weeks of age. End-
diastolic interventricular septal and LV posterior wall (EDIVS and EDLVPW) 
thickness were determined echocardiographically at 48-72 hours after birth. 
Thirty-seven women were included who delivered 50 infants. Thirty mothers 
(39 infants) had been exposed to a single course of GCs, and seven mothers 
(11 infants) to more than one course. Blood pressures were higher than normal in 
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the fi rst week after birth in infants from mothers exposed to multiple courses of 
GCs. Systolic blood pressure on day one was more than 2SD above normal in 
67% of babies from mothers exposed to multiple courses and in 24% of babies 
from mothers exposed to a single course of GCs. There was no difference between 
single and multiple course groups in thickness of the EDIVS or EDLVPW. However, 
88% of all babies had an EDIVS thickness of more than 2SD and 98% of all 
babies had an EDLVPW thickness of more than 2SD above the expected mean for 
birth weight and gestation. It was concluded that future randomized trials should 
assess the long-term effects of exposure to antenatal GCs on the cardiovascular 
system of the infant, in particularly in case of multiple courses [59].

Neonatal glucocorticoids and long-term cardiovascular side effects
In an animal study Sicard et al. found that neonatal Dex-treatment (during the 
fi rst 5 days postnatally) in rats decreased survival, body weight and heart weight, 
but increased heart-to-body weight ratios and myocardial percentage of dry weight 
at 7 days postpartum [60]. At 21 days postpartum, differences in absolute body 
weight and heart weight between control and experimental animals were reduced. 
However, myocardial percentage of dry weight and heart-to-body weight ratios 
were indistinguishable. Microscopic analysis of 7-day-old hearts showed that 
interventricular septum thickness, LV free wall thickness and chamber diameter 
were also reduced, whereas right ventricular free wall thickness was unaffected 
while right ventriclar chamber diameter was increased by Dex [60]. In a rat model 
La Mear et al. found an increased heart weight-to-body weight ratio with elevation 
of the total protein content, actin content and total protein-to-total DNA ratio after 
5 and 7 days in the Dex-treated group [61]. The authors concluded that Dex-
treatment during the neonatal period (0.125 mg/kg/day from day of birth until 
sacrifi ce after 5 or 7 days of treatment) induces myocardial hypertrophy in 
neonatal rats. Moreover, Dex-treatment of neonatal rats caused sustained lung 
hypoplasia, increased pulmonary arterial pressure and augmented the severity of 
hypoxia-induced pulmonary hypertension in adult life [62]. Muangmingsuk et al. 
examined whether Dex-induced hypertrophy in newborn rats was associated with 
redistribution of cardiac myosin heavy chain (MHC) isoforms and, if so, whether 
the effects involved transcriptional regulation. It appeared that the Dex-induced 
cardiac hypertrophy in newborn rats is accompanied by an increased expression of 
alpha-MHC mRNA and a decreased expression of beta-MHC mRNA [63].

In humans short-term Dex-related cardiac side effects, which include hypertrophic 
cardiomyopathy and LV outfl ow tract obstruction, appear to be usually reversible. 
Only rarely does Dex-induced cardiomyopathy ultimately have a fatal outcome 
[64,65]. Already in 1992 Werner et al. evaluated the potential induction of 
cardiac effects, such as hypertension and cardiac hypertrophy, by high-dose Dex-
therapy in 13 respirator-dependent preterm infants with CLD [66]. The initial dose 
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of Dex was 0.5 mg/kg per day, tapered progressively for as long as 6 weeks. This 
regimen was associated with a signifi cant increase in thickness of the 
interventricular septum, diastolic LV free wall, and diastolic right ventricular free 
wall. In addition, seven of the Dex-treated infants but none of the control infants 
had systolic anterior motion of the mitral valve. These effects were transient, 
reached their maximal effect by the third week, and returned to pre-treatment 
conditions by the sixth week of treatment. Ejection fraction was not affected, but 
heart rate and mean arterial pressure were transiently increased during Dex-
therapy. It was concluded that Dex-therapy in infants with CLD is associated with 
a transient myocardial hypertrophy [66]. Israel et al. published a retrospective 
review on preterm infants with CLD of whom serial echocardiographic data were 
available, assessing whether long-term Dex-therapy for CLD in infancy was 
associated with any deleterious cardiac structural effects [67]. These infants were 
divided into three groups based on the length of their exposure to Dex. Group 1 
contained nine infants with CLD who did not receive Dex. Group 2 was comprised 
of six infants who received Dex for less than 8 days. Group 3 contained one infant 
who received a 26-day course, and 13 infants who received at least one 42-day 
course of Dex for CLD. LV hypertrophy was noted in eight (57%) of the infants in 
group 3. The hypertrophy was usually noted near the end of the treatment course. 
Five of the 8 affected infants died and the hypertrophic cardiomyopathy was 
considered to have contributed to the mortality in 3 of the infants. Regression of 
the hypertrophy was noted in the 3 surviving infants in group 3 after the Dex-
course was completed. It was speculated that prolonged Dex-treatment for CLD 
caused hypertrophic cardiomyopathy in a signifi cant portion of preterm infants 
[67]. Bensky et al. reported a prospective, randomized, placebo-controlled, 
double-blind trial in very low birth weight infants [68]. Enrolled were 26 subjects 
randomized to receive either a 42-day tapering course of Dex (13 infants) or a 
placebo course with saline. Echocardiographic measurements were obtained. The 
two groups were similar in birth weight, gestational age, age at enrollment and 
sex/race composition. Patients receiving Dex had a signifi cant increase in septal 
thickness on days 7, 14, and 28 and in LV posterior wall thickness on day 14.
A signifi cantly lower LV end-diastolic dimension in the Dex-group was initially 
noted on day 7 and persisted until day 42. Because of the reduced LV end-
diastolic dimension, no signifi cant differences in LV mass were observed, despite 
the increased wall thickness. No differences in LV systolic function, as assessed by 
fractional shortening and area shortening (the change in cross-sectional area of 
the LV), were found. Assessment of diastolic function showed a signifi cant 
increase in the atrial contribution to fi lling (A-wave) in Dex-patients on day 14, as 
well as a signifi cant prolongation of isovolumic relaxation time on days 7, 14, and 
28. The authors concluded that infants receiving Dex developed impaired LV fi lling 
with a larger increase in wall thickness but no increase in LV mass, asymmetric 
septal hypertrophy, or abnormal systolic function. According to the authors this 
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suggests that alterations in LV fi lling may play an important role in the 
development of hypertrophy as observed during and after Dex-administration [68]. 
Evans evaluated twenty preterm infants using serial Doppler echocardiographic 
measurements to assess changes in pulmonary artery pressure, myocardial 
thickness, and patent ductus arteriosus associated with Dex-treatment for CLD 
[69]. Eleven of the 20 infants had evidence of a decrease in pulmonary arterial 
pressure after starting GCs. This change was not sustained in most cases and did 
not correlate with the improvement in respiratory status. Ventricular septal and LV 
posterior wall thickness was increased in all 11 infants in whom it was measured, 
indicating that GCs induced myocardial hypertrophy. In most infants this increase 
was small. However, two infants developed marked septal hypertrophy with 
evidence for LV outfl ow tract obstruction. Dex had no consistent closing effect on 
the patent ductus arteriosus in four infants. Evans concluded that a certain 
amount of myocardial hypertrophy occurs in most Dex-treated infants, but in some 
of them it is severe and, therefore, it may be important to be alert with respect to 
this side effect [69]. Smets et al. investigated the role of Dex-treatment as a cause 
for systemic hypertension and associated complications [70]. Blood pressure was 
registered prospectively before, during and after a 4-week Dex-course in
22 neonates with CLD. In all patients systolic blood pressure rose signifi cantly 
during treatment, without complications attributable to hypertension. In all but 
one patient blood pressure returned to pre-treatment values within 2 weeks after 
cessation of the Dex-treatment [70]. Durand et al. found a transient increase in 
blood pressure due to early Dex-treatment for CLD [71].

Long-term human cardiac follow-up studies beyond the neonatal period are 
scarce. In a follow-up study at school age Mieskonen et al. evaluated the long-
term effects of neonatal Dex-treatment in high-risk infants of very low birth weight 
[72]. The study included 16 children aged 7.8 to 9.2 years who had been born 
very prematurely at gestational ages of 24-29 weeks and with birth weights below 
1500 g and who had participated in a randomized study of Dex- or placebo-
treatment in ventilator-dependent infants at 10 days of age. Doppler 
echocardiography was carried out at school age. Controls were 18 non-atopic 
children who had been born at term and had been tested for lung function. No 
signifi cant cardiocirculatory differences were found in these children between the 
Dex (n=8) and placebo (n=8) groups. No hypertrophic cardiomyopathy was 
found and non-invasive measurements of pulmonary arterial pressure did not 
reveal signifi cant differences between the study groups [72].

Finally, Jones et al. conducted a large follow-up study with a total of 287 children 
at 13 to 17 years of age, who had participated at infancy in a double-blind, 
randomized, controlled trial of Dex for the treatment of neonatal chronic lung 
disease. No signifi cant difference in blood pressure was found between the
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Dex- and placebo-groups. Systolic blood pressure was above the 95th percentile 
for age and height for 15% of all children, but there was no difference between 
the two groups [73].

Conclusions

Both antenatal GCs, especially when given as multiple courses, and neonatal GCs 
have side effects regarding the cardiovascular system. Perinatal GCs interfere with 
a critical period of development of the heart and therefore may have a major 
impact on the cardiovascular outcome later in life. The known cardiovascular 
short-term side effects are hypertension and cardiac hypertrophy which, until now, 
are believed to be temporary. Regarding the long-term cardiovascular side effects 
most is known from animal studies. Hypertension during adulthood has been 
reported. Especially from follow-up studies involving antenatally administered GCs 
we know that hypertension, hormonal and metabolic alterations can develop 
during adulthood. This fi nding fi ts within the concept of ‘developmental origins of 
health and disease’ (Barker hypothesis), in which stress-related increases in 
endogenous GCs may play an important role.
In view of the above mentioned fi ndings the guidelines concerning antenatal
GC-treatment recommend a single course of Bmeth when premature labour is at 
hand. Administration of multiple courses are under discussion since they 
constitute a probably risk for late complications.

Given the available data presented here the routine use of systemic neonatal GC- 
(Dex) treatment for the prevention or reduction of CLD in infants with very low 
birth weight is not recommended. Neonatal GCs use should be limited to those 
clinical circumstances, where a prolonged need of mechanical ventilation is 
evident without the possibility of weaning from the ventilator, or when the 
respiratory condition is deteriorating. A persistent dependency on supplemental 
oxygen without improvement could also be a valid indication. If used, GCs should 
be given at the lowest effective dose for the shortest possible time. The GC HC 
could possibly present a safer alternative as compared to Dex (which is mostly 
used) and should be subjected to further research. Further randomized trials of 
low-dose GCs given after the fi rst week of life are warranted and should include 
both short- and long-term outcome.
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Abstract

The glucocorticoid dexamethasone is widely used in preterm infants for the 
prevention of chronic lung disease. However, major concern has arisen about the 
long-term sequelae of this therapy. Here we report that neonatal treatment with 
dexamethasone signifi cantly shortens the life span by 25% of male rats (28.6 ± 
1.1 to 21.3 ± 0.8 months) and by 18% of female rats (26.9 ± 1.8 to 22.0 ± 
0.7 months). Histopathological examination indicated end stage cardiac and renal 
failure as the cause of premature death. Furthermore, dexamethasone treated rats 
showed symptoms of hypertension at young adult age, which worsened with 
increasing age. Thus, a brief period of glucocorticoid treatment during early life 
results in untimely death presumably due to cardiovascular and renal disease later 
in life. These serious, adverse long-term consequences call for prudence with 
glucocorticoid treatment of human preterm infants and careful follow-up of young 
adults with a history of neonatal glucocorticoid treatment.
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Introduction

Severe respiratory distress syndrome with concomitant chronic lung disease 
carries a high incidence of morbidity and mortality [1,2]. Infl ammation is thought 
to be an important factor in its pathogenesis. Therefore, treatment with 
glucocorticoids (GCs), particularly dexamethasone (Dex), was introduced in the 
eighties resulting in a reduction in chronic lung disease [3-5].

Because of these potential benefi ts in relation to short-term effects on lung 
function and mechanics [3-5], neonatal Dex became common practice in many 
centers around the world despite the fact that there had been previous animal 
studies that showed potential adverse central nervous system effects of this 
treatment [6,7]. More recently, animal studies indicated that neonatal treatment 
with GCs affects neurodevelopment and has long-lasting adverse effects on 
cognition and behavior [8,9]. In 2000, two papers were published that cautioned 
the use of Dex during the neonatal period in humans [10,11]. Since then, more 
adverse effects of neonatal GC have been shown in rodents on the immune [12] 
and neuroendocrine systems [13], on the NMDA receptor [14] and in human 
follow-up studies of prematurely born children treated with Dex during the 
neonatal period [15,16]. 

Although the available data leave no doubt that neonatal GC-treatment can have 
long-term adverse effects on a wide variety of brain and bodily functions in 
animals, it remains unclear whether or not this treatment results in higher rates of 
mortality and cardiovascular morbidity in the long run. In rat pups we have found 
that neonatal Dex suppresses proliferation of cardiomyocytes leading to a lower 
number of cardiomyocytes [17]. This reduced cardiomyocyte number was 
associated with a substantial cardiomyocyte hypertrophy and increased fi brosis at 
adult age [18]. Furthermore, Le Cras et al. [19] described that GC-treatment of 
neonatal rats causes lung hypoplasia and increased pulmonary arterial pressures. 
We hypothesized that the myocardial changes previously found in rats induced by 
neonatal Dex-treatment, whether or not in combination with hemodynamic 
instability, may have implications for the life expectancy. To test this hypothesis, 
we compared the survival of rats neonatally treated with Dex with that of saline 
(Sal) controls. Subsequently, we investigated if the observed effects on mortality 
were associated with hypertension and/or histopathological alterations in organ 
tissues.
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Materials and methods

Animals
Ten days pregnant Wistar rats (250-280 g; Central Animal Laboratory, University 
Medical Center Utrecht, The Netherlands) were housed individually. For the 
experiments described in this manuscript animals from 22 litters were used. Pups 
were born on day 22-23 of gestation. On the day of birth (day 0) the pups were 
removed from their nest and 8 pups (4 females and 4 males) were randomly 
placed back with each dam. Pups were weaned at day 21 of age and then group-
housed with same sex littermates until experimentation. At weaning animals were 
randomly assigned to the various experimental conditions. Rats had ad libitum 
access to food and water. Light/dark cycle (dark phase 19.00 - 07.00h), 
temperature (21°C) and humidity (60%) were kept constant. All experimental 
procedures were approved by the Committee for Animal Experimentation of the 
University Medical Center Utrecht. 

Glucocorticoid treatment design
Rat pups were injected intraperitoneally with Dex-21-phosphate (Dex; Organon 
International B.V., Oss, The Netherlands) on neonatal day 1 (0.5 mg/kg body 
weight), day 2 (0.3 mg/kg) and day 3 (0.1 mg/kg) or with equal volumes (10 ml/kg) 
of sterile pyrogen Sal for a total of 3 days. All pups in a nest received the same 
treatment, i.e. either Dex or Sal. The dose and duration of the treatment was 
based on a 21-day tapering course of Dex (starting dose, 0.5 mg/kg) to prevent or 
reduce chronic lung disease in preterm infants. The separate experiments were 
performed using different groups of male and female offspring.

Life span determination
Groups of male rats (Dex n=17; Sal n=18) were allowed to reach senescence. 
The age of natural death was recorded for each individual. To reveal if long-term 
consequences of neonatal Dex-treatment on mortality was gender-specifi c, the 
same experiment was performed with female rats (Dex n=13; Sal n=12).

Histopathology
To obtain an indication of the possible cause of death, groups of Dex (n=5) and 
Sal (n=6) male rats were kept under similar conditions and treated following the 
same protocol as in the life span experiment. Rats were sacrifi ced at 15 months of 
age for histopathological examination using 5 µm sections of formalin perfused, 
formalin post-fi xed and paraffi n embedded parts of brain, lung, liver, spleen, and 
adrenal routinely stained with hematoxylin-eosin for conventional histopathological 
analysis. Histopathological sections (5 µm) from the hearts, in a plane parallel to 
the equator, were routinely stained with hematoxylin-eosin for conventional 
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histopathological analysis. Staining with a modifi cation of the AZAN technique 
was used to highlight cardiomyocyte profi les including intercalated discs. The 
kidneys were sliced in 5 µm sections and stained with hematoxylin-eosin.

Telemetry
Two cohorts of Dex and Sal rats were kept under similar conditions and treated 
following the same protocol as in the life span experiment. Groups of male rats 
were equipped with implanted telemetric transmitters at 3 months of age (Dex 
n=16; Sal n=14) or at 11 months of age (Dex n=4; Sal n=5) to enable 
continuous recording of heart rate, blood pressure and somatomotor activity under 
freely moving conditions in their home cages. Surgery was performed in a sterile 
laminar fl ow cabinet to minimize the risk of infection. Telemetric transmitters were 
implanted in the abdominal cavity according to the procedure described previously 
[20]. Briefl y, a small longitudinal incision was made on the linea alba at the 
anterior of the abdomen. Two electrodes originate from the top of the transmitter, 
one of which was fi xed to the dorsal surface of the xiphoid and the other guided 
under the m.sternohyoideus and then along the trachea into the anterior 
mediastinum. Postoperatively, the animals received the long-acting opiate 
analgesic Buprenorfi ne hydrochloride (Temgesic®, Reckitt and Colman,
Kingston-upon-Hull, UK; 0.1 ml sc). After surgery, animals were housed 
individually in Plexiglass cages (25 x 25 x 35 cm) and allowed to recover for
14 days. The telemetry system consisted of small wireless transmitters model 
TA11CTA-F40 and receivers model RLA1020 (Data Sciences, St. Paul, MN, USA). 
As described previously [20] for every rat, digital data and electrocardiograms were 
transmitted every 10 min for 3 successive days, collected by the receiver, and led 
to a DataQuest 4 system (Data Sciences), after which the mean heart rate, blood 
pressure and somatomotor activity of those 3 days was computed.

Statistical analysis 
Data are presented as mean ± SEM. Survival data were analyzed using a Kaplan-
Meier test. Telemetric data were analyzed by analysis of variance for repeated 
measurements, with one between-subjects factor (treatment) and one repeated 
within-subjects factor (time). All other group differences were analyzed by 
Student’s t-test. P-values <0.05 were considered statistically signifi cant.
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Results

Neonatal dexamethasone treatment reduces life span
Figure 1 shows the survival curve of male rats neonatally treated with Dex (n=17) 
or Sal (n=18). Dex-treated rats died at considerably younger age than Sal-treated 
rats (p<0.0001). While Sal-treated rats on average reached an age of 28.6 ± 
1.1 months, Dex-treated rats reached an age of 21.3 ± 0.8 months. Thus, 
neonatal treatment with Dex shortened the average life span by approximately 
25% (p<0.0001). The last Dex-treated male rat died at 27 months of age. At 
that age, 50% of the Sal (control) male rats were still alive. The last Sal-treated 
rat died at 36 months. 

Figure 2 shows the survival of female rats neonatally treated with Dex (n=13) or 
Sal (n=12). As was the case with Dex-treated males, female Dex-treated rats also 
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Figure 1  Survival rate of male rats neonatally treated with dexamethasone (Dex, n=17) or saline 

(Sal, n=18)

Dex rats show reduced life span compared to Sal rats (p<0.0001; Kaplan-Meier Survival analysis).
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died at considerably younger age than their Sal-treated controls (p<0.005).
Dex-treated female rats reached an average age of 22.0 ± 0.7 months, whereas 
Sal-treated female rats reached an average age of 26.9 ± 1.8 months. Thus, 
neonatal treatment with Dex shortened the average life span of female rats with 
approximately 18% (p<0.005). The last Dex- and Sal-treated female rats died at 
25 months and 35 months of age respectively.

Dexamethasone leads to hypertrophic cardiomyopathy and early severe 
nephropathy
The life span experiment showed that the fi rst Dex-treated male rat died at 
15 months of age. To reveal if the observed effect on mortality was associated 
with changes in vital organs, groups of male Dex- and Sal-treated rats were 
sacrifi ced at 15 months of age for histopathological examination (Dex n=5; Sal 
n=6). The heart and kidneys of Dex-treated rats showed gross abnormalities 
compared to those of Sal-treated controls (fi gure 3 and 4). The heart of
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Figure 2  Survival rate of female rats neonatally treated with dexamethasone (Dex, n=13) or saline 

(Sal, n=12)

Dex rats show reduced life span compared to Sal rats (p<0.005; Kaplan-Meier Survival analysis).
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Dex-treated rats was hypertrophic, with thickening of the left ventricular wall. 
Compared to Sal-treated rats (fi gure 3A,C) cardiomyocytes were elongated and 
increased in diameter (fi gure 3B,D) with pronounced interstitial fi brosis, comparable 
with histopathological hallmarks of end stage cardiac failure. The kidneys of Dex-
treated rats showed signs of chronic progressive glomerulonephritis with extensive 
scarring and glomerulosclerosis, and dilatation, atrophy and some regeneration of 
the tubular system (fi gure 4B). A high proportion of the tubuli contained large 
quantities of protein. Interstitial fi brosis with irregular accumulation of lymphocytes

Figure 3  Stained sections (x 200) of the heart of 15-month-old rats neonatally treated with saline 

(A,C) or dexamethasone (B,D)

Paraffi n-embedded cross (A, B) and longitudinal sections of hearts (C, D) were stained with modifi ed Azan. Blue staining 

indicates collagen.
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and macrophages indicated chronic infl ammation. These fi ndings are compatible 
with early and very severe old rat nephropathy. No histopathological abnormalities 
were observed in the other organs examined (lungs, liver, brain, adrenals and 
spleen). No data are presented here of female rats.

As shown in table 1, the 15-month-old Dex-treated male rats had a lower body 
weight than their Sal-treated male controls. When corrected for body weight, the 
weight of the heart, kidney and lungs was increased (p<0.05) in Dex as compared 
to Sal-treated rats, which is often observed in end stage cardiomyopathy [21,22] 
and nephropathy [23,24]. Together, these data point to heart and end stage kidney 
failure as being the most likely cause of the premature death of Dex-treated rats.

Neonatal dexamethasone treatment leads to hypertension
Since hypertension is one of the most frequent sequelae of kidney failure and may 
cause hypertrophic cardiomyopathy with heart failure, blood pressure and heart 
rate were continuously telemetrically monitored over 3 complete diurnal cycles in 
freely moving, young-adult male Dex- and Sal-treated rats of 3 months of age (Dex 
n=16; Sal n=14). The systolic blood pressure of Dex-treated rats appeared to be 
consistently increased as compared to that of Sal rats throughout the dark phase 
of the diurnal cycle when rats are active (Dex: 127.1 ± 2.1; Sal: 120.0 ± 2.2 
mmHg; p<0.05), as well as during the light phase when rats are inactive (Dex: 
123.9 ± 2.2; Sal: 116.5 ± 2.3 mmHg; p<0.05) (fi gure 5B). No signifi cant

Figure 4  Stained sections (x 200) of the kidney of 15-month-old rats neonatally treated with saline 

(A) or dexamethasone (B)

Paraffi n-embedded sections of kidneys were stained with hematoxylin-eosin.
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Table 1  Effect of neonatal dexamethasone (Dex; n=5) or saline (Sal; n=6) treatment on body and 

organ weight at 15 months of age

 Weight in grams Weight as % body weight

 
Sal ( n=6 ) Dex ( n=5 ) Sal % Dex %

Body 633 ± 70  489 ± 51 * 100 100

Heart   1.9 ± 0.2 2.4 ± 0.9  0.30 ± 0.01    0.50 ± 0.08 *

Brain   2.8 ± 0.1    2.4 ± 0.1 *  0.45 ± 0.02 0.50 ± 0.02

Kidney §   4.1 ± 0.3 4.1 ± 0.3  0.65 ± 0.04    0.84 ± 0.08 *

Liver 26.6 ± 1.7  18.4 ± 1.1 *  4.21 ± 0.23 3.77 ± 0.16

Lung §   1.9 ± 0.1 2.8 ± 0.4  0.31 ± 0.02    0.58 ± 0.09 *

§ Total weight of both the left and right organ/muscle
* p<0.05 Dex vs Sal

differences in heart rate, diastolic blood pressure or mean arterial blood pressure 
were observed (fi gure 5A,C,D).

To reveal if this early symptom of hypertension in adult rats induced by neonatal 
Dex-treatment amplifi es with age, hemodynamics were determined in 11-month-
old male Dex- and Sal-treated rats (Dex n=4; Sal n=5) (see fi gure 6). In Dex-
treated rats, systolic blood pressure (p<0.01), diastolic blood pressure (p<0.01) 
and mean arterial blood pressure (p<0.01) appeared to be consistently increased 
as compared to those of Sal-treated rats. The increase in heart rate was not 
signifi cant, but only reached a tendency (p=0.08).

Thus, the hemodynamic changes in 11-month-old Dex-treated male rats were 
considerably more pronounced than those found in 3-month-old Dex-treated rats. 

The systolic blood pressure during the dark phase of the diurnal cycle was 144.8 
± 1.2 mmHg in Dex-treated rats and 130.1 ± 1.1 mmHg in Sal-treated rats 
(p<0.05). During the light phase, when rats are inactive, systolic blood pressure 
amounted to 141.2 ± 1.2 mmHg in Dex-treated rats and 128.2 ± 1.0 mmHg in 
Sal-treated rats (p<0.05) (fi gure 6B).
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Figure 5 Heart rate and blood pressure at 3 months

Effect of neonatal dexamethasone (Dex; n=16) or saline (Sal; n=14) treatment on heart rate (A), systolic blood pressure 

(B), diastolic blood pressure (C) and mean arterial pressure (D) assessed over the complete diurnal cycle in freely moving 

3-month-old rats (* p<0.05 Dex vs Sal). The light phase was from 7.00 - 19.00h. The horizontal axis values are the same 

for all four parameters. 
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Figure 6 Heart rate and blood pressure at 11 months

Effect of neonatal dexamethasone (Dex; n=4) or saline (Sal; n=5) treatment on heart rate (A), systolic blood pressure (B), 

diastolic blood pressure (C) and mean arterial pressure (D) assessed over the complete diurnal cycle in freely moving

11-month-old rats (* p<0.05 Dex vs Sal). The light phase was from 7.00 - 19.00h. The horizontal axis values are the 

same for all four parameters.
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Discussion

The present study shows that neonatal treatment with clinically relevant dosages 
of Dex substantially reduces life span of rats. This appeared to be true for male as 
well as for female rats. The reduced life span likely is the functional implication of 
the hypertension and the histopathological fi ndings, as reported in the present 
study, which showed gross abnormalities fi tting with end stage nephropathy and a 
progressive hypertrophic cardiomyopathy as reported earlier by our group [18]. 

Early, short-term effects of Dex on the neonatal cardiovascular system such as 
myocardial hypertrophy and hypertension have been previously reported in 
experimental animal and human studies. These effects were mostly considered to 
be transient [25-27]. Although long-term effects of antenatal glucocorticoid 
exposure on the cardiovascular system have been observed in animals and 
humans [28,29], less is known about the long-term effects of neonatal Dex-
treatment on the heart and kidneys. Rudolph et al. reported earlier that perinatal 
Dex-treatment inhibits or even halts physiological myocardial hyperplasia, leaving 
hypertrophy as the only possibility for the still not fully developed heart to grow 
[30]. We indeed found myocardial hypertrophy and myocardial fi brosis in the 
neonatally Dex-treated adult rat at 11 months of age together with a decreased 
number of cardiomyocytes [18], which originated from a direct effect of neonatal 
Dex-administration [17]. In a recent study of our group we studied the hearts of 
rats at 4, 8 and 50 weeks of age after neonatal Dex-treatment. We found a 
signifi cant increase in cardiomyocyte length of the Dex-treated rats compared to 
controls in all three age groups. This was accompanied by a signifi cant increase in 
cardiomyocyte width in the 50-week-old rats. This all resulted in a signifi cantly 
increased cardiomyocyte volume at 8 and 50 weeks indicating cellular 
hypertrophy (article submitted).

These above mentioned changes in neonatally Dex-treated rats may indicate
early myocardial degeneration, leading to untimely ageing of the myocardium
and ultimately to premature death. This process may be further complicated
and deteriorated by the hypertension that started to develop already at an age
of 3 months. This corroborates observations of Le Cras et al., who found an 
increased risk of developing pulmonary hypertension in rats treated with Dex in 
neonatal life [19]. To our knowledge renal abnormalities, such as signs of chronic 
glomerulonephritis and atrophy of the tubular system have not been reported 
earlier in adult rats, neonatally treated with Dex. These abnormalities may be the 
result of ongoing and increasing hypertension. On the other hand, however, they 
may have resulted from a direct effect of Dex on the developing kidney and 
contributed to the hypertension. Indeed, several investigators have reported that 
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antenatal glucocorticoid treatment causes permanent changes in the kidney 
morphology and renal function with hypertension in the offspring [31-33].

The present study was not designed to unravel the exact mechanism(s) underlying 
the premature death, but merely to test the hypothesis that neonatally Dex-
induced alterations in vital organ systems such as the heart and kidneys are 
associated with the premature death of these treated rats. The results clearly 
confi rm our hypothesis for the male rat. In previous studies, we found no 
indications for the existence of gross differences between male and female rats 
regarding the effects of neonatal Dex-treatment, for example on the HPA-axis [13]. 
It is therefore likely, that the cause of premature death in females is the same as 
in males.

Evidently, it is hazardous to directly extrapolate the present fi ndings in the rat to 
the human situation. There are, however, human follow-up studies covering 
follow-up data up to 12 years of age, and these show some similarities with our 
present and previous results in the rat both with respect to short-term and long-
term adverse effects due to GC-treatment. In particular, these similarities concern 
transient effects such as myocardial hypertrophy [25,27,34] and cessation of 
body and skull growth during neonatal Dex-treatment, and long-term adverse 
effects on neurologic and motor development [16,35,36], cognitive performance 
and social behavior [14,15,37]. On the other hand the developing myocardium in 
the neonatal rat differs from that of the human fetus and premature neonate. In 
rat neonates there is still a considerable cardiomyocyte proliferation [38] while 
this is less obvious in the human neonatal heart, at least in term neonates as 
investigated by Huttenbach et al. and by Mayhew et al. [39,40]. The same 
investigators, however, reported still cardiomyocyte proliferative activity in 
myocardial tissue during the preterm period in humans. Thus, although the 
development of the heart of neonatal rats may not be fully comparable to that of 
human infants, the fact remains that cardiomyocyte proliferation may exist in the 
preterm infant. Therefore the present results should be taken seriously. Moreover, 
this study in the rat will hopefully urge researchers to investigate possible long-
term adverse effects on the heart (and kidneys) of prematurely born babies treated 
with GCs in this vulnerable period of life. 

In conclusion, the present study showed that neonatal Dex-treatment in the rat 
leads to long-term cardiovascular and renal morbidity and to a reduced life span, 
presumably because of the longstanding cardiomyocyte hypertrophy, hypertension 
and end stage nephropathy.
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Abstract

Glucocorticoid treatment in preterm babies to prevent chronic lung disease causes 
myocardial hypertrophy and increased myocardial protein content. Although these 
changes are thought to be transient, there is evidence that dexamethasone (Dex) 
induces permanent myocardial abnormalities as well. We investigated whether a 
therapeutic course of neonatal Dex in rat pups produces anatomic and biochemical 
alterations in rat hearts during adult life. Twenty-four rat pups were treated with 
Dex on day 1, 2 and 3 (0.5, 0.3 and 0.1 mg/kg) of life, with doses proportional to 
those used in preterm babies. Twenty-four control pups were treated with saline. 
At day 7, week 8 or week 45 (n=8 per group) rats were killed. The anatomic 
parameters measured were body weight (Bw, in grams), heart (myocardial) weight 
(Hw, in milligrams) and the Hw:Bw ratio. Myocardial total protein (Prot) and DNA 
content were determined and the Prot:DNA ratio was calculated. Histopathology 
and morphometry were performed on 45-week-old rat hearts. In Dex-treated rat 
pups, at day 7, Bw and Hw were lower and the Hw:Bw ratio was increased. DNA 
content was lower, Prot higher and Prot:DNA ratio was increased. In 8-week-old 
rats Bw, Hw, DNA content, Prot content or Prot:DNA ratio did not differ between 
groups, but the Prot:DNA ratio still tended to be higher in Dex-treated rats. In
45-week-old rats Hw and Hw:Bw ratio were signifi cantly lower and Prot:DNA ratio 
higher in Dex-treated rats. Histopathologic analysis showed larger cardiomyocyte 
volume, length and width, indicating hypertrophy and increased collagen, 
indicating early degeneration of individual myocytes. In conclusion, neonatal Dex-
treatment in rat pups causes a permanent decrease in heart weight, as well as 
hypertrophy and early degeneration of cardiomyocytes during adulthood.
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Introduction

Chronic lung disease is a common outcome in extremely preterm neonates with 
severe respiratory distress syndrome and carries a high incidence of morbidity and 
mortality. Infl ammation is an important factor in its pathogenesis. Because of their 
anti-infl ammatory properties GCs, particularly Dex, resulted in an impressive 
decrease in chronic lung disease [1,2]. Consequently GCs are frequently used and 
have become indispensable in all neonatal intensive care units in the Western 
world, especially inasmuch as an alternative therapy is not available at present. 
Despite the short-term benefi ts of GCs, major concern has emerged now because 
recent experimental studies report long-lasting adverse effects of perinatal GC-
treatment in later life, such as lifetime changes in cardiovascular function and 
reprogramming of the neuroendocrine system [3-5]. Benediktsson et al. [6] 
reported that GC-exposure during the perinatal period leads to hypertension during 
adult life, possibly related to a GC-induced reprogramming of the hypothalamic-
pituitary-adrenal axis. Neonatal GCs also altered the epinephrine and 
norepinephrine content in the hypothalamus [7]. Experimental and human studies 
revealed that neonatal GC-treatment induced transient hypertrophy of the 
myocardium with changes in the Prot:DNA ratio and in the actin content of the 
heart [8,9]. Moreover, Rudolph et al. [10] found that prenatally administered GCs 
changed the pattern of myocardial growth in fetal lambs. Therefore we were 
interested in whether the neonatally GC-induced hypertrophy and changes in 
growth of the myocardium are reversible or permanent, inducing lifetime anatomic 
and biochemical myocardial changes leading to cardiovascular disease during 
adult life. 

We investigated anatomic, biochemical and histopathologic properties of the 
myocardium of neonatal, juvenile and adult rats treated with Dex during early 
neonatal life (in a dose proportional to that given to human preterm babies) as 
compared with a placebo.

Materials and methods

Animals
Ten-day-pregnant Wistar rats (250–280 g; Central Animal Laboratory, Utrecht 
University, Utrecht, The Netherlands) were housed individually. They were kept 
under conventional conditions (dark phase, 19.00 – 07.00h) with free access to 
commercial rat food and water. Pups were born on day 22–23 of gestation. On the 
day of birth (designated day 0), all pups were removed from the nests and eight 
healthy pups (four females and four males) were randomly returned to each dam. 
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Pups were weaned at 21 days of age and housed two or three per cage. All 
experimental procedures were approved by the Committee for Animal 
Experimentation of the University of Utrecht.

Experimental design
Twenty-four rat pups were treated intraperitoneally with Dex-21-phosphate on 
neonatal day 1, 2 and 3 (0.5, 0.3 and 0.1 mg/kg). The dose and duration of the 
treatment was based on and proportional to a 21-day tapering course of Dex 
(starting dose, 0.5 mg/kg) to prevent or reduce chronic lung disease in preterm 
infants: for extrapolation of this human treatment protocol to the neonatal rat, the 
exposure to Dex can be estimated as a percentage of the total lactation period in 
humans (4–6 months). Inasmuch as in rats the lactation period is 21 days, rat 
pups were therefore treated with the abovementioned tapering course of 3 days. 
Twenty-four control pups were included and treated with equivalent volumes of 
Sal. At 7 days, 8 weeks and 45 weeks of life (n=8 per group) rats were killed. 
The following anatomic measurements were collected: Bw (in grams), Hw 
(myocardial, in milligrams) and the ratio of Hw to Bw. For this study only female 
offspring were used in both Sal-treated as well as Dex-treated rat pups.

Total ventricular DNA and Protein measurements
Heart wet weight was determined and the ventricles were homogenized in saline. 
Total DNA content was measured by the colorimetric diphenylamine method 
according to Burton as modifi ed by Knowlton et al. [11]. In brief, a volume of
25–100 µL of the homogenate was precipitated and washed in 2% HClO4. 
Centrifugation was at 1500 x g and the pellet was hydrolyzed for 20 min at 70°C 
in 2% HClO4. After cooling down, 1 ml of diphenylamine solution (1.5 g of 
diphenylamine, 100 ml of glacial acetic acid, 1.5 ml of glacial sulfuric acid plus 
freshly added 5 µl/ml of 1.6% acetaldehyde) was added and the reaction was 
allowed to take place overnight at room temperature. Absorption was measured at 
600 nm in a Hitachi model 100–40 spectrophotometer (Goffi n Meyvis, Etten-
Leur, The Netherlands). A standard series of 25–250 µg of salmon sperm DNA 
(Sigma Chemical Co., St. Louis, MO, U.S.A.) was used to calculate absolute 
amounts of DNA. Protein measurements were by the bicinchoninic acid method 
[12] as supplied in a kit (Pierce, Rockford, IL, U.S.A.). The actual amounts of 
DNA and Prot of the combined left and right ventricles were determined and the 
Prot:DNA ratio (micrograms of protein to micrograms of DNA) was calculated.

Histopathologic analysis
Morphologic and morphometric analysis was performed on two additional groups 
of female rats at 45 weeks of age. One group consisting of four pups was treated 
with Dex, one group also consisting of four rat pups was treated with Sal, in a 
similar manner as indicated in the experimental design. For histopathologic 
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examination the hearts were immersion fi xed in phosphate-buffered formalin 4% 
and embedded in paraffi n. The hearts were sectioned parallel to the equator in
3-µm sections and routinely stained with hematoxylin-eosin for conventional 
histopathological analysis. The equatorial section was used to analyze myocyte 
dimensions and collagen content as described before [13,14]. The sections were 
stained with a modifi cation of the AZAN technique. For each heart the median 
value of myocyte surface area, length and width of 30 longitudinally oriented 
myocytes was determined using a Videoplan interactive analysis system.To control 
for proper longitudinal orientation, only those myocytes that showed intercalated 
discs on both sides and a nucleus in the center of the cell were measured. These 
myocytes were found at the middle third portion of transversally sectioned 
myocardium. Myocyte volume was calculated as area (in the longitudinal section) 
multiplied by width times π/4 on the assumption of a cylindrical confi guration. The 
same sections were also stained with Sirius Red (Polysciences, Warrington, PA, 
U.S.A.) to determine the collagen-positive area in 45 fi elds (magnifi cation x200), 
excluding epicardial and endocardial as well as perivascular areas. Collagen 
content was expressed as fraction of the total myocyte area. The sample size for 
myocyte morphometry and collagen assay was chosen on the basis of a 
progressive means test, indicating that with the sample sizes used the median 
values were within 2% and 8%, respectively, of the median value obtained by use 
of a larger sample.

Statistical analysis
The data are presented as the mean ± SD. Differences between Bw, Hw, Hw:Bw 
ratio, DNA and Prot contents, Prot:DNA ratio, and morphometric measurements 
between the Sal-and Dex-groups at each time were assessed with t-test.
A p-value <0.05 was considered statistically signifi cant.

Results

All groups at the various ages (day 7, 8 and 45 weeks) consisted of eight rats. 
The animals used for the histopathologic study consisted of two additional groups 
of four rats each of 45 weeks of age.

Newborn rats
Bw and Hw in the Dex-treated rats were signifi cantly lower compared with the 
Sal-treated rats (p<0.0001 and p<0.0001 respectively; table 1). However, Hw:
Bw ratio (fi gure 1, top) was higher in Dex-treated rats (p<0.05). Prot content 
tended to be higher (p<0.09) and DNA content was lower (p<0.0001) in Dex-
treated rat pups compared with the Sal-treated rat pups. Consequently, the Prot:
DNA ratio (fi gure 1, bottom) was much higher in the Dex-treated rat pups 
(p<0.0001).
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Table 1  Mean values (± SD) of Body weight, Heart weight, Protein and DNA content of neonatally 

saline (Sal) and dexamethasone (Dex) treated rats at day 7, week 8 and week 45 of age

day 7 week 8 week 45

Sal        Dex Sal Dex Sal Dex

Bw (g)  13.4 ± 0.7   9.2 ± 1.0 *   167 ± 7    159 ± 9    503 ± 52    495 ± 47

Hw (mg)  72.0 ± 7.4    53 ± 4.8 *   533 ± 58    483 ± 61  1150 ± 99    992 ± 130 *

Prot (µg/mg wet weight)  38.8 ± 13.2 47.6 ± 8.1  63.1 ± 16.2   56.9 ± 17.2   62.1 ± 11.3   88.0 ± 28.6 *

DNA (µg/mg wet weight)    3.9 ± 0.8   2.0 ± 0.4 *    1.3 ± 0.4     1.2 ± 0.6     2.1 ± 0.4     2.2 ± 0.6

* p<0.001 Dex vs Sal

Eight-week-old rats
The changes induced by Dex in the newborn rats were normalized in the 8-week-
old rats, that is, the differences in Bw, Hw and Hw:Bw ratio were not signifi cant 
(table 1). There was a tendency for Hw to be lower in Dex-treated rats (483 ± 
61 mg) compared with Hw in Sal-treated rats (533 ± 59 mg). Hw:Bw ratio 
(fi gure 1, top), DNA content, Prot content and the Prot:DNA ratio (fi gure 1, 
bottom) were not signifi cantly different between Dex- and Sal-treated rats.

Forty-fi ve-week-old rats
In the adult rats the Bw did not differ, but Hw in the Dex-treated rats was 
signifi cantly lower (p<0.001) compared with the Sal-treated rats (table 1). 
Consequently Hw:Bw ratio (fi gure 1, top) was lower in the Dex-treated rats 
(p<0.0001). DNA content did not differ between Dex-rats and Sal-treated rats. 
Prot content, however, was signifi cantly higher in Dex-treated rats (p<0.02), as 
was the Prot:DNA ratio (fi gure 1, bottom; p<0.05).

Histopathology
Microscopic examination of the hematoxylin-eosin-stained slides showed no 
striking differences between the hearts of the Sal- and Dex-treated rats. Some 
nuclei of myocytes in Dex-treated hearts displayed elongation and condensation of 
an enlarged amount of chromatin (data not shown). With this staining it is not 
possible to evaluate interstitial fi brosis (fi gure 2). Modifi ed AZAN staining showed 
additional microscopic abnormalities. In cross sectioned myocytes of Dex-treated 
hearts, the diameter is increased. Myocytes were surrounded by a thin but evident 
layer of blue-stained collagen, indicating early degeneration of myocytes replaced 
by fi brous tissue (fi gure 3). In longitudinally sectioned myocytes, the distance 
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Figure 1  Mean values (± SD) of Hw:Bw ratio (top) and of Prot:DNA ratio (bottom) in 7-day-,

8-week-, and 45-week-old rats treated neonatally with dexamethasone (Dex) (dark grey) 

or saline (Sal) (light grey)

*p<0.05 Dex vs Sal
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Figure 2 Hematoxylin-Eosin staining

Composition of saline (left) and dexamethasone (right) treated 45-week-old rat hearts in cross-section (top) and in 

longitudinal section (bottom) (magnifi cation x200).

Figure 3 Modifi ed AZAN staining

Composition of saline (left) and dexamethasone (right) treated 45-week-old rat hearts in cross-section (top) and 

longitudinal section (bottom) (magnifi cation x200).
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between intercalated discs, indicating the junctions between two myocytes, was 
larger in the Dex-treated compared with the Sal-treated rats. Morphometry of the 
myocardial tissue confi rmed hypertrophy in Dex-treated rats: cardiomyocyte 
volume was 36.3 ± 2.1 x10³ µm³ in Dex-treated rats versus 24.4 ± 1.6 x10³ µm³ 
in Sal-treated rats (p<0.05). Also the length and width of cardiomyocytes of Dex-
treated rats were increased: 90.1 ± 4.9 µm versus 73.0 ± 0.8 µm (p<0.05) and 
22.7 ± 1.2 µm versus 20.7 ± 0.6 µm (p<0.05) in Dex- and Sal-treated rats, 
respectively. Figure 4 summarizes the results.
Collagen content was signifi cantly higher in Dex- versus Sal-treated rats (4.11 ± 
1.15 vs 2.21 ± 0.68% (p<0.05)). Both microscopic fi ndings combined with the 
morphometric data strongly indicate a developing hypertrophy of cardiomyocytes 
in Dex-treated rat hearts with signs of early fi brosis.

Discussion

The present study confi rms earlier studies [9,10,15] of myocardial hypertrophy 
after perinatal and neonatal Dex-treatment in the newborn animal: the increased 
Prot:DNA ratio, together with the lower DNA content of myocardial tissue, 
indicates an increase in cardiomyocyte size, but no increase in myocyte numbers 
in the 7-day-old Dex-treated rats. These neonatal Dex-induced changes have 
generally been considered to be transient, and indeed we found an apparent 
normalization of the measurements in the 8-week-old animals. However, we found 
defi nite histopathologic and biochemical abnormalities in the 45-week-old rat 
myocardium, indicating that perinatal GC-therapy in therapeutic doses 
permanently affects myocyte growth. Despite the fact that the Dex-treated rats 
had smaller hearts, these hearts showed defi nite signs of myocyte hypertrophy as 
indicated by the higher Prot:DNA ratio and larger myocyte volumes. Moreover, 
histopathologic analysis also suggests early degeneration of individual 
cardiomyocytes in the Dex-treated rat hearts, as indicated by the increased 
amount of collagen. We therefore conclude from the present study that therapeutic 
doses of Dex, similar to those usually administered to the newborn preterm baby 
eligible for GC-treatment, cause permanent structural abnormalities in the 
myocardium. 

How can these irreversible effects of neonatal GC-treatment on the development of 
the rat heart be explained? Rudolph et al. [10,16] suggested that myocyte growth 
is permanently inhibited after perinatal GC-exposure. Normally, the fetal heart 
grows by cell division (hyperplasia) until term [15]. After birth, the heart weight 
increases along with body weight by an increase in myocyte volume and size 
(hypertrophy) [17]. We suggest that in the very preterm infants, GC- (Dex) 
treatment inhibits mitosis of myocytes, blocking the growth potential of the 
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immature heart, resulting in fewer myocytes. In these circumstances hypertrophy 
will be the natural alternative for further growth of the heart to meet its 
hemodynamic demands. However, the premature hypertrophy may limit the 
reserve of the myocyte for further increase of its size [16]. This appears to have 
occurred in the rats in the present study that were treated with Dex early in life. 
The low amounts of DNA in the neonatal rat hearts suggest fewer myocyte 
divisions compared with Sal-treated rats. These early alterations clearly require 
more detailed studies; however, the later effects of neonatal Dex-treatment are 
alarming. The hearts of the 45-week-old Dex-treated rats show typical features of 
compensatory remodelling of the heart [18], i.e. myocyte hypertrophy 
accompanied by polyploidy, as indicated by the increased size and chromatin 
content of the nuclei (fi gure 2). Explanations for the apparent normalization of the 
Hw:Bw ratio and Prot:DNA ratio in the juvenile rats at 8 weeks of age remain 
speculative (i.e. delayed DNA replication and arrested cell division may result in 
polyploid myocytes as suggested by the DNA content in the 8-week-old).

It is noteworthy that this observation resembles the clinical picture of normalization 
after cessation of therapy in the infant treated with GCs [8]. At 45 weeks, body 
weights of the Dex-treated rats are comparable to those of the Sal-treated rats, but 
heart weights were signifi cantly lower, suggesting that fewer myocytes are 
available to meet the same hemodynamic demands compared with Sal-treated 
rats. The decrease in cardiac mass despite an increase in myocyte size at 
45 weeks could be the result of an overall decrease in cell number as a result of 
reduced proliferation in the neonatal period. In addition (or alternatively) increased 
cardiomyocyte death or loss of cells could be involved. Thus assessment of the 
involvement of apoptosis or changes in proliferative activity will be needed. These 
analyses and several additional approaches will be carried out integratively in our 
laboratories in the near future. 

It cannot be excluded that the hypertrophy and degenerative changes of the 
myocardium in the Dex-treated rats are caused by long-lasting changes in 
afterload of the left ventricle such as hypertension. Several studies dealing with 
antenatal GC-treatment suggest lifelong changes in cardiovascular function 
[4,5,19]. These studies postulate that high concentrations of antenatal and 
perinatal GCs alter the number of steroid receptors in the hypothalamic-pituitary-
adrenal axis and affect other systems such as the renin-angiotensin system. This 
ultimately leads to pathologic cardiovascular disorders in adults such as 
alterations in the autonomous nervous system leading to systemic vasoconstriction 
[19,20]. Benediktsson et al. [6] reported that GC-exposure in utero leads to 
hypertension in adult life. Moreover, neonatal GCs also alter the epinephrine and 
norepinephrine content in the hypothalamus [7]. However, this in utero GC-
induced hypertension is less involved in the myocardial abnormalities reported in 
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our study, because it does not explain the lower Hw and amount of DNA. It may, 
however, add to the histopathologic abnormalities detected in the hearts of Dex-
treated rats. These myocytes are already limited in their growth responsiveness 
and may suffer irreversible changes when a second strain occurs, such as increase 
in left ventricular afterload. The tendency of a lower Hw at 8 weeks and the 
defi nitely lower Hw at 45 weeks of age after Dex-treatment in the neonatal period, 
together with the signs of hypertrophy and of precocious ageing, make it probable 
that during adult life these hearts reach their limits in their ability to respond to 
requirements of increased growth. Indeed, preliminary results suggest that the life 
expectancy of rats that have undergone similar Dex-treatments to those used in 
the present study is signifi cantly reduced [21]. An important issue relates to the 
development of fi brosis. There is a considerable literature on the development of 
fi brosis in the adult heart with left ventricular hypertrophy [22,23], and it has 
been suggested [24] that the fi brosis develops as a result of the myocyte 
hypertrophy outgrowing the development of new capillaries, so that there is a 
reduction of oxygen supply to the myocardium. In our studies, we do not have 
information about vascular supply, but it is quite possible that Dex has also 
affected the growth of the coronary circulation, so that it has a limited ability to 
increase with myocyte hypertrophy. 

We do not know whether there are species differences with respect to the 
vulnerability for neonatal Dex-treatment of the adult rat heart compared with the 
human heart. Although it is postulated that the neonatal rat is more prone to GC-
induced negative long-term effects, this is only substantiated for the immune 
system [25]. Moreover, mostly pharmacologic dosages of Dex are used in these 
animals, which are commonly much higher compared with doses used in clinical 
practice in the preterm infant. On the other hand, data of eight recent randomized-
controlled trials were entered into a meta-analysis to determine the long-term 
effects of neonatal GC-therapy. This study showed increased rates of cerebral 
palsy and impaired neurodevelopmental outcome [26].

Nonetheless, until it is proven that neonatal Dex-treatment has no negative effects 
on the human adult heart (unlike the situation in our rat model), the use of GC-
therapy in premature infants raises serious ethical concerns. Clinical studies are 
not possible yet because neonatally treated humans are too young for complete 
long-term studies of the cardiovascular system. However, hemodynamic, 
histopathologic, and molecular-genetic characterization of the developing and 
adult heart in relation to perinatal GC-treatment are of utmost importance for early 
detection and possible treatment of heart failure in the large number of individuals 
already treated for prevention of chronic lung disease and often in rather high 
dosages as was common in the early 1990s. Therefore, one should be aware of 
the worrying results of this and other studies related to perinatal GC-treatment.
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Conclusions

In conclusion, neonatal Dex-treatment in rat pups causes a permanent decrease in 
Hw, probably caused by inhibition of myocyte mitotic activity in this period. In the 
adult rat heart this treatment leads to hypertrophy and precocious degeneration of 
cardiomyocytes. These fi ndings may become of utmost importance for a 
potentially large patient population. Irrespective of the present study, which was 
not designed for this purpose, it remains important to investigate whether 
treatment with lower dosages and shorter duration of GCs are still effective to 
prevent or reduce neonatal chronic lung disease without long-term side effects on 
the myocardium. 
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Abstract

Background Glucocorticoids (mostly dexamethasone) are widely used to prevent 
chronic lung disease in premature infants. Neonatal rats treated with 
dexamethasone have been shown to have reduced cardiac mass and 
cardiomyocyte hypertrophy, suggesting a lower number of cardiomyocytes at adult 
age, and a severely reduced life expectancy. In the present study we tested the 
hypothesis that a lower number of cardiomyocytes in later life is caused by a 
reduced cardiomyocyte proliferation and/or by early cell death (apoptosis).
Methods and results Rat pups received dexamethasone or saline control on day 1, 
2 and 3 and were sacrifi ced at day 0, 2, 4, 7 and 21. The cardiomyocytes of 
dexamethasone treated pups showed a reduced proliferation as indicated by a 
lower mitotic index and reduced number of Ki-67 positive cardiomyocytes on day 
2 and 4 as compared to day 0 and day 7 and also as compared to the age 
matched saline pups. On day 7 and day 21 the mitotic index was not different 
between groups. From day 2 onward up to day 21 dexamethasone treated pups 
showed a lower number of cardiomyocytes. The cardiomyocytes showed no signs 
(<<1%) of apoptosis (Caspase-3 and cleaved-PARP) in any group.
Conclusion The temporary suppression of cardiomyocyte hyperplasia found in 
dexamethasone treated pups eventually leads to a reduced number and 
hypertrophy of cardiomyocytes during adult life.
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Introduction

Chronic lung disease is a frequently occurring complication with high morbidity 
and mortality in preterm infants who suffer from severe (infant) respiratory distress 
syndrome (RDS) and therefore represents a signifi cant health problem [1]. Since 
an excessive pro-infl ammatory reaction seems to play an important role in chronic 
lung disease, glucocorticoids, predominantly dexamethasone (Dex), are widely 
used for prevention and/or reduction of this complication because of their anti-
infl ammatory properties [2-4]. Increasing evidence emerges however, that Dex-
treatment in the preterm infant at risk for chronic lung disease has a wide range of 
adverse effects [5-10]. These adverse effects also involve the cardiovascular 
system [11,12], consisting of short-term phenomena such as transient 
hypertrophic cardiomyopathy and hypertension [13,14] observed in human 
premature babies. A recent study by our group in 50-week-old rats which were 
neonatally treated with Dex showed a lower heart weight accompanied by 
cardiomyocyte hypertrophy as compared to saline (Sal) treated controls, strongly 
suggesting that these Dex-treated rats ended up with a reduced number of 
cardiomyocytes as compared to Sal-treated control rats [15]. Furthermore, it 
turned out that the neonatally Dex-treated rats had a severely reduced life 
expectancy and showed signs of myocardial fi brosis [15,16].

Earlier studies have shown that elevation of fetal stress hormones, such as 
glucocorticoids, in the third trimester of ovine pregnancy, alters fetal growth and 
cardiovascular development and function [17,18]. Rudolph [19] found that 
perinatal administration of cortisol in fetal lambs inhibited cardiomyocyte 
replication, whereas Slotkin et al. [20] reported that late-gestationally 
administered Dex slowed the postnatal cell division in the rat heart as
indicated by a decrease in DNA.
Long-term effects of postnatal glucocorticoid treatment on cardiomyocyte 
replication and growth of the immature heart have not been studied yet, but the 
results of our study mentioned above suggested a lower number of cardiomyocytes 
in adult rats treated neonatally with Dex [15]. 

To investigate this process we performed histopathological and quantitative 
immunohistochemical studies on hearts of rat pups before, during and after Dex-
treatment. We hypothesized that neonatal Dex-treatment alters the pattern of 
normal myocardial growth and cardiomyocyte proliferation. If so, this may be an 
important cause for the reported cardiac abnormalities in neonatally Dex-treated 
adult rats.
Since apoptosis is known to play an important role in cardiac failure after
cardiac hypertrophy [21,22], albeit in adult life, we also investigated whether 
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Dex-induced apoptosis, responsible for abnormal myocardial development, was 
present during the neonatal period.

Materials and methods

Animals
The study protocol was approved by the Animal Research Committee of the 
University of Leiden. The investigation conforms to the Guide for the Care and Use 
of Laboratory Animals (National Institutes of Health Publication No.85–23, 
revised 1996). Pregnant Wistar rats (270–300 g) were housed individually and 
kept under conventional housing conditions with free access to food and water. 
Pups were born on day 21-22 of gestation. On the day of birth (day 0) male pups 
were selected and randomly divided between treatment (day 2 n=10, day 4 n=8, 
day 7 n=6, day 21 n=6) and control (day 2 n=10, day 4 n=9, day 7 n=7,
day 21 n=6) groups. A separate group was sacrifi ced on day 0 before treatment 
(n=8). Treatment and control animals were kept separately and placed with foster 
mothers in groups of 6 to 10 pups. Temperature and humidity were kept constant 
and the rats had free access to food and water. An artifi cial 12hrs light/12hrs dark 
cycle was used.

Experimental design
Rat pups in the treatment group were injected intraperitoneally with Dex 
(Dexamethasone Sodium Phosphate; BUFA, Uitgeest, The Netherlands) applying 
a 3-day tapering dose. The dose and duration of the treatment was based on and 
proportional to a 21-day tapering course of Dex (starting dose 0.5 mg/kg) to 
prevent or reduce chronic lung disease in preterm infants. Consequently, the 
treated animals received 0.5, 0.3 and 0.1 mg/kg body weight Dex on day 1, 2 
and 3 of life respectively. The animals in the control group received equal volumes 
of sterile pyrogen-free Sal (10 µL/g). The pre-treatment group was killed 12 hours 
after birth, the other groups at day 2, 4, 7 and 21 after birth. Body weight (Bw) 
was measured before sacrifi cing. The heart was harvested and wet weight (Hw) 
was measured. The heart was directly immersion-fi xed in buffered formalin 4% for 
histopathological and immunohistochemical analyses.

Histopathology
The atria were dissected from the formalin-fi xed heart, the ventricles were sliced 
in two parts parallel to the short axis at the mid-papillary level and embedded in 
paraffi n after which 3 µm sections were cut. 
Routine staining with hematoxylin-eosin (HE) was performed for conventional 
histopathology and for counting of mitosis. The proliferation marker Ki-67
(Rabbit Monoclonal Antibody Clone SP6, Neomarkers) was used to evaluate 



Suppression of cardiomyocyte proliferation after neonatal glucocorticoids 63

cardiomyocyte proliferation. The tissue was treated with citrate buffer (10 mMol, 
pH 6.0, boiled 20 minutes). After incubation for 1 hour, the slides were incubated 
with a polymeric HRP-linker antibody (PowerVision Detection System, 
ImmunoVision Technologies, Brisbane, CA) for 30 minutes. Diaminobenzidine 
(DAB, DAKO) was used as chromogen. The number of positive cardiomyocyte 
nuclei and the total number of nuclei were counted.
To assess apoptosis, primary antibodies were used against active Caspase-3
(clone C92-605 purifi ed rabbit anti-Caspase-3 monoclonal antibody,
BD Pharmingen), Poly-ADP-ribose polymerase (PARP, clone c2-10 mouse anti-
PARP, monoclonal antibody, Biopharmingen) and cleaved PARP (Anti-PARP p85 
fragment pAb polyclonal antibody, Promega) were applied in an assay performed 
in the same way as the proliferation marker.
Proliferative activity of cardiomyocytes was detected and quantifi ed by two 
methods 1) the mitotic index (counting of mitotic spindles) and 2) the proliferation 
marker Ki-67 (immunohistochemistry). Mitotic spindles are visible in the M phase 
of the cell cycle whereas the Ki-67 protein is expressed in all proliferating cells in 
late G1, S, G2 and M phases of the cell cycle [23]. Thus, the Ki-67 protein is 
positive in the cell cycle for a longer period than the mitotic spindle is visible and 
therefore a more sensitive marker for proliferation. The mitotic index of 
cardiomyocytes was determined by counting the mitotic spindles in a total area of 
1.51 mm2 for each ventricle (20 microscopic fi elds, magnifi cation of 400x). 
Mitotic spindles were counted simultaneously by two observers aiming at 
consensus, taking care to use only longitudinally oriented cardiomyocytes located 
at the mid myocardial layer sampled equally from all parts of the left ventricle 
(septum, anterior, lateral and posterior wall).
Slides stained with the Ki-67 proliferation marker were photographed digitally at a 
fi nal magnifi cation of 400x (Nikon Eclipse E800 rendering an image fi eld of 
35.7x10-3 mm2). In four fi elds (taken from the mid myocardial layer of septum, 
anterior, lateral and posterior left ventricular wall of each heart) the total number 
of cardiomyocyte nuclei and number of Ki-67 positive cardiomyocyte nuclei were 
counted. Only dark brown nuclear staining was counted as positive.

Statistics
All data are expressed as mean ± SD. The possible differences between and 
within the Sal- and Dex-groups were assessed by using a two-way ANOVA with
a Bonferroni post-hoc test using the SPSS v12.0 statistical package. Statistical 
signifi cance was defi ned as p<0.05.
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Results

Anatomical parameters and routine histopathology
As indicated in table 1 bodyweight was signifi cantly lower at all stages in the Dex-
treated rats, except for day 2. Their heart weight was until day 7 not signifi cantly 
different (table 1). At day 21 the heart weight was signifi cantly lower in the
Dex-treated rats (p<0.001). With routine histopathology no signs of necrosis of 
cardiomyocytes or fi brosis of the interstitium were found in the left ventricles
of any group (fi gure 3A and B).

Table 1 Anatomical parameters

Age Treatment Number Bodyweight (Bw) (g) Heart weight (Hw) (g)

day 0 none 8 4.99 ± 0.38 0.036 ± 0.012

day 2 Sal 10 7.69 ± 0.38 0.048 ± 0.008 

Dex 10 6.91 ± 0.45 0.057 ± 0.008

day 4 Sal 9 9.73 ± 0.38 0.071 ± 0.015

Dex 8 6.43 ± 0.71 (p=0.002) 0.054 ± 0.009

day 7 Sal 7 13.78 ± 1.08 0.077 ± 0.010

Dex 6 10.66 ± 1.58 (p=0.016) 0.077 ± 0.019

day 21 Sal 6 47.67 ± 3.54 0.276 ± 0.014

Dex 6 42.72 ± 4.41 (p<0.001) 0.228 ± 0.022 (p<0.001)

Data are presented as mean ± SD (p-value Dex vs Sal)
Dex: dexamethasone; Sal: saline

Proliferative activity
Proliferative activity of cardiomyocytes was determined by the mitotic index 
(number of mitotic spindles per 1.51 mm2) and by the number of immuno-
histochemically stained Ki-67 positive cardiomyocyte nuclei. As shown in fi gure 1 
a signifi cantly lower mitotic index in the cardiomyocytes of the Dex-treated rats 
was found on day 2 and day 4, compared to day 0 (p<0.001) and day 7 
(p<0.001) and also compared to the age matched control group (p<0.001).
On day 7 the mitotic index was no longer different between the two groups. On 
day 21 almost no more mitotic activity was present in any group (fi gure 1).
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With the use of the proliferation marker Ki-67 the lower proliferative activity of 
cardiomyocytes in the Dex-treated rats was confi rmed (fi gure 2). On day 2 and 
day 4 signifi cantly less cardiomyocyte nuclei of Dex-treated pups stained positive 
as compared to the age matched control group (p<0.001) (see for a typical 
example fi gure 3C and D). At day 7 the total number of Ki-67 positive nuclei was 
no longer signifi cantly different between Dex- and Sal-treated pups (fi gure 2). 
However, Dex pups showed a signifi cantly lower number of cardiomyocytes per 
myocardial area (p=0.011), indicating cardiomyocyte hypertrophy at that time. 
At the age of 21 days only a very low proliferative activity was present that did not 
differ between the Dex- and the Sal-group (also shown in fi gures 3E and F). The 
total number of cardiomyocytes per myocardial area tended to be lower in Dex-
as compared to Sal-treated pups although not statistical signifi cant.

Figure 1  Proliferation of cardiomyocytes (mitotic index) of dexamethasone (Dex) and saline (Sal) 

treated neonatal rats

The mitotic index is showing a signifi cant decrease in proliferative activity of cardiomyocytes on day 2 and day 4 in the Dex-

treated rats (dark grey), as compared to the Sal- (control) group (light grey). On day 7 and day 21 there is no difference in 

mitotic index between both groups. At day 21 there is a low mitotic activity in both groups.

Data are presented as mean ± SD. * p<0.05 Dex vs Sal

Mitotic index = number of mitotic spindles in a myocardial area of 1.51 mm2/ventricle (see methods)
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Figure 2  Proliferation of cardiomyocytes (Ki-67 staining) in dexamethasone (Dex) and saline (Sal) 

treated neonatal rats

The Ki-67 staining is showing a signifi cant decrease in cardiomyocyte proliferation on day 2 and day 4 in Dex-treated rats 

(black), as compared to the Sal- (control) group (white). At day 7 there is no difference in positive nuclei between both 

groups. From day 2 onward the total number of cardiomyocytes in the Dex-treated rats (dark grey) is lower compared with 

the Sal rats (light grey) (although not signifi cant at day 21). 

Data are presented as mean ± SD. * p<0.05 Dex vs Sal

The total number of cardiomyocyte nuclei and number of cardiomyocyte nuclei that is positive with the proliferation marker 

Ki-67 as found in a myocardial area of 35.7x10-3 mm2 (one high power fi eld=HPF)

Figure 3  Histology and immunohistochemistry of 4- and 21-day-old rats, neonatally treated with 

saline (Sal) and dexamethasone (Dex).

First row: In the HE-staining on day 4 mitotic spindles are more readily seen in the Sal- (control) (A) and hardly in the

Dex- (B) group.

Second row: On day 4 the Ki-67 staining shows clearly a reduction in proliferative activity in the Dex-treated rat pups (D) 

compared with the Sal-treated pups (C). The former picture shows signifi cantly less myocyte nuclei that stain positive with 

the proliferation marker Ki-67. Note also the lower number of cardiomyocytes in the Dex-treated group (D) compared with 

Sal (C) photographed at the same magnifi cation indicating cardiomyocyte hypertrophy.

Third row: On day 21 the Ki-67 staining shows hardly any mitotic activity both in the Sal- (E) and the Dex- (F) group.

There are less cardiomyocytes per fi eld in the Dex-treated rats, again indicating cardiomyocyte hypertrophy.

Fourth row: Ki-67 staining on day 4 at a larger magnifi ction showing the cardiomyocytes (Sal (G) and Dex (H)).

Magnifi cation is the same for the pictures A-F, the bar in picture A indicates 50 micrometer.

The pictures G and H are at a larger magnifi cation, the bar in picture G indicates 20 micrometer.
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Apoptosis
Only a small fraction of cardiomyocytes (<<1%) were Caspase-3 positive with
no differences between Dex- and Sal-groups at any age. The DNA repair enzyme
Poly (ADP-ribose) polymerase (PARP) was widely present in the nuclei of 
cardiomyocytes in both groups and at all ages. The cleaving product of PARP 
(indicating activity of PARP and thus apoptosis) showed only a small fraction of 
cardiomyocytes, comparable to the Caspase-3 staining.

Discussion

Normal growth of the fetal heart occurs largely by an increase in the number of 
cardiomyocytes (hyperplasia), whereas postnatal growth of the heart, also during 
adult age after an increased afterload, is accomplished almost exclusively by an 
increase in size of the cardiomyocytes (hypertrophy) [24]. Although there is 
evidence for cardiomyocyte hyperplasia in the fi rst month postnatally in rats and 
sheep [24,25], increase in myocardial mass thereafter will predominantly occur 
by hypertrophy. Possible factors responsible for this modifi ed increase in cardiac 
mass are thought to be related to changes in the hormonal milieu around birth:
for example plasma catecholamine concentrations increase during labor and are 
increased in the newborn [26], as are triiodothyronine concentrations during the 
fi rst hours after birth [27]. In particular changes in endogenous glucocorticoid 
levels probably play an important role in this respect [17,18,20]. Fetal blood 
corticosteroid concentrations increase manifold shortly before birth in the lamb 
fetus [28]. In an elegant study in the perinatal lamb preparation, Rudolph et al. 
showed that selective exogenous cortisol infusion into the left coronary artery 
markedly decreased left ventricular DNA [29], indicating that exogenous cortisol 
inhibits cardiomyocyte mitosis and in fact mimics the modifi cation of the 
myocardial growth pattern during the postnatal period. In view of these fi ndings it 
seems reasonable to assume that glucocorticoid treatment during the ante- and 
perinatal period (mostly by Dex or betamethasone) may have an important 
negative infl uence on myocardial growth by prematurely inhibiting cell division of 
(fetal) cardiomyocytes [19].

The present experimental study indeed showed an evidently negative effect of 
early postnatal Dex-treatment on the proliferative activity of cardiomyocytes of rat 
pups in the fi rst days after birth, as indicated by the signifi cantly lower mitotic 
index and lower fraction of cardiomyocyte nuclei staining positively with the Ki-67 
proliferation marker in the Dex-treated rat pups at day 2 and 4. On day 7 there 
were no longer differences in proliferative activity as there was no difference in 
mitotic index and number of proliferative Ki-67 positive cardiomyocyte nuclei 
between Dex- and Sal-treated pups. At day 7 the total number of cardiomyocyte 
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nuclei per unit area was lower in the Dex-group compared to Sal. This fi nding 
indicates not only that the cardiomyocytes were larger in the Dex- than in the Sal-
group but, since heart weights were not different between the groups, this fi nding 
also indicates a decreased total number of cardiomyocytes in Dex-treated hearts. 
Because no signs of necrosis or increased apoptosis of cardiomyocytes were found 
in the Dex-group, we believe that the reduced number of cardiomyocytes is caused 
by a suppression of proliferative activity of cardiomyocytes during the fi rst days of 
life.
At day 21 there was only a very low number of proliferating cardiomyocytes, the 
number being not different between Sal and Dex. The total number of 
cardiomyocytes tended to be lower in Dex-treated hearts. However, with an about 
20% reduced heart weight in the Dex-group as compared to Sal, this fi nding 
indicates that there were less cardiomyocytes in the heart of the Dex-treated group 
and that there was no catch up of the suppressed proliferation. The latter fi nding 
stresses the notion that there is only a limited postnatal time frame in which 
cardiomyocytes can undergo cell division. Furthermore, because of this limited 
time frame, it illustrates that even if cardiomyocyte proliferation is suppressed for 
only a few postnatal days (within the fi rst week) it already has negative 
repercussions on the total number of cardiomyocytes later in life. 

The results of the present study strongly suggest that postnatal treatment with 
glucocorticoids such as Dex are at least in part responsible for the long-term and 
eventually fatal changes of myocardial tissue which we reported in an earlier study 
[15]. It showed that neonatally Dex-treated rats during adulthood end up with a 
smaller number of (although hypertrophied) cardiomyocytes and a severe 
reduction in life span [15,16]. It has been postulated that cardiomyocyte 
hypertrophy is mandatory in Dex-treated rats to maintain normal cardiac function 
with less cardiomyocytes during adult life [15,19,29].

These results obtained from experimental studies put into question the safety of 
early postnatal glucocorticoid treatment for prevention of chronic lung disease in 
the human baby. Of course, we are fully aware of the fact that we cannot simply 
extrapolate the reported fi ndings, obtained in the newborn and adult rat model, to 
the preterm infant and adult human. Two important differences are obvious when 
comparing rat studies with the clinical situation. First, we are dealing here with 
term rat pups whose myocardial tissue may have an affi nity to Dex different from 
the affi nity of myocardial tissue in the preterm infant. 
Second, human fetal and neonatal development of the myocardium may differ 
from development of the rat or lamb myocardium. With respect to the fi rst issue 
however, there is a large amount of data showing that the term rat heart responds 
to neonatal Dex-treatment in a way comparable to the heart of preterm babies 
treated with Dex for prevention of chronic lung disease: in both situations transient 
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systemic hypertension and hypertrophic cardiomyopathy of the left ventricle 
occurs [13,14,30]. With respect to the second issue regarding fetal and postnatal 
growth of myocardial tissue, Huttenbach et al. [31] investigated cardiomyocyte 
proliferation in autopsy material from hearts of preterm and term infants. They 
reported that cardiomyocyte proliferative activity in left ventricular myocardial 
tissue remained present and constant during the early preterm period and only 
decreased in late preterm and early postterm periods. Moreover, a recent study of 
Nadal-Ginard et al. [22], discussing regeneration of myocardial tissue during 
cardiac hypertrophy and failure, stated that cardiomyocytes that retain the ability 
to divide always remain present. Although the above stated arguments do not 
prove that the newborn rat or lamb heart is fully comparable to the (preterm) 
human heart with regard to cardiomyocyte proliferative activity and their reaction 
to Dex exposure, it is valid to consider the possibility of transient down regulation 
of cardiomyocyte proliferative activity in preterm infants neonatally treated with 
glucocorticoids such as Dex. In the routine care of the preterm fetus and infant at 
risk for chronic lung disease neonatal (but also antenatal) treatment with 
glucocorticoids has been established not so long ago yet [2,3]. Although 
nowadays controversy exists regarding the routine postnatal use of glucocorticoids 
for management of chronic lung disease in neonates [32,33] glucocorticoids 
(mainly Dex) are still widely used. With regard to the cardiovascular status of 
individuals treated pre- or neonatally with glucocorticoids no follow-up studies 
have been reported yet. However since neonatal treatment with glucocorticoids 
appears to have long-lasting consequences as shown in the rat, a mandatory 
cardiovascular follow-up program should be seriously considered.

Although apoptotic activity is a physiological event during fetal and postnatal 
cardiac development [34] and plays an important role in loss of cardiomyocytes 
during the ageing process especially in the failing heart [21,22,34-37], we did 
not fi nd evidence in this study that neonatal Dex-treatment in rat pups gave rise to 
an upregulation of apoptotic activity. Also no signs of early necrotic cardiomyocyte 
cell death in the rat pups could be found. 

In summary, neonatal Dex-treatment in rat pups, with a duration and dosage 
similar to those used in the preterm infant to prevent chronic lung disease, caused 
a temporary suppression of the proliferative activity of cardiomyocytes. This 
fi nding provides an explanation for the reduced number of cardiomyocytes and for 
the established hypertrophy in adult rats treated with Dex in the neonatal period 
as reported earlier and might give a clue as to the cause of the reduction in their 
life span.
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Abstract

Objective Dexamethasone is widely used to treat or prevent chronic lung disease 
in preterm infants, but recent studies have raised concerns regarding potential 
negative long-term effects. Multiple short-term cardiovascular side effects have 
been described both in rat pups and humans, but studies regarding long-term 
effects on the heart are lacking. The aim of this study was to investigate the 
histopathological myocardial changes after neonatal dexamethasone treatment in 
the young and adult rat heart.
Methods and results Rat pups were treated with dexamethasone on day 1, 2 and 3 
(0.5, 0.3 and 0.1 mg/kg) of life. Control pups received saline. At 4, 8 and 
50 weeks of life the rats were sacrifi ced and anatomic data collected. Heart
tissue was stained with hematoxylin-eosin, Cadherin-PAS and Sirius Red for 
cardiomyocyte morphometry and collagen determination. Cardiomyocyte length of 
the dexamethasone treated rats was signifi cantly increased (p<0.05) compared to 
controls in all three age groups, whereas ventricular weight was reduced. This was 
accompanied by a signifi cant increase in cardiomyocyte width (p<0.01) in the 
50-week-old rats. These changes resulted in signifi cantly increased cardiomyocyte 
volume at 50 weeks (p<0.01) indicating cellular hypertrophy. Collagen content 
gradually increased with age and was 62% higher (p<0.01) in the dexamethasone 
treated rats at 50 weeks of age. 
Conclusions Neonatal dexamethasone treatment affects normal growth of the 
heart resulting in cellular hypertrophy and increased collagen deposition in the 
adult rat heart. Since previous studies in rats have shown premature death and 
suggested cardiac failure, cardiovascular follow-up programs for preterm infants 
treated with glucocorticoids should be considered.
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Introduction

In preterm infants suffering from severe respiratory distress syndrome (RDS), 
chronic lung disease is a serious complication [1,2]. In the pathogenesis of 
chronic lung disease an underlying excessive pro-infl ammatory process seems to 
be involved [3]. Glucocorticoids (GCs), in particular dexamethasone (Dex), are 
widely used to treat or prevent chronic lung disease in preterm infants because of 
their anti-infl ammatory action. Moreover, GCs stimulate lung maturation and 
enhance surfactant production [4].
However concerns have been raised about the wide range of side effects of GCs 
[5] . These concerns included fi ndings of abnormal brain development in newborn 
animals treated with systemic steroids [6]. Recent reports on follow-up in ex-
preterm children neonatally treated with Dex confi rm its adverse effects on brain 
growth [7] and neuromotor developmental outcome [8]. With regard to the 
cardiovascular system, short-term side effects such as myocardial hypertrophy, 
manifested by increased ventricular septal and left ventricular wall thickness, and 
hypertension have been reported in animal and human studies [9-11]. Recent 
studies from our group suggested that neonatal Dex-treatment may have 
detrimental long-term effects on the heart, possibly initiated by temporary 
suppression of the proliferative capacity of cardiomyocytes during and early after 
treatment [12].
We performed histopathological and immunohistochemical studies on hearts of 
rats sacrifi ced 4, 8 and 50 weeks after neonatal Dex-treatment to delineate the 
cardiac effects in the pre- and postpubertal and middle-aged period. In this study 
we show increased cellular hypertrophy and collagen deposition in the Dex-treated 
rats of all three age groups, being most pronounced in the 50-week-old rats.

Materials and methods

Animals
The study protocol was approved by the Animal Research Committee of the 
University of Leiden. The investigation conforms to the Guide for the Care and Use 
of Laboratory Animals (National Institutes of Health Publication No.85–23, 
revised 1996). Pregnant Wistar rats (270–300 g) were housed individually and 
kept under conventional housing conditions. Pups were born on day 21–22 of 
gestation. On the day of birth, male pups were selected and randomly divided into 
treatment and control groups. Treatment and control animals were kept separately 
and placed with foster mothers in groups of 4 to 6 pups. Rat pups in the 
treatment group were injected intraperitoneally with Dex using a 3-day tapering 
dose following a protocol as used before [13]. Consequently, the treated animals 
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received 0.5, 0.3, and 0.1 mg/kg body weight Dex on day 1, 2, and 3 of life 
respectively. The animals in the control group received equal volumes (10 µl/g 
body weight) sterile pyrogen-free saline (Sal). Temperature and humidity were kept 
constant and the rats had free access to food and water. An artifi cial 12h-light/
12h-dark cycle was used. The rats were weaned on day 21 and studied at 4, 8 or 
50 weeks of age. Prior to sacrifi ce for the current histopathological study, 
hemodynamic measurements were performed that were reported elsewhere [14]. 
All groups at the various ages (4-, 8-, and 50-week-old) consisted of 8 rats. 
The animals were sedated by inhalation of a mixture of halothane (4%) and 
oxygen, subsequently general anesthesia was initiated by intraperitoneal injection 
(IP) of a fentanyl-fl uanison-midazolam mixture. This mixture consisted of 2 parts 
Hypnorm® (0.315 mg/ml fentanyl + 10 mg/ml fl uanison), 1 part Dormicum®

(5 mg/ml midazolam) and 1 part water and was administered in a dose of 
0.4 ml/100 g body weight. Supplemental injections (one-third of initial dose) were 
provided if necessary. Before instrumentation body weight (Bw) was measured.

Instrumentation and histopathological preparation
Under general anesthesia a midsternal thoracotomy was performed and the 
abdomen of the rats was opened with a medial incision. A 20G cannula was 
inserted retrogradely into the abdominal aorta to allow external perfusion of the 
heart. Subsequently, the hearts were arrested in diastole by slowly infusing 1 ml 
0.1 M Cadmium chloride via a needle (25G) introduced in the apex of the left 
ventricle. Subsequently, the right atrium was cut to allow drainage and external 
perfusion via the aortic cannula was started using a reservoir at approximately 
70 cm height. A mixture of NaCl and nitroprusside (0.1 mg/ml) was infused for 
3 minutes to achieve coronary vasodilatation followed by 3 minutes perfusion with 
formalin solution (2%). The hearts were then excised and immersion fi xed in 
phosphate-buffered formalin 4%. After at least 48h of fi xation any remaining 
extra-cardiac structures and the atria were carefully removed from the hearts and 
ventricular weight (Vw) was determined. The ventricles were cut in 2 or 3 coronal 
sections of approximately 2 mm thickness and embedded in paraffi n. 
Subsequently, the hearts were sectioned parallel to the equator in 3 µm slices.

Staining procedure
Hematoxilin-Eosin (HE) staining was performed using routine techniques for 
general histopathological assessment. Subsequently a HE-stained slice at the level 
of the papillary muscles was selected for measurement of left ventricular free wall 
thickness. 
Sirius Red staining (Polysciences, Warrington, PA) was performed in 3 µm 
sections after pre-treatment with picrinic acid to determine collagen content. The 
collagen-positive area was quantifi ed using Image-Pro analysis software (Media 
Cybernetics, Inc) in a total of 40 fi elds of 4 predefi ned regions (left ventricular free 
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wall, anterior wall, posterior wall, and interventricular septum) using a fi nal 
magnifi cation of x200. Collagen content was expressed as fraction of the total 
(measured) myocardial area.
Cadherin-Periodic Acid Schiff (PAS) staining, modifi ed from Brüel et al. [15] was 
used for the morphometric measurements of the cardiomyocytes. The Cadherin-
PAS provides staining of the intercalated discs and the lateral sarcolemma. First, 
3 µm sections of the ventricles were deparaffi nized. EDTA boiling was used for 
antigen retrieval. The slides were then incubated with Cadherin (pan, C1821, 
Sigma-Aldrich, Denmark) for 1h at room temperature. After applying this primary 
antibody, the slides were incubated with RAMPO (P0161, dakocytomation) for 
30 minutes. Subsequently, a Horse Radish-labeled antibody (powervision poly 
HRP-anti-Rabbit IgG, immunologic) was used. After developing the slides with
di-aminobenzidene acid (DAB) and washing, the PAS staining was performed.
The slides were incubated with 1% periodic Acid for 10 minutes, followed by 
incubation with Schiff’s reagent (Merck) for 30 minutes. Finally the slides were 
counter-stained with hematoxylin.

Cardiomyocyte Morphometry
Morphometry was performed as described by van Oosterhout et al. [16] using the 
Cadherin-PAS staining. In brief, myocytes from predefi ned myocardial areas (see 
below) were visualized with a microscope (Zeiss Axiomat, fi nal magnifi cation 400x) 
equipped with a digital camera (Nikon Eclipse E800) and coupled to a personal 
computer equipped with dedicated software (QProdit, Leica Microsystems). In the 
middle part of the left ventricular free wall and the interventricular septum, 
longitudinally oriented myocytes (40 from each site, rendering 80 cell 
measurements for each animal) were selected and the cell boundaries were 
traced. Diameter and longitudinal sectional area of these cells were automatically 
determined by dedicated software (QProdit, Leica Microsystems). Only those 
myocytes in which the nucleus was centrally located within the cell and with 
intercalated discs visible at both ends of the cell were used to ensure that the long 
axis of the myocyte was perpendicular to the microscope objective [17]. Effective 
cardiomyocyte length was defi ned in this study as longitudinal sectional area 
divided by the diameter of the longitudinally oriented cells. Cardiomyocyte volume 
was calculated as area (in the longitudinal section) multiplied by width times π/4 
on the assumption of a cylindrical confi guration. For each heart the median of 
volume, length and width was calculated and used for statistical analysis.

Statistics
Data are presented as mean ± SD. Anatomical data of the age groups were 
compared using unpaired t-tests. Morphometric data and collagen content for 
each age group were analyzed using Mann-Whitney U tests because of a non-linear 
distribution of the data. P-values <0.05 were considered statistically signifi cant.
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Results

Anatomical parameters
Anatomical data for Dex-treated and Sal-treated rats are summarized in table 1. In 
the 4-week-old rats, Bw, Vw and the ratio of Vw/Bw were lower in the Dex-treated 
rats by, respectively 16% (p<0.001), 22% (p<0.001) and 8% (p<0.05). In the 
8-week-old rats, Vw was 11% lower in Dex (p<0.05), but no difference was 
found for Bw or Vw/Bw. No differences between Dex and Sal were found for Bw, 
Vw or ratio Vw/Bw in the 50-week-old rats.
Ventricular wall thickness was lower by 20% (p<0.01) in the Dex-treated rats at 
4 weeks, but no differences were found in the 8- and 50-week-old rats.

Table 1  Anatomical parameters of the heart (mean ± SD) in 4-, 8- and 50-week-old rats neonatally 

treated with dexamethasone or saline 

4-week-old rats 8-week-old rats 50-week-old rats

Sal Dex p Sal Dex p Sal Dex p

Bw (g)     86 ± 9     72 ± 3 <0.001    259 ± 23   243 ± 8 ns   518 ± 36    515 ± 32 ns

Vw (g)  0.36 ± 0.02  0.28 ± 0.03 <0.001   0.95 ± 0.09  0.84 ± 0.07 <0.05  1.32 ± 0.13   1.23 ± 0.10 ns

Vw/Bw (g/kg)    4.2 ± 0.3    3.8 ± 0.34 <0.05     3.7 ± 0.2    3.5 ± 0.36 ns    2.6 ± 0.32     2.4 ± 0.16 ns

WT (mm)  1.47 ± 0.19  1.18 ± 0.18 <0.01   2.45 ± 0.14  2.34 ± 0.10 ns  2.74 ± 0.25   2.63 ± 0.23 ns

Cardiomyocyte

dimensions

Length (µm)  60.9 ± 5.5  69.3 ± 4.1 <0.05   79.7 ± 6.7  90.9 ± 6.1 <0.01  93.9 ± 11.5 111.9 ± 9.9 <0.05

Width (µm)  12.0 ± 0.7  12.1 ± 0.6 ns   15.7 ± 1.3  15.9 ± 1.6 ns  17.7 ± 1.8   20.7 ± 1.6 <0.01

Volume

(x103 µm3)

   7.1 ± 0.9    8.1 ± 1.2 ns   15.7 ± 4.0  18.1 ± 3.1 ns  23.8 ± 6.0   38.6 ± 9.0 <0.01

Dex: dexamethasone; Sal: saline; Bw: body weight; Vw: ventricular weight; WT: wall thickness; ns: not signifi cant
p-value Dex vs Sal

Cardiomyocyte morphometry
No signifi cant differences for width and length of longitudinally oriented 
cardiomyocytes (80 for each animal) between the free wall and interventricular 
septum were detected (data not shown) thus pooled data are presented.
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In fi gure 1, representative examples of the Cadherin-Pas staining for 50-week-old 
Sal- and Dex-treated rats are shown. Longitudinally sectioned myocytes showed 
an increased distance between intercalated discs in the Dex-treated rats compared 
to Sal, indicating increased length of the cardiomyocytes.
Figure 2 shows the relation between cardiomyocyte volume and ventricular 
weight. In the Sal-treated rats a linear relation between cell volume and ventricular 
weight was found. In the Dex-treated rats however, this relation was non-linear 
with a disproportional increase in cell volume between 8 and 50 weeks of age, 
indicating relatively smaller hearts and larger cardiomyocytes. Following Dex-
treatment, cell volume was higher, though not signifi cantly, at 4 and 8 weeks by 
15%. At 50 weeks, cell volume was signifi cantly increased by 62% (p<0.01).

Figure 1  Histology of the hearts of 50-week-old rats neonatally treated with dexamethasone (Dex) 

or saline (Sal)

Upper panel: Representative examples of the Cadherin-Pas staining for 50-week-old Sal- and Dex-treated rats (A and B). 

Longitudinally sectioned myocytes showed an increased distance between intercalated discs in the Dex-treated rats (B) 

compared to Sal (A), indicating increased length of the cardiomyocytes. 

Lower panel: Increased collagen content in the 50-week-old Dex-treated rat (D) compared to the Sal-treated rat (C).
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At all ages this increased cell volume in the Dex-groups was accompanied by a 
signifi cant increase of the cardiomyocyte long axis (4 weeks: +14% (p<0.05), 
8 weeks: +14% (p<0.01), 50 weeks: +19% (p<0.05). The width of the 
cardiomyocytes did not increase in the 4- and 8-week-old rats, but eventually 
increased by 17% (p<0.01) in the 50-week-old Dex-treated rats. The relation 
between the myocyte width and length is depicted in fi gure 3. It shows that 
cellular enlargement in the Dex-groups was predominantly due to lengthening in 
the 4- and 8-week-old rats, whereas at 50 weeks both length and width were 
increased compared to Sal. These fi ndings suggest eccentric hypertrophy at the 
younger ages and concentric hypertrophy in the older animals.
Collagen content measured as a fraction of the total myocardial area tended to be 
higher already at 4 weeks (Dex: 0.74 ± 0.46% vs Sal: 0.50 ± 0.33%, p=0.25) 
and 8 weeks (Dex: 1.16 ± 0.70% vs Sal: 0.74 ± 0.51%, p=0.14). In the
50-week-old Dex-treated rats the collagen content was 62% higher than in control 
rats (Dex: 2.20 ± 0.60% vs Sal: 1.36 ± 0.21% (p<0.01)). Figure 1 (bottom) 
shows typical examples to illustrate the increased collagen content in the
50-week-old Dex-treated rats.
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Figure 2 Cardiomyocyte volume versus ventricular weight

At all ages the dexamethasone (Dex) treated rats had smaller hearts with larger cardiomyocytes as compared to saline (Sal) 

treated rats. At 50 weeks of age this difference was most pronounced.

Sal = light grey; Dex = dark grey
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Discussion

Our study shows that neonatal Dex-treatment leads to a signifi cant lower 
ventricular weight at 4 weeks, which is still present at 8 weeks, but no longer at 
50 weeks. These differences were only partly explained by a lower body weight in 
the Dex-treated animals, because the ventricular weight:body weight ratio 
remained signifi cantly reduced in the 4-week-old animals. At the cellular level, 
however, cardiomyocyte cell volume was increased in the Dex-treated animals, but 
most pronouncedly and signifi cantly in the 50-week-old rats. This increased cell 
volume, compared to the age-matched controls, was caused primarily by an 
increase in cell length, whereas in the 50-week-old animals cardiomyocyte width 
was increased as well. Combining the increased cell volume with the lower 
ventricular weight clearly suggests a lower number of cardiomyocytes in the Dex-
treated rats, which presumably is explained by a suppression of cardiomyocyte 
proliferation during Dex-treatment as recently reported by our group [12]. 
Furthermore, our data show a proportional increase in cell volume and ventricular 
weight in the control animals (as would be expected over this age range), but the 
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Figure 3 Cardiomyocyte length versus width

At all ages cardiomyocyte length was signifi cantly increased in the dexamethasone (Dex) treated rats compared to saline 

(Sal) treated rats. At 50 weeks both cell length and cell width were signifi cantly increased in Dex-treated rats.

Sal = light grey; Dex = dark grey

* p<0.05 Dex vs Sal
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increase in cell volume is relatively accelerated in the Dex-treated animals 
suggesting additional cardiomyocyte loss in the 50-week-old rats. This fi nding is 
consistent with previously reported early ageing after neonatal Dex-treatment [18]. 
In order to interpret the long-term effects of neonatal Dex-treatment, normal 
myocardial development and growth should be considered. In fetal and neonatal 
rats, the increase in myocardial mass occurs mainly by hyperplasia [19-21]. In 
the transition period after birth, proliferation is replaced by hypertrophy as 
evidenced by an increase in the percentage of binucleated myocytes, although 
hyperplasia continues in the fi rst week of life [20,22-24].

In humans, the myocardial growth involves continuous proliferation of myocyte 
nuclei from 16 weeks of gestation to term. At or soon after full term birth 
proliferation ceases and thereafter growth occurs by hypertrophy of individual 
myocytes. In preterm infants however, cardiomyocyte proliferative activity remains 
present and constant during the early preterm period and only decreases in the 
late preterm and early postnatal period [19,25]. The transition between 
hyperplasia and hypertrophy during the early postnatal period is infl uenced by 
nutritional, hemodynamic and humoral factors [26]. The increasing mechanical 
load [27], the perinatal increase in plasma catecholamine [28], triidothyronine 
concentrations [29] and GCs [30,31] accelerate the conversion to hypertrophic 
growth. Although several studies suggest that a signifi cant fraction of myocytes 
retain the ability to divide [32,33] a decrease in the total number of 
cardiomyocytes occurs in the ageing heart [34]. In view of the above mentioned 
factors neonatal Dex-treatment is expected to affect myocardial development 
through the negative effect on mitosis. Indeed perinatal administration of cortisol 
in fetal lambs was shown to inhibit myocyte hyperplasia and to stimulate the 
hypertrophic myocardial growth pattern which normally starts postnatally [35].
As a consequence, Dex may interfere not only with the number of cardiomyocytes 
retaining the ability to divide but also with the total number of cardiomyocytes. 
Together with a premature transition to hypertrophy demonstrated in this study, 
postnatal Dex-treatment in rats, results in a reduced number of cardiomyocytes 
later in life [12].

The results of the present study confi rm the presence of a lower number of 
cardiomyocytes in Dex-treated adult rats, whereas cell length and cell volume 
were increased, indicating cellular hypertrophy to compensate for the lower 
number of cells. In the young Dex-treated rats ventricular weight was reduced 
despite this cellular hypertrophy, but in the 50-week-old animals in which also 
myocyte width was increased substantially, these hypertrophic processes are 
thought to be compensatory. Consequently, we suggest that the early cellular 
hypertrophy becomes more pronounced at a later stage (50-week-old rats) due to 
additional physiological cell loss during ageing [34]. On top of this, the increased 
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collagen content seen in the 50-week-old Dex-treated rats in this study may 
indicate premature ageing and may be associated with impaired diastolic function 
(unpublished data).

Although these fi ndings may explain why the Dex-treated rats might be prone to 
cardiac failure at a later stage in life, the underlying mechanism of the persisting 
hypertrophy found in this study is not entirely clear. It has been suggested that 
Dex may infl uence the intracellular calcium concentration and the transcription of 
growth factors [36,37]. Normally the width and length of rat myocytes increase 
isomorphically during cellular hypertrophy with a constant length-to-width ratio 
[38]. However, in this study the cardiomyocytes of the 4- and 8-week-old Dex-
treated rats mainly show an increased cardiomyocyte length, whereas the
50-week-old cardiomyocytes show a more isomorphical growth with a substantial 
increase in cardiomyocyte volume. Further studies are necessary to reveal the 
actual mechanism of this growth pattern.

To date no follow-up studies have been reported in human subjects regarding the 
cardiovascular status after neonatal Dex-treatment. Dodic et al. [39] found 
hypertension, left ventricular hypertrophy and reduced cardiac functional reserve 
in adult sheep after brief prenatal exposure to Dex. These animals also showed an 
increased collagen content. This is in accordance with our study showing an 
increase of collagen in the 50-week-old Dex-treated rats.

The results obtained from this as well as earlier experimental studies by our group, 
put to question the safety of early neonatal GC-treatment in the human setting. 
One cannot simply extrapolate the reported fi ndings in the newborn and adult rat 
model to the preterm infant and adult human since the myocardial tissue of term 
rat pups may have a different affi nity to Dex than the myocardial tissue of the 
preterm infant. However, the proliferative pattern of cardiomyocytes in the 
perinatal period in human tissue generally mirrors that seen in rat hearts, in which 
hyperplasia in the early postnatal period changes to hypertrophy. Moreover, Dex 
administration to newborn pups is producing cardiac hypertrophy during the 
treatment similar to that seen in premature infants treated with GCs [10,11,40].

In conclusion, neonatal Dex-treatment leads to permanent histopathological 
changes during growth and development of the rat heart. At all ages investigated, 
Dex-treated rats have smaller hearts with larger cardiomyocytes compared to 
control rats. Since a substantial number of the preterm infants have been treated 
with Dex in the late nineties up to recently, a mandatory cardiovascular follow-up 
program in preterm infants treated with Dex in neonatal period should therefore be 
seriously considered.
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Abstract

Objective To study whether neonatal dexamethasone therapy to reduce chronic 
lung disease in preterm infants is associated with long-term adverse cardiac 
effects and hypertension.
Study design We investigated general hemodynamics, myocardial performance 
assessed by echocardiography, intima-media thickness of the carotid arteries and 
cardiac biochemical parameters at school age (7-10 years) of 193 prematurely 
born children who had been antenatally treated with betamethasone (n=51) or 
were neonatally treated with dexamethasone (n=48) or the clinically equally 
effective glucocorticoid hydrocortisone (n=51). We compared these groups with a 
reference group (n=43) of prematurely born children who had not been exposed 
to perinatal glucocorticoids. 
Results No signifi cant differences were found between groups for blood pressure, 
heart rate, myocardial performance, intima-media thickness or biochemical 
parameters (BNP, N-Terminal proBNP). 
Conclusion No differences were found in cardiovascular function at school age in 
children antenatally or neonatally treated with glucocorticoids. However, further 
cardiovascular follow-up, is mandatory given the long-term adverse effects on the 
cardiovascular system observed in adult rats neonatally treated with 
dexamethasone.
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Introduction

Although antenatal glucocorticoid (GC) treatment during imminent preterm 
delivery enhances maturation of the fetal lungs and decreases the incidence of 
severe respiratory distress syndrome (RDS), RDS is still a common complication 
which frequently leads to chronic lung disease (CLD) in these prematurely born 
infants [1-3]. Neonatal GC-treatment, in particular dexamethasone (Dex), has 
extensively been used to prevent or reduce CLD [4-7].
However, recently several clinical studies reported long-term adverse effects of 
neonatal Dex-therapy for CLD. These studies mainly focused on cognitive and 
motor development [5-11]. In a retrospective study in which Dex-treatment was 
compared with hydrocortisone (HC) treatment for CLD, the adverse 
neurodevelopmental outcome in neonatally Dex-treated children was confi rmed, 
but neonatally HC-treated children appeared to have a normal outcome, 
suggesting HC to be a safer drug for CLD reduction than Dex. The more because 
HC was equally effective with respect to the reduction of CLD compared to
Dex [12].

Little is known about long-term effects of GCs on cardiac function of ex-premature 
children treated antenatally and/or neonatally with GCs. Transient side effects on 
cardiac function and blood pressure such as hypertension and myocardial 
hypertrophy during GC-treatment have been reported [13,14], but long-term 
follow-up data are scarce.
In animal studies we have found untimely degeneration of cardiomyocytes after 
neonatal Dex, due to a temporary arrest of proliferation of cardiomyocytes [15], 
with hypertension during adult life [16].

Although Mieskonen et al. reported no differences in cardiac function comparing 
prematurely born neonatally Dex-treated children with term controls at 8 years of 
age, in this study only 16 children (8 with neonatal Dex and 8 controls) were 
included and global cardiac parameters were investigated [17].

In the present study we investigated hemodynamic parameters such as blood 
pressure, echocardiographic determined myocardial performance and early 
biochemical markers of ventricular expansion and volume overload at school age 
(7-10 years) in prematurely born children who had been treated either antenatally 
with betamethasone (Bmeth) or with Dex or HC in the neonatal period to prevent 
or reduce CLD. These groups were compared to a reference (Ref) group of 
prematurely born infants not treated with antenatal or neonatal GCs. We 
hypothesized that neonatally Dex-treated but not the neonatally HC-treated or 
antenatally Bmeth-treated children might have a higher blood pressure and an 
altered cardiac function as compared to the Ref-group.
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Patients and methods

The study population consisted of prematurely born infants admitted to the NICUs 
of the University Medical Center/Wilhelmina Children’s Hospital Utrecht, the Leiden 
University Medical Center, the Free University Medical Center Amsterdam and the 
Isala Clinics Zwolle in the Netherlands, between December 1993 and January 
1997. The study was approved by the Medical Ethics Committee of the University 
Medical Center Utrecht and by the Scientifi c Boards of the 4 participating 
hospitals. Written parental consent was always obtained. The NICU of the 
University Medical Center/Wilhelmina Children’s Hospital Utrecht used neonatal 
HC-therapy exclusively to reduce CLD with a course starting with 5 mg/kg/day 
tapering off to 1 mg/kg/day over a 22-day-period, whereas the other NICUs used a 
course of Dex, starting with 0.5 mg/kg/day tapering off to 0.1 mg/kg/day over a
21-day-period. In all centers the GC-course was occasionally extended, depending 
on the response to therapy. Treatment indication was in all instances the inability to 
wean the infant from the ventilator in addition to prolonged dependency on 
supplemental oxygen, based on the initial phase of CLD. The decision to treat was 
always left to the discretion of the attending neonatologist. Additionally to these 
2 neonatal GC-groups, a group of antenatally Bmeth-treated prematurely born 
infants (twice 12 mg intramuscular, with an interval of 24 hours between the 
dosages, given to the mother) who were not treated neonatally with GCs and a
Ref-group of preterm infants who did not receive antenatal or neonatal GCs were 
included. The last two groups also did not receive postnatal GCs at any point in 
their fi rst year of life.

Study groups
Criteria for inclusion in one of the study groups were: (I) availability to participate 
in the study protocol as indicated below; (II) no or only grade 1 or 2 
periventricular/intraventricular hemorrhage as classifi ed according to Papile et al. 
[18]; (III) absence of major congenital anomalies. Infants with periventricular 
leukomalacia were also excluded. The HC- and Dex-groups were composed as 
follows. From the NICU of the Wilhelmina Children’s Hospital infants born after 
less than 32 completed weeks of gestation, who were treated with HC during the 
defi ned period of time, were recruited. The Dex-group was recruited in a similar 
way from the other 3 NICUs, which used only Dex for reduction of CLD. Infants 
that fulfi lled the inclusion criteria were matched for gestational age, birth weight, 
severity of RDS (classifi ed as no, moderate or severe according to clinical 
symptoms and the Giedion classifi cation [19]), presence or absence of a minor 
periventricular/intraventricular hemorrhage (grade 1 or 2), year of birth and time 
period of admission.
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Participants in the antenatally Bmeth-treated group and those in the Ref-group 
were also recruited from the 4 participating NICUs. The Bmeth- and Ref-groups 
consisted of preterm babies who were not postnatally treated with GC. Although 
we tried to match these latter groups for gestational age and birth weight with a 
Dex-/HC-couple this was not always possible.

Study protocol
The follow-up team consisted of a neonatologist, a PhD-student and a research 
nurse trained to perform a medical evaluation including weight, length and
general hemodynamic data. Myocardial performance was analyzed using
2D-echocardiography. Intima-media thickness (IMT) of both carotid arteries was 
measured as indicated below and cardiac biochemical parameters were obtained. 
The follow-up team was unaware of the treatment that the child had received.
All participating children were studied at the Wilhelmina Children’s Hospital. 

General hemodynamic data
Heart rate, systolic and diastolic blood pressure were obtained for each individual 
in the morning, while the children were sitting, at the beginning of the medical 
evaluation.

Myocardial performance indices
Echocardiography was performed following a standardized protocol using a Vivid 7 
ultrasound system (GE Ultrasound, GE Medical Systems, Wisconsin, USA). 
Measurements were performed off line using software provided by the 
manufacturer. 
Systolic function was assessed by determination of cardiac output (CO) and 
cardiac index (=CO/body surface area (CI)), stroke volume (SV), fractional 
shortening (FS) and ejection fraction (EF).
Diastolic function was assessed by determination of mitral valve early diastolic 
peak velocity (MV E vel), mitral valve deceleration time (MV DecT), ratio of mitral 
valve early diastolic peak velocity and late (atrial) diastolic peak velocity (MV E/A 
ratio) and left ventricular internal diameter in diastole (LIVDd).
Possible myocardial hypertrophy was assessed by determination of left ventricular 
mass in diastole (LVd Mass) and LVd Mass index (=LVd Mass/body surface area).

Biochemical parameters
B-type natriuretic peptide (BNP) and N-Terminal pro B-type natriuretic peptide 
(NT-proBNP) were used as early markers of ventricular expansion and volume 
overload [20-22]. BNP was analyzed on an ADVIA Centaur immunochemistry 
system (Bayer Diagnostics, Tarrytown, NY, USA) and NT-proBNP on an Elecsys 
immunochemistry system (Roche Diagnostics, Indianapolis, IN, USA).
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Intima-media thickness measurements
Both left and right carotid artery were recorded in B-mode using a HDI 5000 
ultrasound system (ATL, Philips Medical Systems, Best, The Netherlands).
The intima-media thickness (IMT) measurements were performed offl ine. The 
median of the multiple measurements of left and right IMT per individual was 
computed and used for analysis.

Statistical analysis
Data are presented as mean ± SD or median and range or as percentage where 
appropriate. Continuous data were analyzed using one-way ANOVA, followed by 
Bonferroni posthoc test procedure if a signifi cant difference was detected. 
Categorical data were compared using the Chi-square test. All the statistical 
analyses were performed using the statistical package SPSS v12.0.1. Statistical 
signifi cance was defi ned as p<0.05.

Results

Two hundred and eight children, born after a pregnancy of less than 32 weeks 
were initially included in the study, 52 in each group. Fifteen patients were fi nally 
excluded from the study: 6 children did not participate in all the tests, 4 children 
had to be excluded because of a language barrier, in 4 children it eventually 
appeared that they did not receive the complete antenatal course of Bmeth.
One child received high dosages of Dex later in the fi rst year of life.
The fi nal population comprised 193 children (43 Ref, 51 Bmeth, 51 HC and 
48 Dex).

Important clinical perinatal and follow-up data
Perinatal and neonatal characteristics are summarized in table 1. Although we 
tried to match the Ref- and Bmeth-groups with the HC-/Dex-groups, the fi rst 
two groups had a signifi cantly higher birth weight, gestational age and head 
circumference at birth and less (severe) RDS with fewer days on artifi cial 
ventilation. Also the sex ratio was different, being more in favor of males in the 
HC- and Dex-groups as compared to Ref- and Bmeth-groups.
The general characteristics of the children at follow-up age are given in table 2. 
There was a slight difference in age between the Dex-group and both the HC- and 
the Ref-group. We consider this small difference in age of no clinical relevance. 

General hemodynamic data
Heart rate and blood pressure were all within the normal range and no group 
differences were detected (table 3).
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Table 1 Peri- and neonatal characteristics

Reference

group

(Ref)

(n=43)

Betamethasone 

antenatally 

(Bmeth)

(n=51)

Hydrocortisone 

postnatally 

(HC)

(n=51)

Dexamethasone 

postnatally

(Dex)

(n=48)

Gestational age (wk)       29.5 ± 1.4       29.4 ± 1.3        28.1 ± 1.4 * ¶        27.8 ± 1.9 § †

Birth weight (g)      1253 ± 253      1191 ± 277       1049 ± 204 * ¶         974 ± 237 § †

Head circumference (cm)       27.8 ± 2.7       27.2 ± 2.3        26.2 ± 2.8 *        25.3 ± 2.1 § †

Sex (%)

     - Female 47 57 35 * ¶ 33 § †

     - Male 53 43 65 * ¶ 67 § †

Apgar scores

     - at 1 min (range) 5.5 (0-9) 8 (1-10) 6 (1-9) 4 (1-9) †

     - at 5 min (range)  8 (1-10) 9 (5-10) 8 (4-10) 8 (3-10) †

Antenatal steroids (%) 0 100 78 69

Assisted ventilation

     - Duration (days)         7.4 ± 6.5         4.3 ± 6.9        16.8 ± 9.6 * ¶        25.2 ± 13.2 § † °

Table 2 Patient characteristics at follow-up 

Reference

group

(Ref)

(n=43)

Betamethasone 

antenatally

(Bmeth)

(n=51)

Hydrocortisone

postnatally

(HC)

(n=51)

Dexamethasone 

postnatally

(Dex)

(n=48)

Age (y)            8.7 ± 0.7            8.6 ± 0.6            8.8 ± 0.6           8.3 ± 0.8 § °

Weight (kg)          29.2 ± 5.5          29.3 ± 5.2          28.5 ± 6.7         26.8 ± 6.1

Length (m)          1.32 ± 0.06          1.33 ± 0.06          1.31 ± 0.07         1.29 ± 0.08

Head circumference (cm)          45.6 ± 2.5          45.4 ± 1.7          45.6 ± 2.1         44.9 ± 2.1

BMI (kg/m2)          16.7 ± 2.4          16.5 ± 2.0          16.3 ± 2.6         15.9 ± 2.3

BSA (m2)          1.04 ± 0.10          1.04 ± 0.10          1.02 ± 0.13         0.97 ± 0.14 †

Data are presented as mean ± SD or median and range or as percentage

‡ = p< 0.05  Ref vs Bmeth * = p< 0.05  Ref vs HC † = p< 0.05  Bmeth vs Dex
§ = p< 0.05  Ref vs Dex ¶ = p< 0.05  Bmeth vs HC ° = p< 0.05  HC vs Dex 
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Table 3 General hemodynamic data

Reference

group

(Ref)

(n=43)

Betamethasone 

antenatally

(Bmeth)

(n=51)

Hydrocortisone 

postnatally 

(HC)

(n=51)

Dexamethasone 

postnatally

(Dex)

(n=48)

Blood pressure (mmHg)

     - Systolic        102 ± 14        104 ± 11         103 ± 13           99 ± 12

     - Diastolic          65 ± 11          67 ± 11           66 ± 10            64 ± 11

Heart rate (bpm)          82 ± 12           83 ± 14           83 ± 11            84 ± 13

Data are presented as mean ± SD

Myocardial performance
We particularly focused on cardiac (systolic and diastolic) function and possible 
myocardial hypertrophy. With regard to systolic function we observed values 
within the normal range for all children and no differences in CO, CI, SV, FS and 
EF between groups (table 4). Similar observations were made for all diastolic 
parameters (MV E vel, MV DecT, MV E/A ratio, LIVDd) (table 4). None of the 
groups showed signs of myocardial hypertrophy (LVd Mass) and we did not 
observe differences between groups for this outcome measure (table 4).

Biochemical parameters
BNP and NT-proBNP values were all within the normal range and no group 
differences were observed (table 5).

Intima-media thickness measurements
There were no differences observed between groups in intima-media thickness 
and the values were all within the normal range [23] (table 6).
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Table 4 Myocardial performance indices

Reference

group

(Ref)

(n=43)

Betamethasone

antenatally

(Bmeth)

(n=51)

Hydrocortisone 

postnatally

(HC)

(n=51)

Dexamethasone 

postnatally

(Dex)

(n=48)

Systolic function

     Cardiac output (CO) (l/min)    2.87 ± 0.86    2.93 ± 0.71     2.80 ± 0.66     2.78 ± 0.81

     Cardiac index (CI=CO/BSA) (l/minm2)    2.75 ± 0.68    2.84 ± 0.65     2.76 ± 0.62     2.88 ± 0.84

     Stroke volume (SV) (ml)    49.1 ± 10.3    49.3 ± 9.1     48.1 ± 8.9     46.7 ± 11.5

     Fractional shortening (FS) (%)    38.8 ± 5.3    39.3 ± 4.3     39.1 ± 5.5     40.7 ± 4.7

     Ejection fraction (EF) (%)    69.3 ± 6.5    70.2 ± 5.2     69.8 ± 6.9     71.9 ± 5.4

Diastolic function

     Mitral valve early diastolic peak velocity 
     (MV E Vel) (m/s)

   1.07 ± 0.16    1.06 ± 0.13     1.06 ± 0.18     1.09 ± 0.15

     Mitral valve deceleration time
     (MV DecT) (ms)

 201.2 ± 48.8  209.7 ± 69.9   197.2 ± 42.8   197.6 ± 57.4

     Ratio of mitral valve early diastolic peak
     velocity and late (atrial) diastolic peak 
     velocity (MV E/A ratio) 

   1.96 ± 0.55    1.82 ± 0.41     1.91 ± 0.53     1.85 ± 0.42

     Left ventricular internal diameter in 
     diastole (LIVDd) (cm)

   4.01 ± 0.32    3.97 ± 0.35     3.96 ± 0.27     3.85 ± 0.36

Wall thickness

     Left ventricular mass in diastole
     (LVd Mass) (g)

   75.8 ± 18.1    74.8 ± 19.0     77.4 ± 18.9     69.8 ± 21.4

     LVd Mass index (=LVd Mass/BSA)
     (g/m2)

   73.2 ± 16.3    72.0 ± 16.4     75.5 ± 15.4     71.2 ± 18.9

Data are presented as mean ± SD 
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Table 5 Biochemical markers

Reference

group

(Ref)

(n=43)

Betamethasone 

antenatally  

(Bmeth)

(n=51)

Hydrocortisone 

postnatally

(HC)

(n=51)

Dexamethasone 

postnatally

(Dex)

(n=48)

B-type natriuretic peptide

(BNP) (pmol/l) 2.9 ± 1.7 3.1 ± 1.8 2.5 ± 1.7 2.7 ± 1.8

N-terminal pro B-type 

natriuretic peptide

(NT-proBNP) (pmol/l) 5.39 ± 3.77 5.58 ± 2.97 5.26 ± 3.81 5.52 ± 3.55

Data are presented as mean ± SD

Table 6 Intima-media thickness

Reference

group

(Ref)

(n=43)

Betamethasone

antenatally

(Bmeth)

(n=51)

Hydrocortisone

postnatally

(HC)

(n=51)

Dexamethasone

postnatally

(Dex)

(n=48)

Intima-media thickness 0.38 ± 0.05 0.39 ± 0.05 0.39 ± 0.03 0.38 ± 0.04

(IMT) (in mm)

Data are presented as mean ± SD

Discussion

In the present study, performed in children at 7 to 10 years of age, we found no 
(or found not yet) differences between neonatally Dex-, HC- or antenatally Bmeth-
treated ex-premature children as compared to ex-premature Ref children with 
respect to long-term changes in blood pressure or myocardial performance. 
Carotid artery vessel wall thickness (IMT) or early markers of ventricular expansion 
and volume overload (BNP, NT-proBNP) were also not different compared to the 
Ref-group. This led us to reject our hypothesis that Dex-treated children had a 
poorer myocardial performance than HC-treated children at the age of 7-10 years.

Neonatal GC-treatment is accompanied by transient cardiocirculatory side effects 
such as hypertension and left ventricular hypertrophy, which are thought to resolve 
after cessation of GC-administration. The few available short-term follow-up studies 
have confi rmed this suggestion [13,14]. However, long-term follow-up studies of 



Perinatal glucocorticoids and cardiovascular follow-up 97

hemodynamics and myocardial performance after neonatal GC-treatment in
ex-preterm children and adults are scarce. Only one small study of Mieskonen
et al. [17] investigated the cardiovascular status of 8 children, treated neonatally 
with Dex because of CLD, at 8 years of life and compared the results with 
8 comparable children without neonatal GC-treatment and a reference group of 
children born at term. They did not describe results on blood pressure and found 
no differences in the Doppler echocardiographic indices of myocardial performance 
of the children. A recent study of Jones et al. [24] on behalf of the Collaborating 
Dexamethasone Trial Follow-up Group investigating neurologic, psychological and 
educational outcomes also reported on actual blood pressure in a group of 187 
children of 13-17 years, who had participated in a randomized controlled trial of 
neonatal Dex-treatment because of CLD. No differences in blood pressure were 
found between Dex-treated and placebo-treated children. 

With respect to exposure to (repeated) antenatal GC-treatment for reduction of 
RDS and cardiovascular follow-up even less data are available. A study from 
Dessens et al. including 48 adolescents at 20-22 years of age treated antenatally 
with Bmeth showed no differences in blood pressure or heart rate [25]. Dalziel et 
al. described in a study comprising 534 individuals whose mothers participated in 
a double-blind, placebo-controlled, randomized trial of antenatal Bmeth for the 
prevention of neonatal RDS, no clinical effect on cardiovascular risk factors at 
30 years of age [26]. A recent study in newborns (until 4 weeks of age) treated 
antenatally with either one course or repeated courses of GCs to reduce RDS 
showed also no differences in blood pressure or echocardiographic determined 
myocardial performance compared to a similar group of infants whose mothers 
had refused to enter the initial trial [27].

The evidence provided by these long-term follow-up studies together with the 
negative results of the present study seems reassuring. Apparently ante- and/or 
neonatal GC-treatment of prematurely born infants induces only transient 
cardiovascular changes and seems to cause no long-term complications. However, 
the results of recent experimental studies of our group suggest otherwise, at least 
with respect to neonatal Dex-treatment. Newborn rat pups were treated on day 1, 
2 and 3 with dosages of Dex that are comparable to the dosages used in the 
human situation in case of neonatal GC-treatment of preterm infants [28]. We 
reported suppression of normal cardiomyocyte proliferation during Dex-treatment, 
and a reduced number of cardiomyocytes during adult life that may directly result 
from the inhibition of proliferation [15]. Moreover, in a subsequent survival study 
of neonatally Dex-treated rats with a similar treatment scheme, the Dex-treated 
rats developed hypertension during adulthood and cardiovascular and renal 
disease, resulting in precocious death in both male and female rats [16].
A histopathological study of neonatally Dex-treated rats at 45 weeks of age
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(the normal life span of a Wistar rat is about 2.5 to 3 years) showed 
cardiomyocyte hypertrophy and signs of early degeneration [29] and extensive 
renal abnormalities resembling signs of glomerulosclerosis [16]. Moreover, 
simultaneously performed functional studies in neonatally Dex-treated rats at 8, 
50 and 80 weeks of age showed a mild deterioration of myocardial performance 
during adult life with a signifi cantly decreased systolic function as compared to 
non Dex-treated counterparts at 80 weeks of age [unpublished data]. This 
suggests that hypertrophy of the cardiomyocytes initially may compensate to some 
extent for the apparent loss of cardiomyocytes during neonatal Dex-treatment, but 
that cardiac function of these Dex-treated rats deteriorates untimely during adult 
life. This may explain the reduced life expectancy of these neonatally Dex-treated 
rats.

We are fully aware that we cannot simply extrapolate the reported data of our 
newborn and adult rat model to the human preterm infant and adult. The 
development of myocardium of the rat may differ from that of the preterm infant. 
Furthermore myocardial tissue of term rat pups may have an affi nity for Dex 
different from that of the myocardium of the human preterm baby. On the short-
term, however, the myocardium of the rat pup reacts in a similar way to Dex as 
the human preterm myocardium demonstrating hypertension and transient 
hypertrophy of the left ventricle [30,31]. In addition, Huttenbach et al. showed in 
autopsy material, obtained from hearts of preterm and term infants, that 
cardiomyocyte proliferation in the left ventricular myocardial tissue remained 
present in the preterm baby and only decreased in the late preterm and early 
postterm period [32]. Furthermore, the absence of functional compromise of the 
heart of children neonatally treated with GCs, as indicated by the normal fi ndings 
reported in the present study, is also in line with the fi ndings we reported in our 
experimental studies, in which we found normal to near-normal heart function in 
8- and 50-week-old rats. Abnormal myocardial performance became manifest 
only late in life, as indicated by an abnormal systolic function at 80 weeks of age, 
in the neonatally Dex-treated rat [unpublished data]. Moreover these animals had 
a considerably shorter span of life and advanced histopathological cardiac 
abnormalities at that age. In the rat functional parameters, such as myocardial 
performance, appeared to be late predictors of myocardium abnormalities, 
probably because of a large reserve capacity of the heart especially at a younger 
age. This may also be the case in the human situation.

A limitation of the present study is that the cardiovascular parameters were 
determined in a rest condition. Therefore, we cannot conclude that there are no 
long-term cardiac side effects at all. To further address this issue, we plan to 
continue follow-up studies in the same cohort of children at an older age 
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performing challenge tests and using also more sophisticated echocardiographic 
methods such as tissue Doppler imaging and strain echocardiography.
Antenatal GC-treatment differs from neonatal GC-treatment, especially with 
respect to the total amount of GC the infants are exposed to, being much lower 
and shorter during antenatal treatment. However, Rudolph et al. also found in 
cortisol treated fetal lambs that GC inhibited cardiomyocyte replication and altered 
fetal myocardial growth, thereby also raising concerns regarding prenatal 
administration of GCs [33]. We therefore suggest that prolonged cardiac follow-up 
of perinatally GC-treated ex-premature children is mandatory.

The question whether HC, a clinically equally effective GC as Dex may have a 
different effect on the cardiovascular system after neonatal treatment as compared 
to Dex could not be answered in this study. However, the fact that it appeared to 
be as potent in reduction of CLD [12] without having negative effects on brain 
development [34,35] and on developmental and motor outcome that where 
observed for Dex [unpublished data], might make it an attractive alternative
for Dex. Further research is warranted here.

In summary, antenatal and neonatal treatment with GCs of ex-premature children 
did not have adverse effects on blood pressure, myocardial performance or vessel 
wall thickness at 7 to 10 years of age. Biochemical markers indicating ventricular 
expansion and volume overload were also normal in any of the groups. However, 
prolonged cardiac follow-up is mandatory especially since we know from animal 
studies that the functional consequences of the structural myocardial abnormalities 
that are established during neonatal GC-treatment may become manifest only late.
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Summary

Chronic lung disease (or bronchopulmonary dysplasia) in the extremely preterm 
infant is still a major complication in neonatal intensive care medicine. Perinatal 
(ante- and neonatal) glucocorticoids are widely used to prevent severe infant 
respiratory distress syndrome and to reduce chronic lung disease. The aim of this 
thesis was to describe the histopathological, functional and hemodynamic impact 
of antenatal and neonatal glucocorticoid treatment on the developing and adult 
heart.

Chapter 2 is a review of the current literature regarding the short- and long-term 
cardiovascular effects of antenatal and neonatal glucocorticoids. Both have side 
effects regarding the cardiovascular system. Known cardiovascular short-term side 
effects are hypertension and cardiac hypertrophy, which until now were believed 
to be temporary and to resolve after cessation of the glucocorticoid treatment. 
Hypertension during adulthood has been described as a possible long-term 
cardiovascular side effect of antenatal treatment.

The glucocorticoid dexamethasone has been widely used in preterm infants for the 
prevention of chronic lung disease. However, major concern has arisen about the 
long-term sequelae of this therapy. In chapter 3 we reported that neonatal 
treatment with dexamethasone signifi cantly shortens life span in rats. Rat pups 
were treated with dexamethasone on day 1, 2 and 3 (0.5, 0.3 and 0.1 mg/kg 
respectively), dosages proportional to those used in preterm babies. Control pups 
were treated with saline. The rats were allowed to reach senescence. Life span 
was shortened, notably by 25% in males and by 18% in females. 
Histopathological examination of dexamethasone treated animals showed signs of 
end stage cardiac failure and end stage renal disease. Already at young adult age, 
dexamethasone treated rats showed symptoms of hypertension that increased 
with age. Thus, a brief period of glucocorticoid treatment during early life results 
in untimely death presumably due to cardiovascular and renal disease later in life.

Glucocorticoid treatment in preterm babies to prevent chronic lung disease causes 
myocardial hypertrophy and hypertension. Although these changes are thought to 
be transient, there is evidence that dexamethasone induces permanent myocardial 
abnormalities as well. Chapter 4 reports on a study in which we investigated 
whether a therapeutic course of neonatal dexamethasone in rat pups produces 
anatomical and biochemical alterations in rat hearts during adult life. Rats were 
treated as described in chapter 3. At day 7, week 8 or week 45 the rats were 
sacrifi ced. The anatomical parameters measured were heart and body weight and 
the heart:body weight ratio. Myocardial total protein content and DNA content 
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were determined and the total protein:DNA ratio was calculated. Histopathology 
and morphometry were performed in 45-week-old rat hearts. In dexamethasone 
treated rat pups, at day 7, heart and body weight were lower and the heart:body 
weight ratio was increased. DNA content of the heart was lower, total protein 
content higher and the total protein:DNA ratio was consequently increased. In
8-week-old rats heart weight, body weight, DNA content, total protein content or 
total protein:DNA ratio did not differ between groups, but the total protein:DNA 
ratio still tended to be higher in dexamethasone treated rats. In 45-week-old rats 
heart weight and heart:body weight ratio were signifi cantly lower and the total 
protein:DNA ratio higher in dexamethasone treated rats. Histopathologic analysis 
showed a larger cardiomyocyte volume, length and width, indicating cardiac 
hypertrophy, and increased collagen expression. We concluded that neonatal 
dexamethasone treatment in rat pups causes a permanent decrease in heart 
weight, as well as hypertrophy of cardiomyocytes and increased interstitial 
collagen during adulthood. Furthermore, the combination of lower heart weight 
and hypertrophy strongly suggests that the number of cardiomyocytes will be 
reduced. Taken together these fi ndings may indicate early ageing of the heart.

In chapter 5 we tested the hypothesis that a lower number of cardiomyocytes in 
later life had been caused by a reduced cardiomyocyte proliferation and/or by early 
cell death (apoptosis). Rat pups were treated as described in chapter 3 and were 
sacrifi ced at day 0, 2, 4, 7 and 21. The cardiomyocytes of dexamethasone treated 
pups showed a reduced rate of proliferation as indicated by a lower mitotic index 
and a reduced number of Ki-67 positive cardiomyocytes on day 2 and 4 as 
compared to day 0 and day 7 and also as compared to the age-matched saline 
treated pups. On day 7 and day 21 the mitotic index was not different between 
groups. From day 2 onward, up to day 21 dexamethasone treated pups showed
a lower number of cardiomyocytes. The cardiomyocytes showed no signs of 
apoptosis (<<1%) (Caspase-3 and cleaved-PARP) at any postnatal age. This led 
to the conclusion that neonatal dexamethasone treatment causes a temporary 
suppression of cardiomyocyte proliferation in the rat pup, which eventually leads 
to a reduced number of cardiomyocytes and, consequently, to hypertrophy of these 
cardiomyocytes during adult life.

Chapter 6 reports on the histopathological changes in the myocardium after 
neonatal dexamethasone treatment in the young and adult rat heart. Rats were 
treated as described in chapter 3. At 4, 8 and 50 weeks of life the rats were 
sacrifi ced and anatomical data were collected. Heart tissue was stained with 
hematoxylin-eosin, Cadherin-PAS and Sirius Red for cardiomyocyte morphometry 
and collagen determination. Cardiomyocyte length of the dexamethasone treated 
rats was signifi cantly increased compared to controls in all three age groups, 
whereas ventricular weight was reduced. The latter was accompanied by a 
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signifi cant increase in cardiomyocyte width in the 50-week-old rats. These 
changes resulted in a signifi cantly increased cardiomyocyte volume at 50 weeks 
indicating cellular hypertrophy. Collagen content gradually increased with age and 
was 62% higher in the dexamethasone treated rats at 50 weeks of age. We 
concluded that neonatal dexamethasone treatment affects normal growth of the 
heart resulting in cardiomyocyte hypertrophy and increased collagen deposition in 
the adult rat heart.

Chapter 7 is dedicated to a follow-up study at school age (7-10 years) of children 
who had been born prematurely and treated ante- and/or neonatally with 
glucocorticoids to reduce the incidence of infant respiratory distress syndrome and 
chronic lung disease respectively. We were interested in whether the applied 
therapy in these previously preterm infants was associated with long-term adverse 
cardiac effects and hypertension. Therefore we investigated general hemodynamics, 
myocardial performance assessed by echocardiography, intima-media thickness of 
the carotid arteries and cardiac biochemical parameters (BNP, N-Terminal proBNP) 
at school age of 208 prematurely born children divided in 4 groups. One group 
had been treated antenatally with betamethasone, a second group had been 
treated neonatally with dexamethasone and a third with the clinically equally 
effective glucocorticoid hydrocortisone. We compared these three groups with a 
reference group of prematurely born children who had not been exposed to 
perinatal glucocorticoids. No signifi cant differences were found between groups for 
blood pressure, heart rate, myocardial performance, intima-media thickness or 
biochemical parameters. However, these children were still young as compared to 
the data obtained from the animal experiments, assuming that the results of the 
rat studies can be extrapolated to humans. Furthermore the human heart has a 
large reserve capacity and in the present study no challenge of the cardiovascular 
system was applied.

Discussion

Initially the heart is growing through cardiomyocyte proliferation, thus by an 
increase of the number of cardiomyocytes (hyperplasia). Soon after birth the 
proliferating capacity ceases, leaving the heart further to grow through the 
enlargement of the cardiomyocytes (physiological hypertrophy). The switch from 
myocyte hyperplasia to physiological hypertrophy occurs during the early postnatal 
period. The exact moment when cardiomyocytes cease to divide and become 
terminally differentiated is not certain. In a rat model Li et al. found that a rapid 
switch from cardiomyocyte hyperplasia to physiological hypertrophy occurs between 
postnatal day 3 and 4 [1]. Few studies of human cardiac myocyte proliferation in 
the perinatal period have been conducted [2,3]. Huttenbach et al. found that 



Summary and conclusions 107

cardiomyocyte proliferative activity remained constant during the early preterm 
period and decreased in the late preterm and early postterm period. Adult myocytes 
did not reveal proliferative activity [3].
In the studies, described in this thesis, we clearly show that neonatal 
dexamethasone treatment in rats affects this physiological process of proliferation, 
by causing a temporary arrest in proliferation eventually leading to less 
cardiomyocytes without any catch-up. Although it is believed that also in humans 
adult cardiomyocytes maintain the capacity to proliferate [4], it seems obvious that 
perinatal glucocorticoids are given to the preterm infants in a crucial and 
vulnerable transition period for the heart. Therefore early glucocorticoid induced 
changes in cardiomyocyte growth may lead to consequences later in life. In 
addition it is likely that these long-term adverse side effects are not merely 
restricted to the heart but also occur in the brain and other organ systems, 
because most tissues express receptors for glucocorticoids [5].

In the concept of ‘developmental origins of health and disease’ accumulating 
evidence indicates that events occurring in the earliest stages of human 
development, even before birth, may infl uence the occurrence of diabetes, 
cardiovascular disease, asthma, cancers, osteoporosis and neuropsychiatric 
disorders [6-8]. In a study of very low birth weight survivors Doyle et al. showed 
that blood pressure in late adolescence was signifi cantly higher compared to 
normal birth weight subjects [9]. In the past decades there has been overwhelming 
epidemiological evidence to suggest that growth retardation in utero is a very 
important risk factor for the development of cardiovascular and metabolic disease 
in adult life [10,11]. One important determinant is the exposure of the fetus to 
excess glucocorticoids [12]. Therefore, the developmental consequences of 
perinatal glucocorticoid treatment could aggravate the impact of the already 
known risk factors for the development of cardiovascular disease.

It seems clear that treatment of not only the very preterm infant but of all patients 
admitted to the neonatal intensive care unit involves major interventions in a very 
vulnerable period of their development. One has to be aware that this could very 
well affect health and well-being later in life. It is necessary to monitor and 
evaluate the long-term effects of all treatments applied to these vulnerable infants. 
Also, especially in the case of glucocorticoids, one has to consider thoroughly, if 
the long-term ‘costs’ will outweigh the acute benefi t.
This emphasizes the need for lifelong follow-up of all ex-NICU patients.
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Conclusions and recommendations

Neonatal treatment of rats with dexamethasone signifi cantly shortens span of life.

Already at young adult age dexamethasone treated rats show symptoms of 
hypertension. Possibly related to this phenomenon, histopathological examinations 
at senescence indicate end stage cardiac failure and renal disease as potential 
causes of untimely death.

Neonatal dexamethasone treatment affects normal growth of the rat heart with 
cardiomyocyte hypertrophy and an increase of collagen deposition.

The temporary suppression of cardiomyocyte hyperplasia in dexamethasone 
treated pups eventually leads to a reduced number and hypertrophy of 
cardiomyocytes during adult life.

The adverse long-term effects on the cardiovascular system observed in adult rats 
neonatally treated with dexamethasone, as reported in this thesis, strongly 
indicate the need for further follow-up of children, adolescents and adults who 
have been treated neonatally with glucocorticoids. This should also include the 
cardiovascular system to either reveal or exclude long-term adverse effects on 
hemodynamics and the heart.

In children at 7-10 years of age, who had been treated antenatally or neonatally 
with glucocorticoids, cardiovascular function seems not to be affected. However, 
more research should be done to exclude the presence of more subtle 
cardiovascular changes that may not become apparent under resting conditions. 
Therefore in the recommended follow-up studies, tests challenging the 
cardiovascular system should be applied (such as stress echocardiography) and 
also more sophisticated echocardiographic techniques such as tissue Doppler 
imaging should be employed. Moreover, possible alterations may occur later in 
life. For instance, the large reserve capacity of the heart might be affected 
unfavourably.

If necessary, secondary prevention might be offered to alleviate or to cure clinical 
symptoms of cardiovascular disease. The rate of successful treatment will improve 
when the symptoms are detected early.

Although antenatal glucocorticoid treatment has proven to be benefi cial in terms 
of reduction of infant respiratory distress syndrome and no convincing (long-term) 
adverse effects have been shown so far in humans, one should be alert to 
unwanted effects on the cardiovascular system on the long run, especially after 
repeated treatment.
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Samenvatting

Chronische longziekte (of bronchopulmonale dysplasie) bij de extreem 
vroeggeboren neonaat is nog steeds een veel voorkomende complicatie binnen
de neonatologie. Het perinataal (ante- en neonataal) toedienen van glucocortico-
steroïden is een veel gebruikte therapie om ernstig infant respiratory distress 
syndroom te voorkomen en de ernst van chronische longziekte te verminderen.
Het doel van dit proefschrift was om de histopathologische, functionele en 
hemodynamische gevolgen van antenatale en neonatale behandeling met 
glucocorticosteroïden op het zich ontwikkelende en het volwassen hart te 
beschrijven.

Hoofdstuk 2 is een review van de huidige literatuur met betrekking tot de korte
en lange termijn effecten van antenatale en neonatale behandeling met gluco-
cortico steroïden op het hart. Beiden hebben cardiovasculaire bijwerkingen tot 
gevolg. Beschreven korte termijn bijwerkingen zijn hypertensie en hypertrofi e van 
de hartspier (het myocard), waarvan tot op heden werd gedacht dat ze tijdelijk 
waren en verdwenen na het beëindigen van de behandeling. Hypertensie op 
volwassen leeftijd is beschreven als een mogelijke lange termijn bijwerking van 
antenatale behandeling.

Hoewel het glucocorticosteroïd dexamethason wordt gebruikt ter preventie van 
chronische longziekte bij prematuren, zijn er echter zorgen gerezen over de lange 
termijn gevolgen van deze behandeling. In hoofdstuk 3 wordt beschreven dat 
neonatale behandeling met dexamethason de levensverwachting van ratten 
aanzienlijk verkort. Rattenpups werden op dag 1, 2 en 3 behandeld met 
dexamethason (respectievelijk met 0.5, 0.3 en 0.1 mg/kg) in een dosering die 
vergelijkbaar is met de doseringen gebruikt in de kliniek bij prematuren. Controle 
pups kregen een gelijk volume fysiologisch zout (controlegroep). De ratten leefden 
onder normale laboratorium condities en het spontaan overlijden werd afgewacht. 
De levensverwachting bleek duidelijk verkort, met 25% bij mannetjes- en 18% bij 
vrouwtjesratten. Histopathologisch onderzoek van de met dexamethason 
behandelde ratten liet tekenen van (eindstadium) hartfalen en nierziekte zien. Al 
op jong volwassen leeftijd was er bij de met dexamethason behandelde ratten 
sprake van hypertensie, die toenam bij het ouder worden. Concluderend leidt een 
korte periode van glucocorticosteroïdbehandeling in het vroege leven tot een 
voortijdige dood, waarschijnlijk als gevolg van hart- en nierfalen op latere leeftijd. 

Glucocorticosteroïdbehandeling van te vroeg geboren kinderen ter voorkoming van 
chronische longziekte veroorzaakt myocardhypertrofi e en hypertensie tijdens de 
behandeling. Tot op heden ging men er vanuit dat deze veranderingen verdwenen 
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als gestopt werd met de therapie. Er zijn echter ook aanwijzingen dat neonataal 
gegeven dexamethason blijvende myocardafwijkingen kan veroorzaken. 
Hoofdstuk 4 rapporteert over een studie waarin werd onderzocht of een 
therapeutische behandeling met dexamethason bij rattenpups in de neonatale 
periode, anatomische en biochemische veranderingen in het volwassen rattenhart 
zou kunnen veroorzaken. De ratten werden behandeld als beschreven in 
hoofdstuk 3. Op dag 7, week 8 en week 45 werden de ratten opgeofferd. Als 
anatomische parameters werden verzameld: hartgewicht, lichaamsgewicht en de 
ratio van hart- en lichaamsgewicht. De hoeveelheid totaal eiwit en DNA van het 
myocard werden bepaald en de totaal eiwit:DNA-ratio werd berekend. 
Histopathologisch onderzoek met morfometrie werd verricht op de 45 weken oude 
ratten. Van de met dexamethason behandelde rattenpups waren op dag 7 het 
hart- en het lichaamsgewicht lager en de ratio van hart- en lichaamsgewicht was 
verhoogd. De hoeveelheid DNA van het hart was lager, de hoeveelheid totaal eiwit 
hoger en de ratio van totaal eiwit en DNA was dus ook hoger. Bij de 8 weken oude 
ratten waren het hartgewicht, het lichaamsgewicht, de hoeveelheid DNA en de 
hoeveelheid totaal eiwit niet verschillend in vergelijking met de controlegroep. De 
totaal eiwit:DNA ratio was nog steeds hoger in de dexamethasongroep, echter niet 
signifi cant. Bij de 45 weken oude ratten waren het hartgewicht en de ratio van 
hart- en lichaamsgewicht signifi cant lager en de totaal eiwit:DNA-ratio signifi cant 
hoger in de met dexamethason behandelde groep. Histopathologisch onderzoek 
liet bij de dexamethasongroep een toegenomen lengte, breedte en volume van 
cardiomyocyten zien, wijzend op myocard hypertrofi e, en een toegenomen 
hoeveelheid collageen. Concluderend veroorzaakt neonatale behandeling met 
dexamethason bij rattenpups een permanent lager hartgewicht, als mede 
hypertrofi e van de hartspiercellen (cardiomyocyten) en een toegenomen 
hoeveelheid collageen op volwassen leeftijd. Bovendien doet de combinatie van 
een lager hartgewicht en hypertrofi e sterk vermoeden dat het aantal 
cardiomyocyten zal zijn verminderd. Dit alles tezamen zou kunnen wijzen op een 
vervroegde veroudering van het hart.

In hoofdstuk 5 is de hypothese getest of het lager aantal cardiomyocyten op latere 
leeftijd veroorzaakt is door een verminderde proliferatie van de cardiomyocyten 
dan wel/alsmede door vroege celdood (apoptose). Rattenpups werden behandeld 
als beschreven in hoofdstuk 3 en werden opgeofferd op dag 0, 2, 4, 7 en 21.
De cardiomyocyten van de met dexamethason behandelde ratten lieten een 
verminderde proliferatie zien, aangetoond door een lagere mitose-index en een 
lagere aantal Ki-67 positieve cardiomyocyten op dag 2 en 4 in vergelijking met 
dag 0 en 7 en ook in vergelijking met de controlegroepen van dezelfde leeftijd.
Op dag 7 en 21 was er geen verschil tussen de groepen ten aanzien van de 
mitose-index. Vanaf dag 2 tot en met dag 21 lieten de met dexamethason 
behandelde pups een lager aantal cardiomyocyten zien. De cardiomyocyten 



Chapter 9114

toonden in alle leeftijdsgroepen geen tekenen van apoptose (<<1%) (Caspase-3 
en cleaved-PARP). Concluderend leidt neonatale behandeling met dexamethason 
bij de rattenpup tot een tijdelijke onderdrukking van de proliferatie van de 
cardiomyocyten, wat uiteindelijk leidt tot een lager aantal cardiomyocyten, met als 
gevolg hypertrofi e van die cardiomyocyten op volwassen leeftijd.

Hoofdstuk 6 rapporteert over de histopathologische veranderingen in het myocard 
van de jonge en volwassen rat na neonatale dexamethason behandeling. Ratten 
werden behandeld als beschreven in hoofdstuk 3. Op de leeftijd van 4, 8 en 
50 weken werden ratten opgeofferd en anatomische gegevens verzameld. Het 
hartweefsel werd gekleurd met hematoxyline-eosine en met Cadherin-Pas en Sirius 
Red ten behoeve van morfometrie van de cardiomyocyten en bepaling van de 
hoeveelheid collageen. Het ventrikelgewicht van de met dexamethason 
behandelde ratten was lager. De lengte van de cardiomyocyten was in deze groep 
signifi cant groter in vergelijking met de controledieren in alle drie de leeftijds-
groepen. Dit laatste ging samen met een signifi cante toename in breedte van de 
cardiomyocyten bij de 50 weken oude ratten, resulterend in een signifi cante 
toename van het volume van de cardiomyocyten op de leeftijd van 50 weken.
Dit wijst op hypertrofi e van de cardiomyocyten. Het verschil in de hoeveelheid 
collageen tussen de twee groepen nam geleidelijk aan toe met het ouder worden 
en was op de leeftijd van 50 weken 62% hoger in de dexamethasongroep. 
Concluderend grijpt neonatale behandeling met dexamethason in op de normale 
groei van het hart resulterend in hypertrofi e van de cardiomyocyten en een 
toename van de hoeveelheid collageen in het hart van de volwassen rat.

Hoofdstuk 7 is gewijd aan een follow-up studie op lagere schoolleeftijd (7-10 jaar) 
van kinderen die als prematuur zijn geboren en ante- of neonataal werden 
behandeld met glucocorticosteroïden om de incidentie van infant respiratory 
distress syndroom respectievelijk chronische longziekte te verminderen. 
Onderzocht werd of de toegepaste therapie was geassocieerd met cardiovasculaire 
bijwerkingen en hypertensie op latere leeftijd. Wij onderzochten bij 208 prematuur 
geboren kinderen op lagere schoolleeftijd basale hemodynamische parameters, de 
hartfunctie met behulp van echocardiografi e, de intima-media dikte van beide 
arteriae carotis en cardiobiochemische parameters. De kinderen waren verdeeld 
over 4 groepen. Eén groep was antenataal behandeld met betamethason, een 
tweede groep werd neonataal behandeld met dexamethason en een derde groep 
met het klinisch even effectieve glucocorticosteroïd hydrocortison. Wij vergeleken 
deze drie groepen met een referentie groep van prematuur geboren kinderen die 
niet perinataal behandeld waren met glucocorticosteroïden. Er werden geen 
signifi cante verschillen gevonden tussen de groepen wat betreft bloeddruk, 
hartfrequentie, hartfunctie, intima-media dikte en biochemische parameters.
Deze kinderen waren echter nog jong in vergelijking met de data verkregen uit de 
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dierexperimenten, hierbij aannemend dat de resultaten van de rattenstudies 
kunnen worden geëxtrapoleerd naar de mens. Bovendien heeft het menselijke hart 
een grote reservecapaciteit en in de hier gepresenteerde studie werden geen 
inspannings-/stresstesten gedaan.

Discussie

Aanvankelijk groeit het hart door proliferatie van de cardiomyocyten, dat wil 
zeggen door een toename in het aantal cardiomyocyten (hyperplasie). Snel na de 
geboorte verdwijnt deze mogelijkheid tot proliferatie, waardoor het hart verder 
moet groeien door het groter worden van de cardiomyocyten (hypertrofi e). De 
omschakeling van hyperplasie naar fysiologische hypertrofi e van de cardiomyocyt 
vindt plaats gedurende de vroege postnatale periode. Het is niet duidelijk wat het 
exacte moment is waarop de cardiomyocyten stoppen met delen. In een diermodel, 
bij ratten, werd een snelle omschakeling van hyperplasie naar fysiologische 
hypertrofi e van de cardiomyocyten gevonden op dag 3-4 postnataal. Bij de mens 
zijn slechts enkele studies bekend naar cardiomyocytproliferatie in de perinatale 
periode. Zo werd gevonden dat de proliferatiecapaciteit van de cardiomyocyten 
constant bleef gedurende de vroeg preterme periode en afnam gedurende de laat 
preterme en vroeg postterme periode. Cardiomyocyten van volwassen harten lieten 
geen proliferatie activiteit zien.
In de in dit proefschrift beschreven studies laten wij duidelijk zien dat neonatale 
dexamethason behandeling bij ratten ingrijpt op dit fysiologische proliferatieproces. 
Het veroorzaakt een tijdelijke stilstand van de proliferatie met als uiteindelijk 
resultaat een lager aantal cardiomyocyten, hetgeen ook niet meer ingehaald wordt. 
Ofschoon verondersteld wordt dat ook bij de mens volwassen cardiomyocyten toch 
enige mogelijk heid tot proliferatie behouden, is het duidelijk dat perinatale 
glucocorticosteroïd behandeling van premature neonaten plaatsvindt in een cruciale 
en kwetsbare overgangsperiode voor het hart. Zodoende kunnen deze door 
glucocorticosteroïd  geïnduceerde veranderingen vroeg in het leven consequenties 
hebben op volwassen leeftijd. Daarbij is het aannemelijk dat deze negatieve lange 
termijn bijwerkingen zich niet alleen beperken tot het hart, maar ook tot 
uitdrukking komen in de hersenen en andere orgaansystemen, dit omdat 
receptoren voor glucocorticosteroïden tot expressie komen in het merendeel van
de lichaamsweefsels. 

Binnen het concept van ‘developmental origins of health and disease’ zijn er in 
toenemende mate aanwijzingen dat gebeurtenissen die plaatsvinden in de vroege 
fase van de ontwikkeling bij de mens, leiden tot een toename in de incidentie van 
diabetes, hart- en vaatziekten, astma, kanker, osteoporose en neuropsychiatrische 
afwijkingen, die zich doorgaans veel later openbaren. Zo is bekend dat bij personen 
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geboren met een zeer laag geboortegewicht in de late adolescentie de bloeddruk 
signifi cant verhoogd was in vergelijking met personen geboren met een normaal 
geboortegewicht. In de laatste decennia zijn er overweldigend veel epidemiologische 
aanwijzingen naar voren gekomen die suggereren dat te trage groei in de 
baarmoeder een zeer belangrijke risicofactor voor het ontwikkelen van hart- en 
vaatziekten en metabole ziekten op volwassen leeftijd is. Een belangrijke factor in 
deze is ook de blootstelling van de foetus aan hoge doses glucocorticosteroïden. 
Zodoende kunnen de gevolgen voor de perinatale ontwikkeling van perinatale 
behandeling met glucocorticosteroïden een additionele belasting zijn bovenop de 
reeds bekende risicofactoren voor de ontwikkeling van hart- en vaatziekten.

Het is duidelijk dat de behandeling van te vroeg geboren kinderen, ingrijpende 
interventies impliceren in een zeer kwetsbare periode van hun ontwikkeling.
Men moet zich realiseren dat dit zeer wel van invloed kan zijn op de gezondheid 
en het welzijn op latere leeftijd. Het is noodzakelijk om deze kinderen te blijven 
volgen en de lange termijn effecten van alle behandelingen, die deze kinderen 
hebben ondergaan, te evalueren. Daarnaast moet men, met name ook in het geval 
van glucocortico steroïden, telkens zeer goed overwegen of de lange termijn 
consequenties opwegen tegen de voordelen op de korte termijn.
De noodzaak tot adequate follow-up van alle ex-NICU patiënten kan niet 
voldoende benadrukt worden.

Conclusies en aanbevelingen

Neonatale behandeling van ratten met dexamethason verkort de levensverwachting.

Reeds op jonge leeftijd hebben met dexamethason behandelde ratten symptomen 
van hypertensie. Mogelijk gerelateerd hieraan laat histopathologisch onderzoek op 
oudere leeftijd afwijkingen zien die wijzen op eindstadium hartfalen en nierziekte 
als mogelijke oorzaken voor de voortijdige dood.

Neonatale behandeling met dexamethason beïnvloedt de normale groei van het 
hart met als gevolg hypertrofi e van de cardiomyocyten en een toename van de 
hoeveelheid collageen.

De tijdelijke onderdrukking van hyperplasie van de cardiomyocyten van de met 
dexamethason behandelde rattenpups heeft uiteindelijk een lager aantal en 
hypertrofi e van de cardiomyocyten op volwassen leeftijd als resultaat.

De negatieve bijwerkingen op het cardiovasculaire systeem die worden gezien bij 
volwassen ratten die neonataal werden behandeld met dexamethason, zoals 
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beschreven in dit proefschrift, tonen duidelijk de noodzaak aan van voortgaande 
follow-up van kinderen, adolescenten en volwassenen die neonataal met 
glucocorticosteroïden werden behandeld. Het hart en vaatstelsel moet 
vanzelfsprekend onderdeel zijn van dit follow-up onderzoek. Dit om negatieve 
lange termijn bijwerkingen op het hart en de hemodynamiek aan te tonen dan wel 
uit te sluiten.

Bij kinderen van 7-10 jaar oud, die antenataal en/of neonataal werden behandeld 
met glucocorticosteroïden, lijkt de cardiovasculaire functie niet aangedaan. Er 
moet echter meer onderzoek worden gedaan om het bestaan van eventuele, meer 
subtiele cardiovasculaire veranderingen aan te tonen, die zich nu onder onbelaste/
ongestreste condities niet hebben geopenbaard. Daarom moeten in de toekomstige 
follow-up studies testen gebruikt worden die het hart en vaatstelsel belasten (zoals 
stress echocardiografi e). Ook moeten meer verfi jnde echocardiografi sche 
technieken zoals tissue Doppler imaging worden aangewend. Mogelijke door 
glucocorticosteroïd geïnduceerde veranderingen kunnen zich ook pas later in het 
leven opbaren.

Indien de noodzakelijkheid blijkt uit verdere follow-up studies, kan secundaire 
preventie overwogen worden om de klinische symptomen van door glucocortico-
steroïd geïnduceerde hart- en vaatziekten te verminderen dan wel te herstellen.
De kans van slagen van deze interventies is veel beter wanneer deze symptomen 
zo vroeg mogelijk worden vastgesteld.

Hoewel bewezen is dat antenatale behandeling met glucocorticosteroïden een 
gunstig effect heeft met betrekking tot reductie van infant respiratory distress 
syndroom en er tot op heden geen overtuigende negatieve (lange termijn) 
bijwerkingen bij de mens zijn beschreven, moet men alert blijven op ongewilde 
effecten op het hart en vaatstelsel op de lange termijn, in het bijzonder na 
herhaalde behandeling.
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Bmeth betamethasone
BNP B-type natriuretic peptide
BPD bronchopulmonary dysplasia
BSA body surface area
Bw body weight
CI cardiac index
CLD chronic lung disease
CO  cardiac output
CSA cross-sectional area
Dex dexamethasone
EF ejection fraction
FS fractional shortening
GC(s) glucocortico(stero)id(s)
HC hydrocortisone
HE hematoxylin-eosin
Hw heart weight
IMT intima-media thickness
(I)RDS (infant) respiratory distress syndrome
LIVDd left ventricular internal diameter in diastole
LV left ventricular
LVd Mass left ventricular mass in diastole
LVd Mass index  left ventricular mass in diastole index 
MV DecT mitral valve deceleration time
MV E/A ratio  ratio of mitral valve early diastolic peak 

velocity and late (atrial) diastolic peak velocity
MV E vel  mitral valve early diastolic peak velocity
NICU(s) neonatal intensive care unit(s)
NT-proBNP N-Terminal pro B-type natriuretic peptide
PARP poly(ADP-ribose)polymerase
Prot total protein
Ref reference (group)
Sal saline
SV stroke volume
Vw ventricular weight
WT wall thickness
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Promoveren doe je niet alleen, dat klinkt misschien als een vanzelfsprekendheid, 
maar het is ook echt zo. Daarom wil ik hier een aantal mensen bedanken. Ik zal 
niet iedereen bij naam noemen, maar zij zijn niet minder gewaardeerd.

Allereerst alle kinderen en hun ouders die hebben meegewerkt aan de follow-up 
studie. Door hun geweldige medewerking kon de studie beschreven in hoofdstuk 7 
worden gedaan en hebben wij weer meer geleerd over de mogelijke gevolgen van 
behandeling met glucocorticosteroïden. Mogelijk kunnen wij daardoor in de 
toekomst onze behandelingen nog meer verbeteren.

Hooggeleerde van Bel, beste Frank, ik heb heel veel aan jou te danken.
Mijn fellowship met jou als mijn opleider, mijn stafplaats als neonatoloog en 
natuurlijk het onderzoek leidend tot dit proefschrift met jou als promotor.
Tijdens mijn opleiding tot kinderarts vroeg jij mij of ik interesse had in het doen 
van onderzoek. Dat dit uiteindelijk in een promotie-onderzoek zou uitmonden kon 
ik nog niet bevroeden, maar had jij waarschijnlijk al voor ogen. Jij bent altijd 
bereikbaar, jouw deur staat letterlijk altijd open. Met jouw enthousiasme en
humor weet je altijd te motiveren. Jij staat onvoorwaardelijk achter jouw mensen 
en maakt bij mensen los dat zij hun best voor jou willen doen. Ik probeerde jou 
ook altijd voor te zijn, maar of dat altijd gelukt is?

Hooggeleerde Heijnen, beste Cobi, jouw aanstekelijk enthousiasme werkt zeer 
motiverend. Altijd zeer duidelijk en to the point. Jij ziet overal weer nieuwe kansen 
en mogelijkheden. Een bespreking met jou is altijd nuttig en constructief, maar er 
is ook altijd iets te lachen. Het is geweldig om met jou samen te werken.
Ik hoop dat wij dat in de toekomst nog meer gaan doen. En Cobi, hyper is niet 
altijd te.

Hooggeleerde Baan, beste Jan, je bent weliswaar met emeritaat, maar daar
was wat betreft jouw betrokkenheid bij dit onderzoek niets van te merken. Bij 
besprekingen van moeilijke problemen wist je altijd haarfi jn de vinger op de zere 
plek te leggen. Manuscripten kwamen altijd zeer snel terug. Je hebt de gave om 
door enkele aanpassingen in de tekst stukken veel leesbaarder te maken. Het is 
een genoegen jou als promotor te hebben.

Zeergeleerde van Oosterhout, beste Matthijs, de opmerking ‘zonder jou was
dit allemaal niet gelukt’ gaat voor velen op, maar zeker ook voor jou. Vrijwel
vanaf het begin heb jij mij bijgestaan. Naast inhoudelijke zaken, heb jij ook veel 
praktisch werk voor mij gedaan. Jij bent bijzonder getalenteerd, wat ook wel
blijkt uit het feit dat de Nederlandse Hartstichting jou een Dr E Dekker beurs
heeft toegekend. Ik hoop dat wij in de toekomst nog veel kunnen samenwerken.
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De beoordelingscommissie bestaande uit Prof dr PJ van Diest, Prof dr JLL Kimpen, 
Prof dr RMF Berger, Dr W Baerts en Dr EJH Mulder dank ik voor het beoordelen 
van mijn proefschrift.

Prof dr AF Rudolph, since the beginning of this project you have showed great 
interest. On several occasions you gave very useful advice. I thank you very much 
for all of that. 

Annemieke Kavelaars, binnen het Hartstichtingsproject, maar ook bij de follow-up 
studie heb ik veel aan jou gehad, ook al vind jij dat zelf wel meevallen. Je bent 
een zeer scherp analyticus, die zeer snel to the point komt. Je bent duidelijk en 
direct, met een goed gevoel voor humor. Ik hoop dat wij nog veel zullen 
samenwerken. 

Miriam Bal, je hebt binnen het Hartstichtingsproject een knappe taak volbracht, 
werken op drie universiteiten en in Utrecht ook nog op twee afdelingen. Het is 
gelukt, een prachtig resultaat. Heel veel succes met jouw opleiding tot kinderarts.

Paul Steendijk, Beatrijs Bartelds, Feike van der Leij, het was bijzonder plezierig 
samenwerken binnen het Hartstichtingsproject. Het heeft geleid tot twee 
promoties, al meerdere publicaties en een aantal in voorbereiding. Ik hoop dat er 
in de toekomst nog meer komt.

Rosa Karemakers, bedankt voor jouw hulp bij de follow-up studie en het 
rekruteren van de patiënten, die zowel in jouw promotie-onderzoek als in de 
follow-up studie zijn gebruikt. Succes met jouw verdere loopbaan.

Marijke Tersteeg-Kamperman, zonder jouw geweldig enthousiasme en inzet had 
de follow-up studie nooit volbracht kunnen worden. Hopelijk kom ik jou bij een 
vervolgstudie weer tegen.

Alle functielaboranten en kindercardiologen van de afdeling Kindercardiologie 
WKZ/UMC Utrecht dank ik voor hun hulp bij het maken van de hartecho’s. 
Speciaal Nicole Mooij voor het maken van vele echo’s en de coördinatie, 
registratie en analyse van alle gegevens en Jan Strengers voor zijn hulp bij de 
interpretatie van de data. Wat mij betreft gaan wij verder.

Alle medewerkers van de afdeling Pathologie, UMC Utrecht, jullie hebben mij zeer 
gastvrij ontvangen. Als een ‘vreemde eend in de bijt’ heb ik alle kans gekregen dit 
werk te doen, waarbij iedereen altijd even behulpzaam was. In het bijzonder dank 
aan Marguerite Schippers, met wie het allemaal begon, Roel de Weger, Petra 
Homoet-van de Kraak en Peter Nikkels.
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Patrick Kamphuis en Joost Bakker, in het begin hebben jullie geholpen met het 
verkrijgen van de rattenhartjes. En ook later hebben jullie meerdere malen 
geholpen, zelfs toen jullie het UMC Utrecht al lang hadden verlaten en elders 
werkzaam waren. Het heeft uiteindelijk ook nog geleid tot een prachtig 
hoofdstuk 3.

Hans Kemperman van de afdeling Klinische Chemie en Hematologie, UMC 
Utrecht, dank voor alle hulp bij de biochemische bepalingen en de interpretatie 
daarvan. Wij gaan in de toekomst vast nog samenwerken.

Alle co-auteurs dank voor jullie hulp en inspiratie. Het is heel erg spijtig dat Janny 
Samson dit niet meer mee heeft kunnen maken.

Frank Boesveld en Henriëtte Warmerdam van het cluster Multimedia van het UMC 
Utrecht, hartelijk dank voor jullie hulp bij het maken van ‘het boek’. Het was niet 
alleen heel gezellig, maar ik vind het resultaat ook prachtig.

Maria Schipper, statisticus, Centrum voor Biostatistiek, Universiteit Utrecht dank 
ik voor haar waardevolle hulp bij het artikel beschreven in hoofdstuk 5.

Don McCurnin, Vicky Winters and Jackie Coalson, thank you for the collaboration. 
The project with the baboon hearts is still in progress and the results are therefore 
not a part of this thesis. I think the prospects are very promising and I’m looking 
forward to further collaboration.

De studenten Udo Gundlach, Lenka Cverenkarova, Sara Hakim, Nicolet van der 
Meer en Saskia van Vugt dank ik voor hun hulp in verschillende fasen van dit 
onderzoek.

Hooggeleerde Vandertop, beste Peter, door jou ben ik ooit met onderzoek 
begonnen. Dat waren intensieve, soms hele vroege, maar zeker ook mooie tijden. 
Ik heb altijd bewondering gehad voor jouw enorme drive en daadkracht. Je wist 
waar jij naar toe wilde en dat is waarschijnlijk nog steeds zo.

Iedereen heeft binnen zijn werk personen die als voorbeeld dienen. Twee daarvan 
wil ik in het bijzonder noemen, Eric Wauters en Wim Baerts. Zij zijn beide 
personen die in mijn ogen geneeskunde tot geneeskunst hebben verheven.

Eric Wauters, jij was de eerste kinderarts die ik als arts-assistent in het WKZ 
tegenkwam en werd ook mijn mentor. Jij bent de beste algemeen kinderarts die ik 
ooit ben tegengekomen. Jouw klinische blik, jouw schier oneindige kennis, jouw 
pragmatisme en jouw ongekende communicatieve gaven, daar heb ik heel veel 
van geleerd. 
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Wim Baerts, jij was de eerste neonatoloog die ik, net geregistreerd als kinderarts, 
tijdens mijn fellowship in Zwolle tegenkwam. Ik heb veel geleerd van jou als mijn 
tweede opleider in de neonatologie, van jouw enorm brede kennis, jouw rust en 
geduld. Een voorbeeld is de uitspraak: ”Hebben wij haast met deze baby, gaat
hij/zij morgen al naar huis?”, door mij ‘de eerste wet van Baerts’ genoemd. Jij bent 
een prachtig mens.

Alle oud-collega’s arts-assistenten, kinderartsen, verpleegkundigen en andere 
medewerkers in het Wilhelmina Kinderziekenhuis in Utrecht en het Catharina 
Ziekenhuis in Eindhoven die ik gedurende mijn opleiding ben tegengekomen.
In het bijzonder ook mijn opleiders in de kindergeneeskunde, Prof dr JW Stoop,
Prof dr JL van den Brande, Prof dr A Okken en Prof dr JLL Kimpen in het 
Wilhelmina Kinderziekenhuis en Dr JJJ Waelkens in het Catharina Ziekenhuis.

Alle medewerkers van de afdeling Neonatologie, de neonatologen, kinderartsen en 
arts-assistenten van de Isala klinieken in Zwolle, waar ik een jaar met heel veel 
plezier heb gewerkt.

De obstetrici en andere medewerkers binnen het Perinatologisch Centrum van het 
UMC Utrecht met wie het prima samenwerken is.

De afdeling Neonatologie WKZ/UMCU. Alle secretaresses, verpleegkundigen, 
kliniekbedienden en andere medewerkers, het is geweldig om bij en met jullie te 
werken. Ik hoop dat ik dat nog lang kan blijven doen. In het bijzonder Hanneke 
Dietz, die ik binnen het WKZ het langst ken.

Het stafssecretariaat, Ineke, Daniëlle, Lot en Bertina, hartelijk dank voor jullie 
hulp, in het bijzonder de laatste twee maanden, en jullie steun en interesse.
Dit geldt ook voor Nici, Ans en Suzan.

Alle collega’s uit het verleden: Elly, Peter, Bernard, Susanne, het was goed met 
jullie samen te werken.
De collega’s van het heden: Frank, Manon, Cornelie, Hens, Leo, Floris, Marja, 
Marieke, Corinne, Tannette, Petra, Karin, Jaime, Jacqueline, Mona, Malgosia, 
Linda. Jullie zijn een bijzondere, geweldige club mensen. Een top team om in en 
mee te werken. Wat mij betreft blijf ik dat nog lang doen.

Leo, kamergenoot, het was en is nog steeds een eer en genoegen met jou een 
kamer te delen. Ik heb enorme bewondering voor jouw niet afl atende interesse en 
betrokkenheid bij de neonatologie, de afdeling en het onderwijs in het bijzonder en 
jouw enorm brede kennis. Je bent een voorbeeld. Er zal toch echt een dag gaan 
komen waarop jij de afdeling defi nitief verlaat. Niet alleen ik, maar de hele 
afdeling zal jou dan missen. En Leo, de appel heeft het net gehaald. 
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Manon en Petra, wij zijn met z’n drieën de jongste stafl eden qua aankomst, 
hebben alle drie als fellow in Zwolle gewerkt, zijn alle drie geïnteresseerd in hart 
en circulatie en hebben met zijn drieën de fellowkamer gedeeld. Dat moet wel een 
band scheppen. Ik hoop nog lang met jullie samen te werken.

Onze kinderen zijn overdag in vertrouwde handen. Oma Emmy of als die niet kan 
Oma Thea, het kinderdagverblijf van het UMCU, NSO ‘De Blauwe Eend’ en de 
Utrechtse Schoolvereniging. Dank voor jullie zorg voor onze kinderen als wij er niet 
zijn.

Onze vaste oppas Els Habraken, jij past al jaren bij ons op, de kinderen lopen met 
jou weg en vinden jou geweldig. Dank voor al jouw hulp.

Alle vrienden, dank voor jullie vriendschap, interesse en steun.

Geert en Carla, Robert-Jan en Marijke, Kaas en Karlijn, Toon en Maartje, Pieter en 
Irene, Edwin en Nicole, Carlo en Nathalie, Dionne en Corinne, Manon en Edgar en 
alle (inmiddels 26) kinderen, vriendschap is een groot goed. Het is elke keer weer 
heerlijk om met jullie dingen te doen, jullie te zien en te spreken. Ook al zien we 
elkaar soms iets langer niet, het is altijd direct weer vertrouwd. Ik hoop dat wij 
nog heel veel met elkaar kunnen ondernemen.

Robert-Jan, we kennen elkaar vanaf dag één van de studie, nu al meer dan 
21 jaar geleden (we worden langzaam toch oud). Tegelijk begonnen en tegelijk 
afgestudeerd. Het feit dat wij nu al zo lang bevriend zijn is voor mij heel bijzonder. 
Wij hebben heel veel meegemaakt met elkaar, gelukkig met name goede dingen. 
Wat mij betreft blijft dat nog jaren bestaan.
Ik vind het geweldig dat jij mij als mijn paranimf terzijde wilt staan.

Geert, ook wij kennen elkaar vanaf dag één van de studie, het scheelt 10 minuten 
met Robert-Jan. Wij zijn een duidelijk voorbeeld dat een vriendschap op afstand 
heel goed kan gaan. Deze is tot een hele bijzondere vriendschap uitgegroeid. Het 
feit dat Carla en Inge en al onze kids ook zo goed matchen maakt het des te 
mooier. Ik hoop dat wij nog veel met elkaar mogen meemaken.
Ik vind het geweldig dat jij mij als mijn paranimf terzijde wilt staan.

Charles, Lilian, Ella, Adam en Lars, Inge, Valentijn, Feline, familie is heel 
belangrijk. Het is dan ook geweldig dat wij en ook de kinderen het zo goed met 
elkaar kunnen vinden. Dank jullie voor jullie interesse en steun. 
Charles. Niet alleen een broer, maar ook een vriend en dat is heel bijzonder.
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Jack en Thea, jullie zijn geweldige schoonouders en een geweldige opa en oma. 
Vanaf dag één heb ik mij bij jullie thuis gevoeld. Het is geweldig om te zien hoe 
jullie genieten van jullie kleinkinderen. Thea, dank voor het oppassen als het nodig 
is.

Pa en Ma, jullie zijn geweldige ouders. Jullie hebben mij altijd de mogelijkheden 
en de kansen gegeven te doen wat ik wilde doen en mij daarin gesteund. Dit 
proefschrift is er mede door jullie. Dank voor alles.
Lieve Pa, jij bent een vechter en een doorzetter. Heel veel mensen hadden na het 
ongeluk dat jij hebt gehad de moed opgegeven. Jij niet, jij hebt het ten goede 
gekeerd. Een voorbeeld voor velen en zeker voor mij. 
Lieve Ma, een socialer iemand dan jij bestaat er volgens mij niet. Jij staat altijd 
voor iedereen klaar. Ik hoop dat ik daar iets van meegekregen heb.
Pa en Ma, jullie zijn ook een geweldige opa en oma. Het is geweldig om te zien 
hoe jullie genieten van jullie kleinkinderen. En lieve Ma, jij wilt het eigenlijk niet 
horen, maar mede dankzij jou draait ons gezin zoals het draait. Van zondagavond 
tot dinsdagochtend is ‘Oma Emmy’ er en daardoor kunnen Inge en ik met een 
gerust hart doen wat wij doen.

Allerliefste Floor, Tijs en Lotte, jullie zijn een geweldig trio. Het liefst zou ik altijd 
bij jullie zijn. Het is geweldig om te zien hoe jullie jezelf ontwikkelen, groeien en 
bloeien, met zoveel energie, blijdschap en passie. Dat hebben jullie van jullie 
mama. Ik hou onbeschrijfelijk veel van jullie.

Allerliefste Inge, onze kinderen zijn het bewijs hoe geweldig jij bent. Mede door 
jouw avontuurlijke geest heb ik samen met jou meer ondernomen dan ik anders 
had gedaan. Bij ons is één plus één veel meer dan twee. Ik hou onbeschrijfelijk 
veel van jou. Laten wij samen met de kids nog heel lang genieten van elkaar. 

         
December 2006
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Willem de Vries was born on the 22nd of January 1965 in Utrecht. After fi nishing 
his secondary school, the Christelijk Gymnasium in Utrecht, in 1984, he studied 
Psychology for a year and obtained his Propedeuse. In 1985 he started Medical 
School in Utrecht. During his student years he displayed several organizational 
activities. He was vice-chairman of the Medical Student Association (MSFU 
“Sams”) in Utrecht and member of the Board of the Faculty of Medicine of the 
Utrecht University. During his study and at the beginning of his residency he 
participated in research on experimentally induced neuropathies and 
neuroregeneration at the Department of Neurosurgery (Prof dr WP Vandertop and 
Prof dr CAF Tulleken) and the Rudolph Magnus Institute for Neurosciences
(Prof dr WH Gispen) of the University Medical Center Utrecht. 
His medical degree was obtained in February 1994. He was employed as a 
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