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Rapport de synthèse

Des événements pathologiques survenant pendant la période fœtale prédisposent la
descendance aux maladies cardiovasculaires systémiques. Il existe peu de connaissances
au sujet de la circulation pulmonaire et encore moins quant aux mécanismes sous-jacents.
La sous-alimentation maternelle pendant la grossesse peut représenter un modèle
d'investigation de ces mécanismes, parce que chez l'animal et l'homme elle est associée à
une dysfonction vasculaire systémique chez la progéniture. Chez le rat, la diète restrictive
pendant la grossesse induit une augmentation du stress oxydatif dans le placenta. Les
dérivés de l'oxygène sont connus pour induire des altérations épigénétiques et peuvent
traverser la barrière placentaire. Nous avons dès lors spéculé que chez la souris la diète
restrictive pendant la grossesse induit une dysfonction vasculaire pulmonaire chez sa
progéniture qui serait liée à un mécanisme épigénétique.
Pour tester cette hypothèse, nous avons examiné la fonction vasculaire pulmonaire et la
méthylation de l'ADN pulmonaire à la fin de 2 semaines d'exposition à l'hypoxie chez la
progéniture de souris soumises à une diète restrictive pendant la grossesse et des souris
contrôles. Nous avons trouvé que la vasodilatation endothélium-dépendante de l'artère
pulmonaire in vitro était défectueuse, et que l'hypertension pulmonaire et l'hypertrophie
ventriculaire droite induites par l'hypoxie in vivo étaient exagérées chez la progéniture de
souris soumises à une diète restrictive pendant la grossesse. Cette dysfonction vasculaire
pulmonaire était associée avec une altération de la méthylation de l'ADN pulmonaire.
L'administration d'inhibiteurs de la déacétylase des histones, le Butyrate et la Trichostatine-A
à la progéniture de souris soumises à une diète restrictive pendant la grossesse a normalisé
la méthylation de l'ADN et la fonction vasculaire pulmonaire. Finalement, l'administration du
nitroxyde Tempol aux mères durant la diète restrictive pendant la grossesse a prévenu la
dysfonction vasculaire et la dysméthylation chez la progéniture.
Ces découvertes démontrent que chez la souris la sous-alimentation pendant la gestation
induit une dysfonction vasculaire chez la progéniture qui est causée par un mécanisme
épigénétique. Il est possible qu'un mécanisme similaire soit impliqué dans la programmation
fœtale de la dysfonction vasculaire chez les humains.
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during the fetal period predispose the offspring to systemic cardiovasculur disease, but little is known about the pulmonary circulation
and the underlying mechanisms. Maternai undernutrition during pregnancy may represent a mode! to investigate underlying mechanisms.
because it is associated with systemic vascular dysfonction in the
offspring in animais and humans. In rats, restrictive diet during
pregnancy (RDP) increases oxidative stress in the placenta. Oxygen
species are known to induce epigenetic alterations and may cross the
placenta! barrier. We hypothesized that RDP in mice induces pulmonary vascular· dysfonction in the offspring that is related to an
epigenetic mechanism. To test this hypothesis. we assessed puhnonary vascular fonction and lung DNA methylation in offspring of
RDP and in contrai mice at the end of a 2-wk exposure to hypoxia. We
found that endothelium-dependent pulmonary artery vasodilation in
vitro was impaired and hypoxia-induced pulmonary hypertension and
right ventrkular hypertrophy in vivo were exaggerated in offspring of
RDP. This pulrnonary vascular dysfonction was associated with altered lung DNA methylation. Administration of the histone deacetyIase inhibitors butyrate and trichostatin A to offspring of RDP normalized pulmonary DNA methylation and vascular fonction. Finally,
administration of the nitroxide Tempo! to the mother during RDP
prevented vascular dysfonction and dysmethylation in the offspring.
These findings demonstrate that in mice undernutrition during gestation induces pulmonary vascular dysfunction in the offspring by an
epigenetic mechmlism. A similar mechanism may be involved in the
fetal programming of vascular dysfunction in lmmans.
pulmonary hypertension; endothelial dysfonction; restrictive diet;
pregnancy
that pathological events during the fetal period predispose to systemic cardiovascular
disease later in life, but little is known about the pulmonary
circulation (2). During the late fetal and the perinatal period,
the pulmonary circulation is pmiicularly vulnerable to noxious
stimuli, because it undergoes important structural and functional changes to allow the sudden transition frorn gas exchange by the placenta to gas exchange by the lungs (10). In
line with this concept, we (16, 24) recently showed that in
humans preeclampsia and transient perinatal hypoxia predispose the offspring to exaggerated hypoxie pulrnonary hyperEPIDEMIOLOGICAL STUDlES INDICATE

Address for reprint requests and other co1Tespondence: C. Sartmi. Dept. of
Internai Medicine, BH 10.640. 1011 Lausanne-CHUV, Switzerland (e-mail:
Claudio.Sartori@chuv.ch ).
http://www.ajpheart.org

0363-6135/ll Copy1ight

©

tension later in life, but the underlying mechanisrn is unknown
and difficult to investigate in healthy young subjects.
Maternai undernutrition during pregnancy is associated with
an increased risk of coronary heart disease in the offspring in
humans (23) and induces systemic vascular dysfonction and
arterial hypertension in the offspring in rats (4, 8) and may,
therefore, represent a mode] to investigate underlying mechanisms. Interestingly, in rats restrictive diet pregnancy increases
oxidative stress in the placenta (26) and oxygen species are
known to induce epigenetic alterations ( 1, 9, 29), suggesting
that epigenetic mechanisms triggered by oxidative stress could
contribute to vascular dysfonction in this experimental mode!.
In line with this speculation, famine during pregnancy in
humans is associated with dysmethylation of the insulin-like
growth factor-2 gene in the offspring ( 14). We hypothesized
that restrictive diet pregnancy in mice induces pulmonary
vascular dysfonction in the offspring that is related to an
epigenetic mechanisrn.
To test this hypothesis, we examined pulmonary vascular
responsiveness in vitro and in vivo in offspring of restrictive
diet pregnancy and contrai mice under normoxic conditions
and at the end of a 2-wk exposure to hypoxia. We then tested
for epigenetic mechanisms by examining pulmonary DNA
rnethylation. Epigenetic changes can be reversed by histone
deacetylase inhibitors (28). We, therefore, examined the effects
of the administration of such inhibitors to offspring of restrictive diet pregnancy and contrai mice on pulmonary DNA
methylation and vascular fonction. Since epigenetic changes
may be transmitted to the next generation, we also examined
the vascular fonction in the progeny of male offspring of
restrictive diet pregnancy. Finally, to investigate the potential
role of increased oxidative stress during restrictive diet pregnancy in inducing epigenetic changes in the fetus, we examined the effects of administration of the nitroxide Tempo! to the
mother during restrictive diet pregnancy on pulmonary DNA
rnethylation and vascular fonction in the offspring.
METHODS

Ail animal protocols were approved by the Centre Hospitalier
Universitaire Vaudois Institutional Animal Care Committee.
Calorie Restriction Diet Durinf( Gestation

Timed mating was pe1formed in female C57/Bl6 mice (Charles
River. L' Arbresle, France; age 8-10 wk). Two females were mated to
one male. Following confirmation that mating had occtmed (presence
of a vaginal srnear pJug), the females were housed individually in
standard cages and randomly divided into two groups. The control
group was fed standard chow (Safe. Epinay sur Orge. France) ad
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libitum. The nutritionally restricted group was fed 65% of the ad
libitum intake (determined by the amount of food consumed by the
control group the previous day) from day 7 of pregnancy until
parturition. Ali offspring received food ad libitum.
To avoid variability of the results related to the hormonal cycle in
females, only male offspring were studied. Ail measurements were
performed by investigators who were blinded to the study group.
Pu/111on01y Endothelial Function 111 Vitro
Twelve- to fourteen-week-old male offspring of restrictive diet
pregnancy and control rnice were housed under normoxic conditions
or housed for 2 wk in Plexiglas cages in which the fraction of the
inspired oxygen (Fr 0 ,) was kept at 16%. a level of hypoxia known to
induce exaggerated lÏypoxic pulrnonary hypertension and right ventricular hypertrophy in mice with pulmonary vascular dysfunction (7).
At the end of the 2-wk hypoxie exposure, the mice were killed with
an intraperitoneal injection of pentobarbital sodium (200 mg/kg). The
lungs were immediately rernoved, and the pulmonmy arteries were
dissected free of parenchyma and eut into a ring. Pulmonary artery
rings were then suspended in organ chmnbers filled with 10 ml of
modified Krebs-Ringer bicarbonate solution (composition in mmol/l:
118.3 NaCI, 4.7 KCI. 2.5 CaCh, 1.2 MgS04, 1.2 KH2P04. 25.0
NaHC0 0 • and 11.1 glucose). rnaintained at 37 ::': 0.5°C and aerated
with 95% 0 2 -5% COè (pH 7.4). Two stirrups were passed through the
lumen to suspend the ring. One stirrup was imchored to the bottom of
the organ chamber, and the other was connected to a strain gauge
(PowerLab/SSP; AD Instruments. Colorado Springs, CO) to measure

the isometric force. At the beginning of the experiment, each vesse!
ring was stretched to its optimal resting tension (0.5 g) and allowed to
equilibrnte for 1 h. Next, the effects of acetylcholine (10- 8 to 10- 4
mol/!) or sodium nitroprusside (10-· 9 to 10- 5 mol/!) were detennined
in pulmonary artery rings preconstricted with phenylephrine ( 10-- 5
mol/!) at a level corresponding at least to the maximal response to
potassium (100 mmol/KCI) (22). The drug-inducecl change in tension
was expressed as the percentage of the initial contraction induced by
phenylephrine.
Measurement of Pulmonmy Artery Pressure
Twelve- to fourteen-week-old male offspring of restrictive cliet
pregnancy and control mice were housecl for 2 wk in Plexiglas cages
in which the F10, was kept at 16% or at 21 %. At the end of the 2-wk
exposure, the rni~e were anesthetized with ketmnine/xylazine (100/10
µg/kg body wt ip) and placed on a heating table to keep the body
temperature between 37 and 38°C. Via a PE 50 catheter irrnerted into
the rightjugular vein. a microtip pressure transducer (Millar. Houston.
TX; 1.4 F) was advanced through the superior vena cava into the right
ventricle. The right ventricular pressure was recorded with a computer
data acquisition system (Dl-400, Windaq; Dataq Instruments, Akron,
OH). The systolic pulmonary artery pressure was assumed to be equal
to the systolic right ventricular pressure (6). After 15 min of room air
breatlùng, the mice were breathing a hypoxie gas (Fr 0 ,, 16%) through
a specially designecl face mask.
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Rig/Jt \lenrricular Hvpertrophy
Fourteen-week-old male mice were exposed to hypoxia (Flo,, 16%)
for 2 wk. At the end of this hypoxie exposure, mice were killèd with
an intraperitone<ù injection of pentobarbital. The heart was removed
and the right ventricle (RV) was carefully dissected from the left
ventricle and septum (LV + S) after removal of the atria. The tissue
was weighed. and the RV-to-LV + S ratio was calculated (5).

Epige11etic Mecha11isms
DNA methy/ation of lung tissue. DNA methylation studies were
performed in Jung tissue harvested from 12- to 14-wk-old mice after
exposure to hypoxia. The Sssl methyltransferase assay of Balaghi and
Wagner was used ( 19). This assay uses the universal methyl donor
S-adenosyl methionine to transfer a tritium-labeled methyl group to
nonmethylated cytosines in CpG sites. As a result. higher counts
demonstrate less genomic DNA methylation. A 30-µl reaction volume
was used to incubate 0.5 µg of genomic DNA with 3 µmol/! (74 kBq)
[-'H-methyl]methionine (NEN, Boston, MA), 3 µ1 of 10 X reaction
bufter, and 3 U of Sssl methyltransferase (New England Biolabs.
Beverly, MA). The reaction was incubated at 37°C for 60 min. and
then 15 µ! of the reaction mixture were spotted onto DE81 paper

circles (Whatman. Ann Arbor, MI). The paper circles were washed
tive times in 0.5 mol/! acidic phosphate buffer (pH 6.8) and dried in
air. Radioactivity was determined by liquid scintillation counting.
Blank values were deterrnined from reactions without SssI methyltransferase enzyme.
E.ff'ects of histone deacetyfase inhibitor administration. Sodium
butyrate (Sigma-Aldrich Chemie, Steinheim, Gennany; 2 mg·kg body
wt- t ·day- 1 in 200 µl of PBS), trichostatin A (Sigma-Aldrich Chemie; 1 mg·kg body wc 1 ·day- t in 200 1.d of PBS), or vehicle was
administered intraperitoneally for 2 wk to 10-wk-old male offspring
of restrictive diet pregnancy and control mice kept under hypoxia for
2wk.
Tra11smissio11 r~( vascu/ar dy~jimction to the next generatio11. To
test for this possibility, male offspting of restrictive diet pregnancy
who had been treated with vehicle or sodium butyrate (Sigma-Aldrich
Chemie; 2 mg·kg body wt-t·clay- t in 200 µI of PBS) were mated to
female control mice and pulmonury vascular function in vitro was
examined in the progeny having been exposed to 2 wk of hypoxia.
Rote ()/' oxidative stress. To test for the potential pathogenic role of
oxidative stress cluring pregnancy on vascular fonction in the offspring, Tempol (Sigma-Aldrich Chemie; w- 2 mmol/l in the drinking
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water) was administered to pregnant mice during the entire period of
the restrictive diet.

Statistica/ Analysis
Statistical analyses were made using JMP v. 7.0 software (SAS
Jnstitute, Cary, NC). Bivariate analyses were made using the unpaired
two-tailed Student's r-test or two-factor ANOVA. Multivariate analysis was perfonned with a three way ANOY A t~king in~o account
aroup (diet/control), treatment (vehicle/butyrate/tnchostatm A), and
~cetykholine concentration (as loglO, with linear and square factors).
Two models were tested; one without interaction and one including a
uroup X treatment interaction. Post hoc comparisons were made using
tl1e Tukey's honestly significant difference test. A P value <~.os. w<~s
considered to indicate statistical significance. Unless otherw1se rnd1cated, data are given as means :':: SD.
RESULTS

The litter size (5.2 ± 1.7 vs. 5.3 ± 1.5) and the body weight
(4.3 ± O. 7 vs. 4.0 ± 0.6 g at the age of 5 days. P = 0.10, and
23.3 ± 1.7 vs. 24.0 ± 2.3 g at the age of 3 mo, P = 0.4) were
not different in restrictive diet pregnancy and control mice.
In mice kept under normoxia, acetylcholine-induced vasodilation in vitro (P = 0.8) and pulmonary artery pressure
responses to hypoxia were similar in offspring of restrictive
diet pregnancy and control mice (28.8 ± 3.6 vs. 27.4 ± 1.7
mmHg, P = 0.36, restlictive diet vs. contrais). After 2 wk of
hypoxie exposure. acetylcholine-induced vasodilation of pulmonary artery rings in vitro was significantly smaller (P <
0.0001) in offspring of restrictive diet pregnancy than in
offspring of nonnal pregnancies (Fig. IA), whereas sodium
nitroprusside-induced vasodilation was similar in the two
groups (Fig. lB). In offspring of restrictive diet pregnancy,
pulmonary endothelial dysfonction in vitro translated into
exaggerated hypoxie pulmonmy hypertension (35.8 ± 3.5
30.8 ± 4.9 mmHg, P = 0.002, restrictive diet vs. controls: Fig.
l C), and right ventri.cular hypertrophy (R V- to-LV + S ratio;
0.329 ± 0.028 vs. 0.289 ± 0.049. P = 0.013, restrictive diet
vs. controls; Fig. lD) in vivo.

;s.

Vascular Function in the Progeny
Diet Pregnancy

(~f

Offspring of Restrictive

The progeny of male offsp1ing of resttictive diet pregnancy
displayed impaired acetylcholine-induced pulmonary vasodilation in vitro (P < 0.0001; Fig. 3) that was comparable to the
one observed in their fathers. Butyrate administration to male
offspring of restrictive diet pregnancy before mating prevented
the transmission of pulmonary vascular dysfonction to their
progeny (Fig. 3).
Effects qf Tempol Administration to the Mother During
Restrictive Diet Pregnancy 011 Pulmonary DNA Methylation
and Vascular Responsiveness in the Offspring

Tempo! administration during restrictive diet pregnancy normalized the pulmonary uptake of methyl groups in the offspring (71 ± 11 CPM/ng genomic DNA, P = 0.14, diet plus
Tempo! vs. contrais; Fig. 4A). Restoration of pulmonary DNA
methylatîon was associated with the prevention of pulmonary
endothelial dysfonction in vitro (P < 0.0001; Fig. 4B), exaggerated hypoxie pulmonary hypertension (32.4 ± 1.8, P =
0.009. vs. vehicle; Fig. 4C) and right ventricular hypertrophy
(RV-to-LV + S ratio: 0.295 ± 0.037, P = 0.037, vs. vehicle:
Fig. 4D) in vivo in offspring of restrictive diet pregnancy.
DISCUSSION

There is increasing evidence in humans and experimental
animais that pathologie events during the fetal period predispose the offspring to cardiovascular disease, but the underlying
mechanism is poorly understood (8, 16, 23). Here, we show
that restrictive diet pregnancy in conjunction with hypoxie
stress Iater in life causes pulmonary endothelial dysfonction in
vitro and exaggerated hypoxia-induced pulmonary hypertension and right ventricular hype1trophy in vivo in the offspring
that appear to be related to an epigenetic mechanism.
Severa! lines of evidence suggest that pulmonary vascular
dysfonction in offspling of restrictive diet pregnancy was
related to an epigenetic mechanism. First, we found that DNA
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The uptake of radioactive methyl groups in lung tissue was
significantly higher in offspling of restrictive diet pregnan~y
than in control mice (85 ± 18 vs. 58 ± 16 CPM/ng genorn1c
DNA, P = 0.02; Fig. 2A), where CPM is counts/min. Administration of butyrate (57 ± 14 CPM/ng genomic DNA, P =
0.046, vs. di et plus vehicle; Fig. 2A) or trichostatin A (58 ± 15
CPM/ng genomic DNA, P = 0.02. vs. diet plus vehicle: Fig.
2A) to offspring of restrictive diet pregnancy normalized pulmonary DNA methylation. Restoration of puhnonary DNA
rnethylation by butyrate and trichostatin A was associated with
normalization of the hypoxie pulmonary artery pressure response in vivo (32.9 ± 2.3 vs. 35.8 ± 3.5 mmHg. P = 0.01.
diet plus butyrate vs. diet plus vehicle; 29.4 ± 2.8 vs. 35.8 ±
3.5 mmHg, P = 0.03, diet plus trichostatin vs. diet plus
vehicle; Fig. 2B) and pulmonmy endothelium-dependent vasodilation in vitro (P < 0.0001; Fig. 2C). Trichostatin A and
butyrate had no detectable effect on pulmonary DNA methylation and pulmonary vascular responses in control mice
(Fig. 2. A-C).
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in each group. *P = 0.02 vs. controls: •p = 0.002 vs. controls; "P = 0.009 vs. diet + vehicle: ~p = 0.013 vs. controls: 'P = 0.037 vs. diet + vehicle.
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methylation in lung tissue was altered in offsp1ing of restrictive
diet pregnancy. Second, epigenetic changes can be reversed by
histone deacetylase inhibitors (28). We, therefore, examined
the effects of butyrate administration to adult male offspring of
restrictive diet pregnancy on pulmonary methylation and vascular fonction. Butyrate nonnalized pulmonary methylation
and pulmonary vascular fonction in vitro and in vivo in these
animals. The finding that administration of the more specific
(20) histone deacetylase inhibitor trichostatin A to offspring of
restrictive diet pregnancy had similar favorable effects on
pulmonary methylation and vascular function further strengthens the concept of an epigenetic mechanism. Finally, epigenetic changes may be transmitted to the next generation (1 1,
30). To test for this possibility. we assessed pulmonary vascular function in the progeny of male offspring of restrictive diet
pregnancy mated to control females. We found that pulmonary
vascular dysfonction in the progeny was comparable to the one
observed in their fathers. Most imp01tantly, butyrate administration to male offspring of restrictive diet pregnancy before
rnating prevented the transmission of the vascular dysfunction
to the progeny.
The present study not only provides evidence for an epigenetic mechanism underpinning vascular dysfonction in offspring of restrictive diet pregnancy but also suggests that this

mechanism may be induced by oxidative stress during pregnancy. In rats. restrictive diet during pregnancy increases
oxidative stress in the placenta (26). Moreover. oxidative stress
is known to alter DNA cytosine methylation (29) that may
result in changes in gene expression that are maintained
throughout the life span (12, 15, 17). In investigating the
functional importance of this problem. we found that administration of the nitroxide Tempol ( 13, 31) to the mother during
restrictive diet pregnancy prevented pulmonary DNA dysmethylation as well as pulmonary vascular dysfonction in the
offspring. Collectively. these findings suggest that in mice
restrictive diet pregnancy induces pulmonary vascular dysfunction in the offspring by an epigenetic mechanism that appears
to be triggered by exaggerated oxidative stress.
Low birth weight has been found to be associated with
vascular dysfonction in the systemic circulation in expe1imental animal models (8, 9, 21, 25) and humans (3) and has been
suggested to play a pathogenic role in the systemic vascular
dysfonction induced by restrictive diet pregnancy in rats (8, 9).
This factor does not appear to have played an important role in
the present studies, since birth weight was not different between offspring of restrictive diet pregnancy and control mice.
Finally, we found that in mice pulmonary vascular dysfonction
in offspring of restrictive diet pregnancy became only manifest
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with the addition of hypoxie stress. In line with this observation. in humans, offspring of mothers with preeclampsia display exaggerated hypoxie pulmonary hypertension only when
living at high altitude (16).
The present data in mice are consistent with findings in
hurnans indicating that famine during pregnancy, a condition
known to predispose the offspring to premature cardiovascular
disease, is associated with dysrnethylation of the insulin-like
growth factor-2 gene in the offspring (14). Along the same
lines, preeclampsia, another condition known to predispose the
offspring to systemic and pulmonary vascular dysfonction (16,
18), is associated with dysrnethylation in the placenta (27, 32).
Taken together, these findings could suggest that epigenetic
mechanisms may contribute to vascular dysfonction in offspring of famine and offspring of mothers with preeclampsia in
hurnans. The findings in mice also suggest that pharmacologie
interventions during pregnancy may help prevent epigenetic
alterations and vascular dysfonction in the offspring.
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