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Background: Pulmonary hypertension (PH) is a 
disease that  affects the adult or infant population. 
Dehydroepiandrosterone (DHEA), a steroid hormone, has been 
previously shown to  prevent and to reverse PH in an adult rat 
model. We thus investigated its effect in a rat-pup model of 
chronic hypoxic PH.
Methods: Animals were maintained for 3 wk in a hypobaric 
chamber to induce PH, with or without concomitant treat-
ment with DHEA (30 mg/kg every alternate day).
results: DHEA significantly reduced mean pulmonary artery 
pressure (measured by right cardiac catheterization), pulmo-
nary artery remodeling (evaluated by histology), and right-
ventricular hypertrophy (measured by echography and by the 
Fulton index). At the level of the pulmonary artery smooth 
muscle cell (PASMC), DHEA increased activity and expression 
of the large-conductance Ca2+-activated potassium  channel 
(BKCa) (assessed by means of the patch clamp technique). 
DHEA also inhibited both serotonin- and KCl-induced contrac-
tion and smooth muscle cell proliferation.
conclusion: Collectively, these results indicate that DHEA 
prevents PH in infant rats and may therefore be clinically 
 relevant for the management of PH in human infants.

Pulmonary hypertension (PH) is a disease that affects both 
adults and infants. PH is characterized by increased pul-

monary vascular pressure and resistance, which can lead, in 
rare cases in infants, to right-ventricular failure and ultimately 
to death (1). Increased reactivity to agonists and remodel-
ing of small pulmonary arteries (PAs) are landmarks of PH 
(2,3). In infants, there are a variety of PH phenotypes, some 
of which are specific to this age group: (i) PH secondary to 
congenital heart disease with a left–right shunt, (ii) persistent 
PH of the newborn due to the absence of a drop in neonatal 
pulmonary resistance, (iii) acute or chronic pulmonary dis-
ease induced by hypoxemia, and (iv) idiopathic forms (4,5). 
Pharmacological treatments that mainly aim at vasodilating 
PAs, e.g., prostanoid analog, endothelin receptor antagonists, 

or phosphodiesterase inhibitors (2,6), still need to be compre-
hensively evaluated in pediatric patients. It is thus essential to 
develop new treatments to prevent and/or reverse PH in this 
population.

Dehydroepiandrosterone (DHEA) is the most abundant 
adrenal steroid, and serum concentration of its sulfate ester is 
approximately 20-fold higher than that of any other circulating 
steroid hormone (7,8). In different models of adult rats with 
PH, we (9) and others (10,11) have shown that DHEA pre-
vents and reverses PH and the resulting right-ventricular (RV) 
hypertrophy as well as small PA remodeling. However, similar 
studies have not been performed in newborn or infant ani-
mals. We have thus investigated the effect of DHEA in a model 
of infant rats in which PH was induced. We have observed that 
chronic treatment with DHEA (30 mg/kg every alternate day) 
is able to prevent PH and its associated cardiovascular altera-
tions such as RV hypertrophy, pulmonary vascular hyperreac-
tivity, and smooth muscle cell proliferation.

RESULTS
Beneficial Effect of DHEA on the Juvenile Rat Model of PH
Exposure to chronic hypoxia (CH) for 3 wk induced PH in 
juvenile rats (CH rats), as revealed by the increase in mean 
pulmonary artery pressure (PAP) (27 ± 3.2 mm Hg, n = 8, vs. 
14.7 ± 2.3 mm Hg, n= 6, P < 0.05, in CH and control rats, respec-
tively) (Figure 1a). CH also induced RV hypertrophy, as dem-
onstrated by a significant increase (75%) in the RV thickness 
measured by cardiac echography (Figure 1b). Furthermore, 
the pulmonary artery acceleration time decreased, confirm-
ing the presence of PH in infants (Figure 1c). Chronic treat-
ment of CH rats with DHEA (assessed by the rise in its cir-
culating concentration to 503 ± 311 nmol/l (n = 5)) prevented 
CH-induced PH. Indeed mean PAP, RV thickness, and the pul-
monary artery acceleration time of CH-DHEA rats were not 
significantly different from those of control rats (Figure 1a–c). 
These data demonstrate that DHEA treatment prevented the 
pulmonary hemodynamic changes induced by CH.
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Because remodeling and hyperreactivity of PA are hallmarks 
of PH in adults, we next studied the effect of DHEA on these 
characteristics in infants.

Antiremodeling Effect of DHEA in the Pulmonary Vasculature 
CH-induced PH is thus characterized by a remodeling of the 
pulmonary vasculature due to smooth muscle hypertrophy 
(Figure 2a). Morphometric analyses of vascular wall thick-
ness showed that CH increased this parameter by 33% in 
small PAs (61.5 ± 1% in control rats vs. 81.7 ± 0.8% in CH rats) 
(Figure 2a,b). DHEA significantly prevented this CH-induced 
increase in vessel wall thickness (66.4 ± 0.8%) (Figure 2a,b). All 
the above results confirm that DHEA treatment prevents PA 
remodeling associated with PH.

We then studied the effect of DHEA on in vitro proliferation 
of pulmonary artery smooth muscle cells (PASMCs) induced 
by three different mitogens: fetal calf serum (FCS), serotonin 
(5-HT) (a well-known mitogenic agent in PASMCs) (12–14), 
and hypoxia. Dose-dependent proliferation induced by FCS 
was inhibited by DHEA (50 µmol/l, Figure 3a). Exposure of 
PASMCs to 30 μmol/l 5-HT for 24 h also induced a significant 
proliferation (twofold increase), albeit of lesser magnitude as 
compared with 10% FCS. This 5-HT-induced proliferation 

was inhibited by the additional presence of DHEA (50 µmol/l) 
in the culture medium (Figure 3b). Finally, we observed that 
hypoxia (10% oxygen, 5% CO2 for 24 h) potentiated the prolif-
erative effect of FCS (0.2–10%), and again the additional pres-
ence of DHEA prevented this effect (Figure 3c).

DHEA Reduced PA Contractile Responses to Serotonin and KCl
We evaluated the effect of two vasoconstrictor agents 5-HT 
and KCl, each acting via different membrane mechanisms: a G 
protein–coupled membrane receptor-dependent pathway and 
a direct membrane depolarization, respectively. Both agents 
induced concentration-dependent contractile responses in 
intrapulmonary arteries (IPAs) from control rats (Figure 4a,b). 
In IPAs from CH rats, the response to 5-HT was markedly 
increased as compared with those of control rats (Figure 4a). The 
efficacy (Emax) of 5-HT increased by 80.5% (p <.0.05). However, 
the potency (EC50) was not significantly altered (4.1 ± 0.4 and 
4.6 ± 0.5 µmol/l, respectively). In IPAs from CH-DHEA rats, 
5-HT-induced contraction was statistically reduced for low 
concentrations (EC50: 11 ± 0.4 µmol/l) (Figure 4a). Regarding 
KCl (60 mmol/l), the efficacy was not significantly altered by 
CH, but its potency was increased (EC50 = 18 ± 1.5 mmol/l and 
32 ± 2.8 mmol/l in CH and control rats, respectively, p < 0.05) 

Figure 1. Chronic DHEA treatment prevents chronic hypoxia-induced PH in juvenile rats. Chronic hypoxia (CH) exposure for 3 wk induced (a) a signifi-
cant increase in mean PAP, (b) a significant increase in RV wall thickness, and (c) a decrease in pulmonary artery acceleration time value. DHEA treatment 
(30 mg/kg orally every alternate day, CH-DHEA juvenile rats) prevented all these changes. Each bar represents the mean value ± SEM from 6 to 12 animals. 
*P < 0.05 vs. CH. DHEA, dehydroepiandrosterone; NS, not significant; PAP, pulmonary artery pressure; PH, pulmonary hypertension; RV, right-ventricular.
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Figure 2. Effects of oral DHEA on pulmonary artery (PA) remodeling. (a) Typical image of pulmonary vessels from each juvenile group CH induced a 
 significant increase in the PA wall thickness that was prevented by DHEA treatment. Juvenile rats were exposed to chronic hypoxia (CH) for 3 wk, or CH plus 
treatment with DHEA (CH-DHEA) for 3 wk as in Figure 1a. (b) Each bar represents the mean ± SEM of wall thickness and lumen area. Ten measurements 
were made per rat by an investigator blinded to the treatment groups. Bars = 100 m. *P < 0.05 vs. control; **P < 0.05 vs. CH. DHEA, dehydroepiandrosterone.
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(Figure 4b). DHEA treatment significantly reversed the CH 
effect on EC50 value (24 ± 1.9 mmol/l), without significant effect 
on Emax (Figure 4b). These results indicate that DHEA partially 
reverses CH-induced hyperreactivity to vasoconstrictor agents. 
Furthermore, acute applications of DHEA (1–100 µmol/l) to 40 
mmol/l KCl-precontracted IPAs from control rats relaxed the 
vessels with an EC50 of 40 µmol/l (Figure 4c,d), thus indicating 
that DHEA is a direct vasodilating drug.

DHEA Prevented CH-Induced Decrease in Outward Potassium 
Currents: Involvement of Large-Conductance Ca2+-Activated 
Potassium Channel (BKCa) Current
Contraction and thus hyperreactivity of PAs are, at least in 
part, dependent on the membrane potential value, which is 

mainly governed by the activity of potassium channels (15,16). 
The amplitude of whole-cell potassium currents elicited from 
a holding potential from −80 mV was decreased in PASMCs 
from CH but increased in PASMCs from CH-DHEA rats as 
compared with control rats (Figure 5a,b,d). This outward cur-
rent is a mix of voltage-gated (Kv) and calcium-activated (KCa) 
potassium current. On the one hand, iberiotoxin (100 nmol/l), 
a selective inhibitor of BKCa (17), decreased outward currents 
(34 ± 5% of inhibition at + 50 mV) (Figure 5c), whereas, on 
the other hand, residual current was almost entirely inhibited 
by 4-aminopyridine (5 mmol/l), a nonspecific inhibitor of KV 
channels (Figure 5c). At a holding potential of −20 mV, which 
inactivates Kv, the potassium current was mainly a BKCa current, 
given that it was inhibited by iberiotoxin (91 ± 5%, in control 

Figure 3. Effects of DHEA on PASMC proliferation. (a, b) DHEA (24 h)-inhibited cell proliferation induced by different concentrations of FCS or by sero-
tonin. (c) DHEA inhibited cell proliferation induced by different concentrations of FCS in hypoxic condition that mimic CH (cells were cultured in the pres-
ence of 10% oxygen and 5% CO2). CH, chronic hypoxia; DHEA, dehydroepiandrosterone; FCS, fetal calf serum; PASMC, pulmonary artery smooth muscle 
cell; 5-HT, serotonin. *P < 0.05 vs. value obtained in the absence of DHEA.
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Figure 4. Effects DHEA on intrapulmonary artery (IPA) reactivity. (a) Cumulative concentration–response curves to serotonin (5-HT) (0.01–100 μmol/l) 
from IPA rings of control (triangles), CH (squares), and CH-DHEA (diamonds) juvenile rats. (b) Cumulative concentration–response curves to KCl  
(2.5–60 mmol/l) from IPA rings of control, CH, and CH-DHEA juvenile rats. Data are presented as mean ± SEM for 2–7 animals and are expressed as a  
percentage of the KCl (80 mmol/l) solution–induced response. *P < 0.05 vs. control, **P < 0.05 vs. CH. (c,d) Acute effect of DHEA. (c) Original recording  
of KCl (40 mmol/l)-induced contraction in IPA ring from control rat and of in vitro application of DHEA (3–100 µmol/l). (d) Concentration–response curve 
for the effect of DHEA on the KCl-induced contraction. Data are presented as mean ± SEM for 2–7 animals and are expressed as a percentage of the  
KCl (40 mmol/l) solution–induced response. CH, chronic hypoxia; DHEA, dehydroepiandrosterone.
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rats, data not shown). Figure 5e shows that the current density 
(at a −20 mV holding potential) was significantly decreased in 
PASMCs from CH rats and largely increased in PASMCs from 
CH-DHEA rats. These results indicate that chronic DHEA 
treatment increases mainly BKCa current. Recording of iberio-
toxin-sensitive BKCa unitary current (180 pS, n = 10) with the 
cell-attached configuration (pipette filled with the extracellular 
solution of the whole-cell mode) indicated that DHEA treat-
ment did not change the open probability of the channel (data 
not shown). However, there were more cell-attached patches in 
which a current was recorded in CH-DHEA rats than in CH 
rats (70% and 25%, n = 6 and 12, respectively) indicating that 
DHEA increased the number of BKCa channels.

DISCUSSION
The current study shows that, as in adults, DHEA prevents the 
onset of chronic hypoxia-induced PH in juvenile rats. More 
specifically, DHEA reduces the increase in mean PAP and pre-
vents associated PA remodeling and hyperreactivity, as well as 
RV hypertrophy.

Regarding the animal model, the following two issues deserve 
discussion. First, our study was conducted in pups aged 15 d 
whose lung maturation is comparable to the early childhood 
stage in humans (18) but substantially different from neonatal 
hypoxic PH described in pups exposed to hypoxia immedi-
ately after birth (19,20). Our present model aimed to mimic 
hypoxic PH secondary to chronic or acute respiratory disease 
in children such as bronchopulmonary dysplasia, acute viral 

bronchiolitis, or severe pulmonary infection. Second, because 
our aim was to evaluate the effect of DHEA in PH, we did not 
include an additional group of healthy juvenile rats treated 
with DHEA only, because we have previously demonstrated 
the absence of modification of pulmonary and systemic hemo-
dynamic in air-exposed adult rats treated with DHEA (9).

The active dose of DHEA used in our experiments is identi-
cal to that given in our previous studies (9,21). This chronic 
oral protocol yields a circulating concentration of DHEA in 
the range of ≥10−7 mol/l, similar to that commonly used in 
in  vitro studies. Therefore our data are of pharmacological 
 relevance (9).

In adults, PA remodeling is one of the main causes of 
increased pulmonary vascular resistance in PH. Likewise, in 
the present study, in juvenile rats, CH induced PA remod-
eling as a consequence of an increase in vascular wall 
thickness. This effect was prevented by DHEA treatment 
(Figure  2). Remodeling of PA during PH in adult animals 
as well as in humans is mainly a result of increased prolifera-
tion of PASMCs (22,23). We addressed the possible effect of 
DHEA on this key step in the development of PH in infants 
by studying the proliferation of PASMCs in vitro. The stim-
ulating effect of FCS, 5-HT, or hypoxia was, in each case, 
prevented by the additional presence of DHEA in the cul-
ture medium (Figure 3). The proliferative actions of 5-HT 
or hypoxia on PASMCs have mainly been ascribed to their 
effect on the RhoA/ROCK pathway or on hypoxia inducible 
factor1a levels, respectively (24–26). Of note, DHEA has also 

Figure 5. Effect of DHEA treatment on whole-cell potassium current from PASMCs. (a) Family of currents elicited by incremental 10-mV depolarizing 
steps from −80 to +60 mV in PASMCs from control (triangles), CH (squares), and CH-DHEA (diamonds) juvenile rats. (b) Current voltage relationship  
curve of the potassium current (holding potential −80 mV, step depolarization by increment of 10 mV) for the three conditions. (c) Inhibitory effect of 
iberiotoxin (100 nmol/l) (white triangles) alone or associated with 4-aminopyridine (5 mmol/l) (gray triangles), inhibitors of BKCas and voltage-gated 
potassium channels, respectively, on outward current in PASMCs from control juvenile rats (white triangles). (d) Current density of outward current  
amplitudes in PASMCs (holding potential of −80 mV) (recording of voltage-gated channels and BKCas) or (e) with a holding potential of −20 mV  
(recording of BKCas mainly). BKCa current was significantly smaller in CH cells but was greater in CH-DHEA cells as compared with control cells. Results  
represent the mean ± SEM. *P <0.05 indicates significant difference as compared with control cells. **P < 0.05 vs. CH. BKCa, large-conductance  
Ca2+-activated potassium channel; CH, chronic hypoxia; DHEA, dehydroepiandrosterone; PASMC, pulmonary artery smooth muscle cell.
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been shown to inhibit RhoA/ROCK pathway and to decrease 
hypoxia inducible factor-1a in PASMCs (11,27).

PA hyperreactivity is an additional key feature in PH. In the 
present study, we have shown that DHEA prevents CH-induced 
hyperactivity to 5-HT and KCl (Figure 4). The effect of DHEA 
on 5-HT-induced contraction may involve an effect on a sig-
naling pathway that mobilizes intracellular calcium (9) given 
that we have previously demonstrated that CH modifies resting 
cytosolic calcium concentration and agonist-induced contrac-
tion in PASMCs from the adult rat (28). The effect of DHEA 
on KCl-induced contraction may involve ionic  conductance 
because CH depolarizes the cell membrane and downregulates 
potassium channels in adult rat and human PASMCs (29,30). 
Likewise, in the present study, we have shown that CH decreases 
potassium currents in PASMCs from juvenile rats and that 
this effect is prevented following DHEA treatment. The major 
component of the potassium current increase is related to an 
increased number of BKCas in CH-DHEA rats. This result is in 
accordance with a previous study conducted in adult rats (9) 
revealing an increase in BKCa expression in PASMCs from 
CH-DHEA rats in comparison with CH rats. Finally, the acute 
application of DHEA relaxed KCl-preconstricted arterial rings 
in a concentration-dependent manner (Figure 4c), suggesting 
an inhibitory effect of DHEA on voltage-dependent calcium 
channels. This latter result is also in agreement with a recent 
finding showing that DHEA inhibits T-type calcium channels 
in PASMCs from adult rat (31).

The beneficial effect of DHEA in PH has also been observed 
in the monocrotaline-induced PH rat model, which is closer 
to the pathophysiology of idiopathic PH (11), although further 
studies investigating its effect on plexiform lesions remain to be 
performed. With respect to the mechanism of action, in addi-
tion to the modulation of Ca2+-activated potassium channel 
expression and activity, other cellular mechanisms have already 
been demonstrated and include a protective effect on the vas-
cular endothelium (32), an activation of the RhoA/Rho kinase 
signaling pathway (11), a decrease in vascular remodeling with 
activation of apoptosis, and a decrease in cellular prolifera-
tion via the inhibition of transcription factors such as hypoxia 
inducible factor-1 or nuclear factor of activated T cell (27,33).

In adult humans, we recently demonstrated, in a pilot study 
conducted in PH associated with chronic obstructive pulmo-
nary disease, the excellent clinical tolerance of DHEA in gen-
eral and particularly regarding the respiratory status (34). In 
conclusion, the present study indicates that DHEA displays 
some preventive actions on PH in a juvenile rat model. Owing 
to its lack of side effects, it could be assumed that DHEA may 
prove to be a valuable molecule that deserves further clinical 
studies in PH secondary to respiratory diseases in infants.

METHODS
Animals and Chronic Hypoxia Exposure
The investigation was carried out in agreement with the Guide for the 
Care and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH) (NIH Publication No. 85-23, revised 1996) 
and approved by the local institutional animal care and use commit-
tee (protocol number: AP 2/11/2005, Bordeaux 2 University). Fifteen 

days after birth, Wistar female rats with their pups were randomized 
and separated into three groups. The first group (control) was housed 
in ambient room air, the second group (CH) was exposed to chronic 
hypoxia for 3 wk in a hypobaric chamber (50 kPa), and the third 
group (CH-DHEA) was exposed to chronic hypoxia and was treated 
concomitantly with DHEA (30 mg/kg orally every alternate day). 
Animals were killed after the exposition phase immediately prior to in 
vitro or following in vivo experiments, which were performed accord-
ing to the following protocols.

Assessment of PH: Hemodynamic and Echocardiographic 
Measurements
PAP was measured in anesthetized and closed-chest rats with 2.5-Fr 
catheters (Vigon SA, Ecouen, France) inserted through the right jugu-
lar vein then through the right atria and the right ventricle into the PA 
as previously described (35). Echocardiography measurements were 
also conducted as previously described (36). M-mode measurement 
of RV thickness was performed in a trans-ventricular short-axis view 
at the level of the papillary muscles. The pulmonary artery accelera-
tion time was measured from the time of onset of systolic flow to peak 
pulmonary outflow velocity.

Histology
For morphometric studies, vessel rings were fixed in 4% formalde-
hyde solution. Multiple 5-μm transverse slides were processed in par-
affin wax and stained with hematoxylin and eosin, elastic stain, and 
orcein–picroindigo–carmine. Area of the entire vessel (VA), area of 
the lumen (LA), and percentage vessel wall thickness [(VA − LA) / VA 
× 100] were measured in 80–100 μm PA as previously described (37). 
Fifty measurements were made per rat by an investigator blinded to 
the treatment groups.

Isolation and Culture of PASMCs
IPAs (first- and second-order branches) of juvenile rats were mechan-
ically dissected. Freshly isolated PASMCs and cultured PASMCs were 
obtained using an enzymatic dissociation method already described 
(38,39). Cells were used between 2 and 24 h after isolation for electro-
physiology or later for cell proliferation assay. Smooth muscle charac-
teristics of isolated cells were confirmed by positive immunostaining 
with an anti-α smooth muscle actin antibody (Sigma, Saint Quentin 
Fallavier, France).

Electrophysiological Recordings
Channel activity was recorded from cell-attached or whole-cell 
patches using the technique described by Hamill et al. (40) and previ-
ously applied to PASMCs (12,38). Stimulus control, data acquisition, 
analysis, and processing were carried out on a PC computer using 
Pclamp 10 software (Molecular Devices, Foster City, CA). Current 
density was expressed as the maximum amplitude of the current per 
capacitance unit. For whole-cell recording, the bathing solution was 
composed of the following (in mmol/l): 5 KCl, 140 NaCl, 2.2 CaCl2, 
1.2 MgCl2, 14 D-glucose, and 10 N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (pH = 7.4, adjusted with NaOH), and the pipette 
solution had the following composition (in mmol/l): 5 NaCl, 50 KCl, 
65 K2SO4, 2 MgCl2, 2 ATP, and 10 N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid, (pH 7.3, adjusted with KOH). For cell-
attached recordings, the bating solution included the following (in 
mmol/l): 140 KCl, 2.2 CaCl2, 1.2 MgCl2, 14 D-glucose, and 10 N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH = 7.4, adjusted 
with KOH), and the pipette solution had the following composition 
(in mmol/l): 140 NaCl, 2.2 CaCl2, 1.2 MgCl2, 14 D-glucose, and 10 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (pH = 7.4, 
adjusted with NaOH). Drugs were delivered to the cells via pressure 
ejection from a glass pipette. All experiments were performed at room 
temperature.

Isometric Contraction Measurement
IPAs (first- and second-order branches) were dissected free of con-
nective tissue. Rings (1.6–2 mm length) were mounted in a Mulvany 
myograph (model 610M, DMT, Aarhus, Denmark), bathed in Krebs 
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solution (in mmol/l: 119 NaCl, 4.7 KCl, 1.5 CaCl2, 1.17 MgSO4, 1.18 
KH2PO4, 25 NaHCO3, and 5.5 D-glucose), maintained at 37°C, and 
gassed with a mixture of 95% O2 and 5% CO2 (pH = 7.4). The optimal 
resting tension for IPAs of rats maintained in normoxic or hypoxic 
conditions corresponded to an equivalent transmural pressure of 30 
or 50 mm  Hg, respectively. A cumulative concentration–response 
curve to serotonin (5-HT, 10 nmol/l–100 µmol/l) or potassium (10–
60 mmol/l) was then constructed.

Cell Proliferation Assay
Quantitative determination of DNA synthesis using the Cell 
Proliferation ELISA, BrdU colorimetric method (Roche Applied 
Science, Sandhofer, Germany), was used to assess PASMC prolif-
eration according to the manufacturer’s instructions as previously 
described (12). BrdU incorporation was measured during 2 h. Each 
condition was tested in triplicate wells.

Reagents
General salts were from VWR International (Fontenay-sous-Bois, 
France). All other chemicals were purchased from Sigma.

Data and Statistical Analysis
Results are expressed as mean ± SEM. Intergroup differences were 
assessed by a Kruskal-Wallis ANOVA test, as appropriate. In experi-
ments comparing two conditions, a nonpaired Mann–Whitney test 
was used. The letter (n) refers to the animal sample size or to the 
number of cells in the relevant experiments. A P-value < 0.05 was 
considered significant.
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