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 A b s t r a c t: Pulmonary arterial hypertension (PH) is predominantly a disease 
of young females. Yet, little is known regarding the effects of female sex hormones in 
PH. Female rats develop less severe PH compared to male rats, and ovariectomy (OVX) 
exacerbates PH. Although OVX rats treated with estradiol develop less severe disease, 
the role of progesterone in OVX-induced exacerbation of disease has not been 
examined. Progesterone was shown to dilate pulmonary vessels and to inhibit 
proliferation of endothelial and vascular smooth muscle cells. Therefore, we 
hypothesized that progesterone may confer protective effects in experimental PH. A 
total of 30 female rats were ovariectomized and OVX rats were randomly administered 
either saline (OVX-Control group, n = 7), monocrotaline (60mg/kg i.p.; OVX-MCT 
group; n = 12), or MCT plus progesterone (30μg/kg/h via osmotic minipumps; OVX-
MCT+P group; n = 11). After 32 days animals were instrumented for in situ (open 
chest) measurements of right ventricle (RV) peak systolic (RVSP) and end diastolic 
(RVEDP) pressures, and tissue samples were obtained for morphometric and histolo-
gical analysis. Administration of MCT elevated RVSP (22.2 ± 1.1 vs. 46.7 ± 2.4 
mmHg) and RVEDP (1.51 ± 0.86 vs. 11.9±2.2 mmHg), increased RV/left ventricle + 
septum (RV/LV+S) ratio (0.256 ± 0.010 vs. 0.582 ± 0.033, OVX vs. OVX-MCT), and 
induced media hypertrophy of small size pulmonary arteries. In ovariectomized 
pulmonary hypertensive rats, treatment with progesterone attenuated the severity of 
disease (OVX-MCT+P group: RVSP = 36.6 ± 2.3 mmHg; RV/LV+S = 0.468 ± 0.025; 
RVEDP = 7.5 ±1.5 mmHg), attenuated vascular remodeling (media % index: 28.2 ± 1.1 
vs. 34.2 ± 1.3), and reduced mortality (9% vs. 25%; OVX-MCT+P vs. OVX-MCT). 
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This study provides the first evidence that in estrogen-deficient rats, progesterone has 
protective effects in MCT-induced PH. Further evaluation of the role of progesterone 
and its interaction with estrogens in pulmonary hypertension is warranted.  
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Introduction 
 

Primary pulmonary hypertension is predominantly a disease of females 
with a female-to-male ratio of 1.7 : 1 [1, 2]. Yet little is known regarding the ef-
fects of female sex hormones in pulmonary hypertension. When exposed to 
chronic hypoxia or toxin monocrotaline, female animals develop less severe 
pulmonary hypertension, estrogen deficiency (i.e. ovariectomy) exacerbates 
pulmonary hypertension, and treatment with estradiol attenuates the disease [3–
7]. Recently we have shown that ovariectomy worsened the disease, whereas 
treatment with 2-methoxyoestradiol (a major non-estrogenic metabolite of 
estradiol) prevented the worsening of the disease and eliminated high mortality 
[8]. This suggests that, in estrogen-deficient pulmonary hypertensive animals, in 
addition to estradiol its metabolites may also have beneficial effects. Although 
the beneficial effects of estradiol in pulmonary hypertensive estrogen-deficient 
animals are well established, the involvement of progesterone in the OVX-
induced exacerbation of disease cannot be ruled out. However, the involvement 
of progesterone in the development of pulmonary hypertension has not been 
examined.  

The presence of progesterone receptors has been reported in intact 
human endothelial cells (ECs) and in modified ECs within plexiform lesions in 
humans with PH [9, 10]. Natural progesterone inhibits proliferation of ECs by 
causing an arrest in the G1 phase of the cell cycle. This effect involves a 
reduction in cyclin-dependent kinase activity, and the altered expression of 
cyclin E and A in accordance with G1 arrest [11]. Progesterone receptors are 
also expressed in vascular smooth muscle cells (VSMCs; 12–14), and proges-
terone inhibits VSMCs proliferation [15–17]. The antiproliferative effect occurs 
at physiological concentrations (5–500 nM) in a dose-dependent manner and is 
blocked by the progesterone receptor antagonist RU 486 [16]. The antigrowth 
effect is paralleled by reduction in cyclin A, cyclin E, and cyclin-dependent 
kinase (CDK) 2, and an increase in CDK-inhibitory proteins p21 and p27 [17]. 
Finally, progesterone exerts vasodilatatory properties in different vascular beds, 
including the dilation of pulmonary vessels in rats and rabbits [18, 19]. 

Therefore, we hypothesized that progesterone may confer protective effe-
cts in experimental pulmonary hypertension and we examined the effects of pro-
gesterone on the development of pulmonary hypertension in ovariectomized rats.  
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Material and methods 
 
 A total of thirty female Sprague Dawley rats (253 ± 5 g) were housed at 
22 оC, 45% relative humidity and 12-hour light/dark cycles. the animals had 
free access to water and were fed commercial lab food (Pro Lab RHM 3000 
rodent diet, PMI Nutrition, Inc, St Louis, MO). Experimental protocols were 
approved by the University of Pittsburgh Animal Care and Use Committee and 
all experiments were conducted in accordance with the University guidelines for 
animal welfare. Under halothane anaesthesia, the animals underwent bilateral 
ovariectomy using the flank approach, and successful removal of ovaries was 
confirmed by measuring uterus weight at autopsy. Animals were randomly assigned 
to receive intraperitoneal injection of either vehicle (10 ml/kg ml 1N HCl 
neutralized with 1.0 N NaOH and diluted with distilled water; OVX-Control group; 
n = 7) or monocrotaline (MCT 60 mg/kg; MCT group n = 12,). Eight hours later, a 
subset of MCT animals (n = 9) was implanted with osmotic minipumps (model 
2ML4, Alzet, Palo Alto, CA) delivering progesterone (30 μg/kg/hour, MCT + P 
group). All the other animals were implanted with minipumps delivering the ve-
hicle (polyethylene glycol 400, 2.5 μl/hour). Thirty two days after administration 
of MCT, animals were anaesthetized (pentobarbital, 45mg/kg i.p.) and instru-
mented for measurement of systemic blood pressure and right ventricular peak 
systolic pressure (RVPSP), end diastolic pressure (EDP) and Tau (τ,  a time 
constant of the isovolumetric relaxation of the right ventricle). Briefly, a PE-240 
polyethylene catheter was inserted into the trachea to facilitate breathing and a 
PE-50 catheter was inserted into the left carotid artery and connected to a digital 
blood pressure analyzer (BPA, Micro-Med. Inc., Louisville, KY) for continuous 
measurements of systolic, diastolic and mean arterial blood pressure and heart 
rate. The rats were then mechanically ventilated (Harvard Rodent Ventilator, 
Model 683, Harvard Apparatus, MA) using constant breath rate (50/min) and tidal 
volume (1.0 ml). Next, the thorax was opened, and the right heart was punctured 
with a 23-gauge needle attached to a PE-50 line and Heart Performance Analyzer 
(HPA-200 τ,  Micro-Med. Inc., Louisville, KY). After a 20-minute stabilization 
period, RVPSP, right ventricle EDP, and Tau, were recorded for 20 minutes at 1-
minute intervals, and average values for parameters of right ventricular perfor-
mance were calculated. 

The animals were euthanatized by anesthetic overdose, and heart and 
lungs were dissected and weighed. The ratios of wet weights of heart and lung 
to body weight (BW) were calculated (H/BW and LV/BW, respectively). The 
right ventricle (RV) free wall was separated from the left ventricle and the 
septum (LV+S) to determine the wet weight, the RV to body weight ratio 
(RV/BW), the LV+S to body weight ratio (LV+S/BW), and the RV to LV+S 
weight ratio (RV/LV+S, Fulton Index; 20).  
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Since mortality was higher in MCT animals compared to MCT-P group, 
these animals had lived for a shorter period of time, and consequently had less 
time to fully develop RV hypertrophy. Therefore, we calculated the rate of 
progression of RV hypertrophy. The average RV/LV+S index for the OVX-
Control group was subtracted from individual values for each animal in MCT 
and MCT+P groups, and absolute increase in Fulton index (RV/LV+S ratio) 
was calculated. Next, percent increase in Fulton index was divided by days into 
experiment (%/day) and this parameter was used as an indicator of the prog-
ression of RV hypertrophy.  

The lungs were perfused via the trachea with 10% buffered formalin 
under constant low pressure (25 mmHg), and immersed in 10% buffered for-
malin for at least 72 hours before being embedded in paraffin. Four-micrometer 
serial tissue sections from formalin-fixed, paraffin-embedded lungs were dewa-
xed and stained with H&E and Masson’s trichrome for histological and morp-
hometric assessment. To examine the pulmonary vascular remodeling, measure-
ments of media thickness, and media and adventitia surface were conducted 
using an Image Analyzing System (Diagnostic Instruments, Inc., Sterling 
Heights, MI) that included a SPOT RT Camera installed on a NIKON Eclipse 
50 light microscope and a specialized computer software programme (SPOT 
Software, Version 4.1). Briefly, after calibrating each objective, measurements 
were done (× 40 magnification) on five cross-sectioned pulmonary artery bran-
ches with 50–250 μ in diameters. The measurements of the thickening vascular 
wall and media of pulmonary arteries were taken in the peripheral lung fields at 
approximately equal distances from the pleural lining. For each blood vessel, 
two rectangular diameters and their four respective media were measured, and 
averages of four individual values of media thickness and media % index were 
calculated. The media % index was calculated as 2 × media/diameter × 100.  

All data are presented as mean ± S.E.M. Statistical analysis was 
performed using the Number Cruncher Statistical software programme (Kays-
ville, Utah). Group comparisons were performed by a one-factor analysis of 
variance (1-F ANOVA), followed by the Fisher = s LSD post-hoc comparison 
test. The probability value of p < 0.05 was considered statistically significant.  
 
 

Results 
 

A single injection of MCT induced pulmonary hypertension, right ven-
tricular failure and hypertrophy, and resulted in 25% mortality. Monocrotaline 
significantly reduced body weight (Table 1) and, therefore, morphometric para-
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meters were normalized by body weight. Ovariectomized controls, pulmonary 
hypertensive animals and diseased animals treated with progesterone (OVX-
Control, MCT  and MCT+P group, respectively) did  not differ in regard to uterus 
weight (Table 1). However, in all three experimental groups uterus weight was 
significantly lower than uterus weight (76 ± 7 mg, n = 7) in age-matched intact 
female rats not included in the study, confirming the successful removal of 
ovaries (Table 1). Experimental groups also did not differ in regard to blood 
pressure and heart rate (data not shown). Significantly increased RVPSP, right 
ventricular EDP and Tau were detected in the MCT group (Figure 1), indicating 
that in addition to pulmonary hypertension the MCT rats had developed right 
ventricular systolic and diastolic dysfunction.  

Treatment with progesterone significantly reduced RVPSP, improved 
right ventricular systolic function (i.e. reduced right ventricular EDP), and had 
no effects on the impaired isovolumetric relaxation of the right ventricle, i.e. 
Tau time constant (Figure 1). Progesterone reduced MCT-induced increase in 
lungs weight and had no effect on MCT-induced changes in body and heart 
weights (Table 1). No difference was detected among all three experimental 
groups in regard to weight of the left ventricle plus septum (Table 1). However, 
progesterone significantly reduced the MCT-induced increase in RV weight and 
RV/LV+S ratio (Figure 2), suggesting attenuation of isolated RV hypertrophy in 
pulmonary hypertensive animals by progesterone. Progesterone also reduced the 
%/day increase in the Fulton index, suggesting reduced progression of RV 
hypertrophy (Figure 3).  

Histopathological analysis revealed marked media hypertrophy and 
adventitia widening in pulmonary hypertensive animals, as evidenced by 
increased media thickness, media % index, (Figure 4) and augmented media and 
adventitia surface area and wall/lumen and media/lumen ratio in small size 
pulmonary arteries (Figure 5b, Table 2). Progesterone attenuated media 
hypertrophy (Figure 5c, Table 2), and had no effects of MCT-induced adventitia 
expansion in MCT pulmonary hypertensive animals (Table 2). Finally, reduced 
pulmonary hypertension and vascular remodeling in progesterone-treated 
animals was associated with reduced mortality (9% vs. 25%, MCT+P vs. MCT 
group). 
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Табле 1 
 
 

 
Body weight, and lung, heart, left ventricle plus septum (LV+S) and uterus wet weight, in ovariectomized controls (OVX) and in OVX 

monocrotaline pulmonary hypertensive rats receiving vehicle (MCT) or progesterone via osmotic minipumps for 32 days  
(MCT-Progesterone); *-p < 0.05 vs. OVX control; § – p < 0.5, vs. uterus weight of 76 ± 7 mg in age-matched  

intact female rats not included in the study, n = 7 
Телесна tежина, и влажна tежина на бели дробови, срце, лева комора со сеptум (LV+S)  

и маtка, кај овариекtомизирани конtроли (OVX) и кај овариекtомизирани монокроtалински белодробно хиpерtензивни 
сtаорци кои добиле расtвор (MCT) или pроgесtероне pреку осмоtски миниpумpи во tекоt на 32 дена  

вклучени во сtудијаtа, n = 7  
 

Group Body Weight (BW) 
g 

Heart 
           g                g/kg BW 

Lung 
        g                g/kg BW 

LV+ S 
g 

Uterus  § 
mg 

OVX-Control 
n = 17 

340 ± 7 0.84 ± 0.02 2.48 ± 0.22 1.61 ± 0.04 3.72 ± 0.14 0.62 ± 0.02 18.4 ±1.9§ 
 

MCT 
n = 12 

303 ±11* 1.08 ± 0.02* 3.64 ± 0.32* 2.02 ± 0.18* 7.02 ± 0.90* 0.62 ± 0.02 19.0 ± 1.0§ 
 

MCT+ 
Progesterone 
n = 11 

 
310 ± 8* 

 
1.00 ± 0.02* 

 
3.27 ± 0.21* 

 
1.77 ± 0.16 

 
5.84 ± 0.72 

 
0.63 ± 0.01 

 
18.8 ± 1.0§ 

1F–ANOVA: p <  0.044 0.001 0.001 0.02 0.03 0.698 0.600  
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Табле 2 
 
 
 

Effects of progesterone on monocrotaline-induced morphometric changes in pulmonary arterioles in ovariectomized rats. 
*-p < 0.05 vs. OVX control; ** - p < 0.5, vs. MCT 

Efekti na progesterone na monokrotalinski inducirani morfometriski promeni vo belodrobnite arterioli 
kaj ovariektomizirani staorci. *-p < 0.05 vs. OVX kontroli; ** -p < 0.5, vs. MCT 

 

Group Vessels S ize 
(μ) 

Diameter 
μ 

Adventitia 
μ2 

Wall 
μ2 

Media 
μ2 

Wall/Lumen 
Ratio 

Media/Lumen 
Ratio 

OVX-Control 
n = 7 59–248 123.7 ± 9.1 1356 ± 153 7138 ± 1154 5783 ± 1020 1.27 ± 0.09 1.00 ± 0.08 

MCT 
n = 12 70–271 139.7 ± 7.9 2871 ± 352* 11945 ± 1522* 9073 ± 1272* 2.46 ± 0.26* 1.86 ± 0.23* 

MCT+ 
Progesterone 

n = 11 

 
73–242 

 

 
134.2 ± 6.6 

 
2442 ± 327* 

 
8324 ± 767** 

 
5882 ± 538** 

 
1.43 ± 0.08** 

 
1.05 ± 0.07** 

1F-ANOVA: p <  
 0.387 0.005 0.02 0.04 0.001 0.001  
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Figure 1 – Right ventricular peak systolic pressure (RVPSP), right ventricular  
end diastolic pressure (EDP) and time constant of isovolumetric relaxation (Tau) 

 in ovariectomized female rats (OVX-Control), in OVX animals with monocrotaline 
(MCT)-induced pulmonary hypertension, and diseased animals receiving progesterone 

(MCT + P). 1-F ANOVA, p < 0.001, * - p < 0.05 vs. OVX Cont,  
**-vs. OVX-Cont and MCT 

Slika 1 – Desno ventrikularen maksimalen sistolen pritisok (RVPSP), 
desno ventrikularen kraen dijastolen pritisok (EDP) i vremenska 

konstanta na izovolumetri~na relaksacija (Tau) vo ovariektomizirani 
`enski staorci (OVX-Control), vo OVX `ivotni so monokrotalin –

inducirana belodrobna hipertenzija (MCT), i zaboleni `ivotni koi 
dobile progesteron (MCT+P). 1-F ANOVA, p < 0.001, *-p < 0.05 vs.  

OVX Cont, **-vs. OVX-Cont i MCT 
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Figure 2 – Right ventricle (RV) free wall weight, RV per kg body weight and RV/left 
ventricle + septum ratio (RV/LV+S) in ovariectomized female rats (OVX-Control), OVX 
animals with MCT-induced pulmonary hypertension (OVX-MCT), and diseased animals 

receiving progesterone (OVX-MCT+P). 1-F ANOVA, p < 0.001, *- p < 0.05 vs. OVX 
Cont, **- vs. OVX Cont and OVX-MCT 

Slika 2 – Te`ina na desen ventrikularen yid (RV), RV na kg telesna 
te`ina i soodnos na RV/leva komora + septum (RV/LV+S) kaj 

ovariektomizirani `enski staorci (OVX-Control), OVX `ivotni  
so MCT-inducirana belodrobna hipertenzija (MCT), i zaboleni `ivotni 

koi dobile progesteron (OVX-MCT+P). 1-F ANOVA, p < 0.001,  
*- p < 0.05 vs. OVX Cont, **- vs. OVX Cont i OVX-MCT. 
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Figure 3 – Progression of right ventricular hypertrophy in ovariectomized animals with 
monocrotaline-induced pulmonary hypertension (MCT) and in diseased animals 

receiving progesterone (MCT+P); 1-F ANOVA, p < 0.001, *-p < 0.05 vs. OVX Cont; 
Expressed as absolute % increase in Fulton index (i.e., RV/LV+S ratio; Middle panel), 

and % increase in Fulton index per day (%/day; Left panel) 
– See methods section for explanation 

Slika 3 – Progresija na levo ventrikularna hipertrofija  
vo ovariektomizirani `ivotni so monokrotalin-inducirana belodrobna 

hipertenzija (MCT) i kaj zaboleni `ivotni koi dobile progesteron  
(MCT + P); 1-F ANOVA, p<0.001, * - p < 0.05 vs. OVX Cont; Iska`an kako 

apsolutno zgolemen % na Fulton-ov indeks (RV/LV+S soodnos;  
sreden panel), i zgolemen % na Fulton-ov indeks na den (%/day; lev panel) 

 – Za objasnuvawe vidi go delot мetodi 
 
 
 

 
 
 
 
 
 
 
 

Figure 4 – Media thickens (left panel), and media % index (right panel) in ovariectomized  
female rats (OVX-Control), OVX rats with monocrotaline-induced pulmonary 

hypertension (MCT), and in diseased animals receiving progesterone (MCT+P).  
1-F ANOVA, p < 0.001, * - p < 0.05 vs. OVX Cont, **- vs. OVX Cont and OVX-MCT 

Slika 4 – Hipertrofija na medija (lev panel) i procent indeks  
na medija (desen panel) vo belodrobni arterii kaj ovariektomizirani 

`enski staorci (OVX-Control), OVX staorci  so monokrotalinska 
belodrobna hipertenzija (MCT), i kaj zaboleni `ivotni koi dobivaat 

progesteron (MCT+P). 1-F ANOVA, p < 0.001, *-p < 0.05 vs. OVX Cont,  
**- vs. OVX Cont i OVX-MCT 
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Figure 5 – Pulmonary arteries in lungs from ovariectomized (OVX) control rat (A), 
 in OVX animal with monocrotaline (MCT) – induced pulmonary hypertension (B),  

and in OVX-MCT rat receiving progesterone for 32 days (C) 
Slika 5 – Belodrobni arterii vo beli drobovi od ovariektomiziran 

kontrolen staorec (A), vo OVX `ivotno so monokrotalin (MCT) – 
inducirana belodrobna hipertenzija (B), i kaj OVX-MCT staorec koj 

dobiva progesteron 32 dena (C) 

 
Discussion 

 
 Administration of toxin monocrotaline (MCT) to rats produces a model 
of pulmonary arterial hypertension. In this model, endothelial cell injury is an 

B 

C 
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early change (day 1–4) that precedes the thickening of the media of small pul-
monary arteries (day 8–12) and the rise in pulmonary artery pressure that is 
noticeable by Day 12 after MCT administration [21, 22]. The endothelial da-
mage is also followed by interstitial inflammation and focal alveolar edema 
[23]. Pulmonary arterial hypertension leads to right ventricular hypertrop-
hy/failure and progressively increased mortality by Week Four [20, 21]. In 
order to induce pulmonary injury monocrotaline (MCT) needs to be metabo-
lized in liver microsomes by cytochrome P-450 monooxygenase [24]. 

Bioactivation includes dehydrogenation of MCT to monocrotaline pyr-
role, which when injected intravenously produces pneumotoxicity similar to 
that induced by MCT injection [25, 26]. Rats efficiently metabolize MCT with 
hepatic clearance of 29.2 μmol/h [27], and plasma half-life of approximately ~ 
50 minutes [28). After intravenous administration of C14-MCT (60 mg/kg), in 
rats there is a rapid elimination of radioactivity with 90% recovery in urine and 
bile within a 7-hour period [28]. Therefore, to avoid possible interference of 
progesterone with MCT bioactivation, osmotic pumps delivering progesterone 
were implanted 8 hours after MCT administration. i.e. after biodeposition of 
MCT was completed.  

In the present study, MCT induced pulmonary arterial hypertension, as 
evidenced by hypertrophy of small-size pulmonary arteries, increased 
RV/LV+S ratio and right ventricular pressure and produced high mortality 
(25%). Treatment with progesterone (at a dose that produces physiological 
plasma levels of this natural progestin) attenuated the development of mono-
crotaline (MCT)-induced pulmonary hypertension, lessened the right ventricular 
hypertrophy and failure, reduced vascular remodeling of small size pulmonary 
arteries, and decreased mortality in estrogen-deficient OVX rats. To the best of 
our knowledge, this is the first study to demonstrate the beneficial effects of 
progesterone in experimental pulmonary hypertension. Previously, others and 
we have demonstrated that ovariectomy exacerbates the MCT-induced pulmo-
nary hypertension, while treatment with estradiol or its non-estrogenic meta-
bolite 2-methoxyoestradiol eliminates the exacerbation of disease due to re-
moval of ovaries. The important finding of the present study is that exacerbation 
of disease in MCT ovariectomized rats may be due, at least in part, to the lack 
of progesterone. Although the objective of this study was to study the effects of 
progesterone on development of pulmonary hypertension, the present data raises 
a question regarding the mechanism(s) of the protection of progesterone in 
pulmonary hypertension.  

Dysfunctional endothelial cells, as during the early phase of pulmonary 
hypertension (including the MCT model), are characterized by impaired 
synthesis of vasoactive molecules, such as nitric oxide (NO), prostacyclin and 
endothelin. In this regard, treatment with NO donors l-arginine or molsidomine 
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[29, 30], overexpression of nitric oxide synthase or prostacyclin synthase [31, 
32], and treatment with prostacyclin and NO or endothelin receptors antagonist 
[33–34] prevent or attenuate the development of experimental pulmonary hy-
pertension in rats. Importantly, in contrast to its synthetic analogue medro-
xyprogesterone acetate, progesterone simulates synthesis of nitric oxide in 
isolated human endothelial cells and, in vivo, in aortas from OVX rat potentiates 
the effects of estradiol on NO synthesis [35, 36]. In vitro, similar to estradiol, 
progesterone, through endothelial formation of nitric oxide, induces rapid 
relaxation of pre-constricted vessels including the pulmonary artery [19, 37, 
38]. The vascular relaxing response of progesterone is reduced by removal of 
endothelium and inhibition of NOS or guanylate cyclase [19]. Nonetheless, 
progesterone may also cause endothelium-independent vasorelaxation [39]. Fur-
thermore, progesterone restores the endothelium-dependent vasodilatation in the 
mesenteric artery from OVX rats [40], and in OVX primates, the addition of 
progesterone results in less vascular injury than treatment with estradiol alone, 
suggesting that progesterone independently exerts vascular protective effects 
[41]. Also, in nitric oxide deficient pregnant or OVX female rats, progesterone 
potentiates the vasodilatory effects of calcitonin gene-related peptide [42]. At 
physiological concentrations, progesterone stimulates prostacyclin synthesis in 
human ECs [43] and inhibits serum and angiotensin-II stimulated synthesis and 
release of endothelin in human ECs [44], whereas its withdrawal results in 
increased endothelin release from microvascular endothelial cells [45]. The-
refore, it is conceivable that progesterone may exhibit its protective effects in 
MCT-induce PH by favorably affecting the synthesis/bioavailability of NO, 
prostacyclin and/or endothelin.  

The findings of this study suggest that exacerbation of disease in MCT 
ovariectomized rats may be due, at least in part, to the lack of progesterone. 
However, the limitation of this study is that experiments were conducted in 
estrogen-deficient animals and, therefore, it is not clear whether the same 
effects of progesterone on the development of disease would be seen in the 
presence of estradiol. The interaction between estradiol and progesterone is 
complex, not fully understood, and may be influenced by the type of vascular 
bed and the site of action [46, 47]. Progesterone was reported to potentiate or 
have no effect on the vasodilatory and vascular protective properties of E2, 
whereas synthetic progestins may be neutral or even antagonize the vascular 
effect of E2. Many of progesterone’s biological effects are mediated by specific 
intracellular progesterone receptors (PR), which in different tissue are down-
regulated by progesterone, but up-regulated by estradiol. The two PR isoforms 
(PR-A and PR- B) have been also identified in the lung of adult rats [48, 49]. 
The content of PR isoforms in the lung is lower in male rats than in female rats 
[48], and in female rats the expression of PR depends on the physiological 
levels of progesterone and estradiol. The highest content of PR isoforms in the 
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lungs of female rats is observed on the day of proestrus and the lowest on the 
day of estrus, suggesting that as in the other tissues, in the lung estradiol up-
regulates and progesterone down-regulates progesterone receptors. It seems that 
up-regulation of PR by estradiol is mediated via ER-β [49]. It is not clear how 
this interaction between E2 and progesterone at receptor level would influence 
the effects of progesterone in pulmonary hypertension. The latter is of particular 
interest, since hormone replacement therapy, largely based on combined E2-
progesterone administration, was suggested as a potential risk factor for 
pulmonary hypertension [50, 51]. Therefore, studies of E2 and progesterone 
interaction in pulmonary hypertension are warranted.  
 In summary, this study provides the first evidence that in ovariectomized 
female rats, progesterone has protective effects on the development of pulmo-
nary hypertension. The presented data, and the fact that this study was con-
ducted in estrogen-deficient animals, merit further examination of the effects of 
progesterone, including its interaction with estradiol, in the development of 
pulmonary hypertension.  
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 A p s t r a k t: Belodrobnata arteriska hipertenzija (BH) e predomi-
nantna bolest kaj mladite `eni. S# u{te malku se znae za efektite na `en-
skite polovi hormoni na BH. @enskite staorci razvivaat pomalku silna 
BH sporedeno so ma{kite staorci, i ovariektomijata (OVK) ja vlo{uva 
BH. Iako OVK-staorcite tretirani so estradiol razvivaat pomalku silna 
bolest, ulogata na progesteronot kaj OVK-induciranoto vlo{uvawe na bo-
lesta dosega ne e ispituvano. Poznato e deka progesteronot gi {iri krv-
nite sadovi i ja inhibira proliferacijata na endotelnite i maznomuskul-
nite kletki. Od tie pri~ini, na{ata hipoteza be{e deka progesteronot 
mo`e da pridonesuva za za{titnite efekti vo eksperimentalna BH. Vkupno 
30 `enski staorci bea ovariektomizirani i OVK-staorcite bea tretirani 
po slu~aen izbor ili so fiziolo{ki rastvor (OVK – kontrolna grupa, 
monokrotalin (60 mg/kg i.p.; OVK–MKT grupa; n = 12), ili MKT plus pro-
gesteron (30 mg/kg/h preku osmotski minipumpi; OVK–MKT + P grupa; n = 11). 
@ivotnite bea operirani po 32 dena za in situ (otvoren graden ko{) merewa 
na vrvniot sistolen pritisok na desnata komora (DV), (DVSP) i krajnite di-
jastolni pritisoci (DVKDP), a tkivni primeroci bea dobieni za mor-
fometriska i histolo{ka analiza. Administracijata na MKT go poka~uva 
DVSP (22,2 ± 1,1 vs. 46,7 ± 2,4 mmHG) i DVKDP (1,51 ± 0,86 vs. 11,9 ± 2,2 
mmHg,), go zgolemuva soodnosot DV/leva komora + pregrada (0,256 ± 0,010 vs. 
0,582 ± 0,033, OVK vs. OVK–MKT) i inducira medijalna hipertrofija na 
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belodrobnite arterii so mal kalibar. Kaj ovariektomizirani belodrobno-
hipertenzivni staorci, tretmanot so progesteron ja namaluva te`inata na 
bolesta (grupa na OVK–MKT + P: DVSP = 36,6 ± 2,3 mmHg; DV/LV + P = 
0,468 ± 0,025; DVKDP = 7,5 + 1,5 mmHg) i go namaluva mortalitetot (9% vs. 
25%; OVK–MKT + P vs. OVK–MKT). 

Ovaa studija ovozmo`uva prva potvrda deka kaj estrogen deficitni 
staorci, progesteronot ima za{titni efekti kaj MKT-inducirana BH. 
Potrebna e natamo{na evaluacija na ulogata na progesteronot i negovata 
interakcija so estrogeni kaj belodrobna hipertenzija. 
 
Klu~ni zborovi: belodrobna hipertenzija, progesteron, estrogeni hormoni, 
vaskularni o{tetuvawa.   
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