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Abstract: 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 (30pg/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 °C, 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 IN 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
2MLA4, Alzet, Palo Alto, CA) delivering progesterone (30 pg/kg/hour, MCT + P
group). All the other animals were implanted with minipumps delivering the ve-
hicle (polyethylene glycol 400, 2.5 pl/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 (t, 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 t, 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 (X 40 magnification) on five cross-sectioned pulmonary artery bran-
ches with 50-250 p 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 x 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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Tabie 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

Tenecna Tedxcuna, u e1axcna Tedxcuna Ha deau 0pobosu, cpye, reea komopa co centym (LV+S)
u maxa, kaj osapuex Tomusupanu konTpoau (OVX) u kaj oéapuexk ToMusupanu MOHOKpPO TATUHCKY 0eT00POOHO Xu Ilep TeH3UGHU
craopyu kou dobuae pac1eop (MCT) unu nporec Tepone Mpexy 0CMO TCKU MUHUIYMITU 60 TeKo T Ha 32 Oena
6KIyUeHU 60 cTyoujaTa, n =7

Group Body Weight (BW) Heart Lung LV+S Uterus §
g g g/kg BW s g/kg BW g mg

°V>l<;C°”tr°' 34047 0.84+£0.02 | 2484022 | 1.61£0.04 | 3.72£0.14 | 0.62£0.02 | 18.4+1.9"

ne

MC;rz 303 £11% 108+ 0.02% | 3.64+032% | 2.02=0.18% | 7.02+0.90% | 0.62+0.02 | 19.0+1.0°

n=

MCT+

Progesterone 310+ 8* 1.0040.02% | 327£021% | 1.77+0.16 | 5.84=0.72 | 0.63£0.01 | 18.8%1.0°

n=11

IE-ANOVA: p< 0.044 0.001 0.001 0.02 0.03 0.698 0.600

Contributions, Sec. Biol. Med. Sci, XXX/1 (2009), 2543



Progesterone Inhibits Vascular Remodeling. .. 31

Tabute 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

Egexitiu Ha fipoZecitiepoHe HA MOHOKPOTHAAUHCKU UHOYUUDAHU MODGOMETAPUCKU TpOMeHU 80 6ea00pobHuUille apiliepuoau
Kaj osapuexiiomusuparu citiaopyu. *-p < 0.05 vs. OVX xouitipoau; ** -p < 0.5, vs. MCT

Group VesselsSize | Diameter Adventitia Wall Media Wall/Lumen Media/Lumen
(u) N p,z uz p,z Ratio Ratio

OV);EO;‘”O' 59248 | 123.7+9.1 | 1356153 | 7138+ 1154 | 5783+ 1020 | 1.27+0.09 1.00 % 0.08
r’l‘/'zcl-'; 70271 | 1397479 | 2871+ 352% | 11945 1522% | 9073 £ 1272% | 2.46+026% | 1.86+0.23%
MCT+

Progesterone | 73-242 | 1342+6.6 | 2442 £327% | 8324+ 767% | 58824 538%* | 143+£0.08%* | 1.05=0.07%*
n=11

IF-ANOVA: p < 0387 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). I-F ANOVA, p < 0.001, * - p < 0.05 vs. OVX Cont,
**_ys. OVX-Cont and MCT

Cauxa 1 — [lecHo 6eriipukyaapen makcumanex cuciioaer upuitiucox (RVPSP),
0eCHO 8eHIIpUKYAapeH Kpaer oujacitionen tipuitiucox (EDP) u epemericka
KOHCIUaHIla Ha u3osoaymeiupuiHa peaakcayuja (Tau) 60 osapueKiiomusupasu
xaceHcku cidaopyu (OVX-Control), 6o OVX iusoiiHu co MOHOKPOIUAAUH —
UHOyuupana 6ea00pobra xuiiepiienauja (MCT), u 3a60aeHU HUBOIHU KOU
0obune upozecitiepor (MCT+P). 1-F ANOVA, p < 0.001, *-p < 0.05 vs.

OVX Cont, **-vs. OVX-Cont u MCT

EDP (mm Hg)

©

Tau (msec)
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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). I-F ANOVA, p < 0.001, *- p < 0.05 vs. OVX

Cont, **-vs. OVX Cont and OVX-MCT
Cauxka 2 — Texcuna Ha Oecer senitipuxyaaper suo (RV), RV na k2 itieaecHa
tencuna u coooHoc Ha RV/nesa komopa + septum (PV/LV+S) kaj
osapuexiuomuduparu xerncku ciuaopuu (OVX-Control), OVX swusoiuru

co MCT-unoyyupana 6ea00pobHa xuilepitiensuja (MCT), u 3a60aeHU HUBOTHHU

Kou 0obune upozecitiepor (OVX-MCT+P). I-F ANOVA, p < 0.001,
*-p <0.05vs. OVX Cont, **-vs. OVX Cont 1 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); I-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 (%o/day; Left panel)

— See methods section for explanation
Cauka 3 — Ilpozpecuja Ha ae6o eeniipukyaapHa xuiiepiipoguja
80 08APUEKIUOMUIUPAHU HCUBOWIHIU CO MOHOKPOMIAAUH-UHOYYUpaHa 6ea00pobHa
xutiepiienauja (MCT) u kaj 3a604eHU HUBOWIHU KOU 000UAe UPOZeCiliepOH
(MCT+ P); I-F ANOVA, p<0.001, * - p < 0.05 vs. OVX Cont, HckaxaH kako
aticoayitino 3zoaemern % Ha Fulton-oe unoexc (RV/LV+S cooonoc;,
cpeden ilanen), u 3roemeH % Ha Fulton-o6 undexc Ha Oen (Yo/day, nee iianen)

— 3a ob6jacHysare 6udu 20 0eaoil meitioou

[ 1 OVX Control I MCT MCT+P
n=7 n=12 n=11

Mortality: 0% 25% 9%

1F-Anova: p<0.001
25 *

Media (u)
xapu| ;/OE’!DGW

0.

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).

I-F ANOVA, p < 0.001, *-p < 0.05 vs. OVX Cont, **- vs. OVX Cont and OVX-MCT

Cauka 4 — Xuiieptupopuja Ha meduja (nes iianen) u UpoueHill UHOEKC
Ha meduja (OeceH tiaren) 80 6eA00poOHU apiliepul Kaj 08APUEKTUOMUSUPAHU
aceHcku cidaopyu (OVX-Control), OVX ciilaopuu co MOHOKDOMAAUHCKA
6eao0pobnua xutiepitiensuja (MCT), u kaj 3a60aeHU HUBOTHHU KOU 00OUBAAil
apozecitiepor (MCT+P). 1-F ANOVA, p < 0.001, *-p < 0.05 vs. OVX Cont,
**-vs. OVX Cont u OVX-MCT

Contributions, Sec. Biol. Med. Sci, XXX/1 (2009), 2543



Progesterone Inhibits Vascular Remodeling... 35

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)

Cauxa 5 — Beaoopobru apitiepuu 6o b6eau 0pob60os6u 00 08aPUEKILOMUSUPAH
KOHilipoaeH citiaopey, (A), 60 OVX ausoitino co monokpoitiaaur (MCT) —
uHoyyupaua 6eaoopobra xuilepitienauja (B), u xaj OVX-MCT ciiaopey; xoj
0obusa upozeciiiepon 32 oena (C)

Discussion

Administration of toxin monocrotaline (MCT) to rats produces a model
of pulmonary arterial hypertension. In this model, endothelial cell injury is an
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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 umol/h [27], and plasma half-life of approximately ~
50 minutes [28). After intravenous administration of C'*-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-
xXyprogesterone 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-f [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.

This work was supported in part by awards from the American Heart Asso-
ciation (#0455778U) and National Institute of Health (HL080560-02) to S.P.T., and
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Peszume

MNPOTECTEPOHOT ' UHXUBUPA BACKYJIAPHUTE
OITETYBAIBA U JA HAMAIIYBA
MOHOKPOTA/IMH-UHAYIHUPAHATA BEJIOAPOBHA
XUITEPTEH3UJA KAJ ECTPOI'EH JE®OUIIUTHU CTAOPLIN

Todosuk I1. Cresan,' Zhang Xinchen,' Ilerpymescka F'opnana’

'Hentiap 3a kaunuuxa papmaxosozuja, MHiliepHu KAUHUKILL,
Meouyucku gaxyaitietti ipu Yrueepauitieiioi 6o Iuiticoypz,
Huiticoypz, Iencuasanuja, CA/

Unciiuitiyisi 3a daiionozuja, Meduyurncku gaxyaitieidi, YHusep3auitiei
,, Ce. Kupua u Meitioouj*, Ckoiije, Peitybauxa MakeooHuja

AncrpakT: BemogpoGHaTta apTepucka xunepTeHsuja (BX) e mpemomu-
HaHTHA 6oJsiecT Kaj maaauTe keHn. Ce yIiITe MajKy ce 3Hae 3a e(peKTUTe Ha KeH-
ckuTe NojioBd XopMoHU Ha BX. 2KeHckuTe craopuu pa3sBuBaaT MOMAINKY CHIHA
BX cnopepeno co mamkute craopuy, U oBapuekromujata (OBK) ja Biomrysa
bX. Mako OBK-cTaopuute TpeTupaHu cO eCTpafiioll pa3BuBaaT IOMAJIKy CHJIHA
GosecT, ynorara Ha nporectepoHoT kaj OBK-uHyupaHoTO BiOIIyBamke Ha 60-
JlecTa fjocera He € MCNUTYBaHO. [103HATO € fieKa MpOrecTepOHOT U IUPH KPB-
HHUTE CajioBH U ja MHXuOHWpa mpoaudepanujata Ha eHIOTEIHATE I Ma3HOMYCKYJI-
HuTe kieTku. Of Tue NpPUYMHM, HallaTa XHUIOTe3a Oellle JeKa IPOrecTepOHOT
MOXe J1a IPUJOHECYBA 3a 3allITUTHUTE e(hpeKTU BO ekcnepuMeHTanHa bX. BkymHo
30 xeHcku ctaopum Oea oBapuekTomm3upann u OBK-craopuure 6ea Tpetupanu
mo ciydaeH m3bop wm co ¢pusuonomku pactBop (OBK — konTposmHa rpyma,
MoHoKpoTtanuH (60 mr/kr na.; OBK-MKT rpyna; v = 12), nnmu MKT mnyc mpo-
rectepoH (30 mr/kr/x mpeky ocMoTcku Muaanymni; OBK-MKT + IT rpymna; 1= 11).
KusoTHuTe Gea onepupanu mo 32 feHa 3a in situ (OTBOPEH IpajieH KOIll) MeEpeHa
Ha BPBHHUOT CHCTOJICH NIPUTUCOK Ha fiecHaTa Komopa ([IB), (IBCII) u kpajaute au-
jacromau nputuconu (ABKJII), a TkuBHM npumeporm Oea JoOMEHH 3a MOp-
¢omeTpucka u xucronomka ananu3a. Agmuaucrpanujata Ha MKT ro nokauysa
JABCII (22,2 + 1,1 vs. 46,7 + 2,4 mmHG) u IBKIT (1,51 + 0,86 vs. 11,9 = 2,2
mmHg,), ro 3rosiemyBa coogHocoT J[IB/neBa komopa + nperpapga (0,256 + 0,010 vs.
0,582 + 0,033, OBK vs. OBK-MKT) u unaynupa MepnujanHa xuneprpoduja Ha
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OesoapoOHUTE apTepuu co Mail kanubap. Kaj oBapuekToMusupanu 6e10apoOHO-
XUNEPTEH3UBHU CTAOPLHU, TPETMAHOT CO IMPOTreCTEPOH ja HamalyBa TeKUHATa Ha
6onecta (rpyna Ha OBK-MKT + IT: IBCII = 36,6 + 2,3 mmHg; OB/JIB + I1 =
0,468 + 0,025; IBKIIT = 7,5 + 1,5 mmHg) u ro HamanyBa MOpTanuTeToT (9% Vvs.
25%; OBK-MKT +IT vs. OBK-MKT).

Ogaa cTyauja 0BO3MOXKYBa IpBa MOTBP/a iekKa Kaj eCTPOreH AeUIUTHI
CTaopIH, MPOTeCTEPOHOT MMa 3alITHTHU edekTH Kaj MKT-mapymupana BX.
IloTpe6GHa e HaTaMOIIIHA €Balyalldja Ha yjorata Ha MPOreCTEpPOHOT U HeromaTa
WHTEpaKIfja co eCTPOreHn Kaj 6eslofpoOHa XUIepTeH3Hja.

Knyunu 360opoBu: O6estofipoOHa XUIepTEeH3H]ja, IPOrecTepoH, ECTPOT€HN XOPMOHH,
BaCKYJIApHU OIITETYBamba.

Corresponding Author:

Stevan P. Tofovic MD, PhD, FAHA, FASN
Center for Clinical Pharmacology
University of Pittsburgh School of Medicine
100 Technology Drive, Suite 450
Pittsburgh, PA 15219

Fax : +412- 648-1837

Phone +412-648-3363

E-mail:_tofovic@dom.pitt.edu

TIpunosn, Opx. 6uon. mex. Hayku, XXX/1 (2009), 25-43



