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Abstract: 2-Methoxyestradiol (2ME) is a major non-oestrogenic metabolite
of oestradiol. Our previous studies, performed in several models of cardiac and/or vas-
cular injury, suggest that 2ME strongly inhibits both pressure-dependent and pressure-
independent cardiac and vascular remodelling. Furthermore, recently we have shown
that in male rats 2ME attenuates the development and retards the progression of mono-
crotaline (MCT)-induced pulmonary arterial hypertension (PAH); and in female rats
2ME eliminates the exacerbation of PAH and increased mortality due to ovariectomy.
In the present study we compared the therapeutic effects of three different doses of 2ME
(3, 10 and 30 pg/kg/hour; 2ME-3, 2ME-10 and 2ME-30, respectively) in male rats with
MCT-induced PAH. The animals were also monitored for plasma 2ME levels and
potential oestrogenic effects. Treatments were initiated 12 days after administration of
MCT (60 mg/kg, i.p.). Twenty-eight days post MCT, right ventricular peak systolic
pressure (RVPSP) was measured and morphometric analysis was conducted.

All three doses of 2ME produced beneficial therapeutic effects in pulmonary
hypertensive animals, i.e. reduced pulmonary artery pressure and right ventricular hy-
pertrophy, attenuated pulmonary vascular remodelling and inflammatory response, and
had favourable effects on survival. Notably, none of the three doses had any effect on
plasma testosterone levels or on seminal vesicle or testicle weight. Dose-dependent in-
creases in 2ME plasma levels were observed only with 2ME-3 and 2ME-10; 2ME-30
produced 2ME plasma levels similar to those seen with 2ME10. Nonetheless, 2ME-30
was significantly more efficacious than 2ME-3 or 2ME-10 and eliminated the high
mortality (34%) induced by MCT. In summary, the present study indicates that 2ME,
used in doses that produce plasma levels similar to those seen in the last trimester of
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pregnancy (1000-3000pg/ml), is effective and safe (i.e. has no oestrogenic effects) in
experimental PAH. These data also suggest that 2ME disposition, rather than plasma
concentration, determines the therapeutic effects of 2ME in PAH.

Key words: Pulmonary hypertension, 2-methoxyestradiol, vascular remodelling.

Introduction

2-Methoxyestradiol (2ME), a major metabolite of 173-oestradiol (oes-
tradiol), is a product of the sequential conversion of oestradiol to 2-hydroxyoes-
tradiol (2HE) and 2ME by the enzymes cytochrome P450s and cathechol-O-
methyltransferase, respectively [1]. Notably, although 2HE has mild and 2ME
little or no oestrogenic activity, these metabolites have cardiovascular protective
effects mediated by oestrogen receptor-independent mechanisms [2, 3].

2ME attenuates blood pressure, cardiac hypertrophy, and/or vascular
and renal injury in spontaneously hypertensive rats [4], obese and lean ZSF1
rats [5], apolipoprotein-deficient mice [6], rats with balloon injury [7], and rats
with chronic NOS inhibition — or angiotensin II-induced hypertension and car-
diovascular and renal disease [8, 9]. Importantly, our initial studies also suggest
that 2ME exhibits direct, i.e. pressure-independent, inhibition of cardiac and
vascular remodelling: in a constricted-aorta rat model, 2ME inhibits not only
cardiac hypertrophy and vascular remodelling (media hypertrophy) of the aorta
above the constriction, but also reduces media hypertrophy of the abdominal
aorta below the constriction [10]. Furthermore, 2ME and its metabolic precursor
2HE inhibit pressure-independent right ventricular hypertrophy and reduce
cardiac fibrosis induced by isoproterenol [11].

Previously, we have shown that, in male rats with monocrotaline
(MCT)-induced pulmonary arterial hypertension (PAH), 2ME attenuates the
development and retards the progression of disease [12], and that in female rats
2ME eliminates the exacerbation of PAH and increased mortality due to
ovariectomy [13]. 2ME also attenuates bleomycin-induced PAH and pulmonary
fibrosis in ovariectomized rats [14], as well as PAH induced by exposure to
chronic hypoxia or pneumotoxin ANTU [15, 16]. Finally, we have recently
demonstrated that in intact and ovariectomized female rats with severe "human-
like" occlusive PAH, 2ME, but not estradiol, has preventive and therapeutic
effects [17].

In all of our previous studies, the beneficial effects of 2ME were pro-
duced by a dose of 10 pg/kg/h of 2ME delivered by osmotic minipump over
10-21 days. We have documented that this dose of 2ME produces plasma
concentrations of 1000-3000 pg/ml, i.e., plasma levels seen in the last trimester
of pregnancy [1, 8, 18], and therefore should be considered a "high physiologi-
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cal" dose. However, it is unknown whether smaller doses of 2ME are still
effective in PAH, whether higher doses provide additional benefits, or whether
a correlation exists between plasma concentrations and the therapeutic efficacy
of 2ME in PAH. 2ME has little or no affinity for oestrogen receptors, but does
bind to tubulin [3], and significant intracellular disposition and micromolar in-
tracellular concentrations of 2ME have been reported [19]. It has also been sug-
gested that at high concentration demethylation may occur, converting 2ME
back to the mild oestrogenic metabolite 2HE (xx). The purpose of the present
study was to compare the efficacy of three different doses of 2ME, to examine
whether a correlation exists between 2ME plasma concentration and therapeutic
response, and to determine whether increases in 2ME dose eventually produce
oestrogenic effects in male rats with monocrotaline-induced PAH.

Material and methods

A total of 65 male, 13-week-old Sprague Dawley rats (323 + 6g) were
used to compare the efficacy of three different doses of 2-methoxyestradiol on
the progression of pulmonary hypertension induced by pneumotoxin monocro-
taline. Animals were randomly assigned to one of the experimental groups. The
control group (n = 10) received intraperitoneally 10 ml/kg of 1 ml 1.0 N HCI
neutralized with 1.0 N NaOH and diluted with distilled water. The remaining
groups received monocrotaline (MCT, 60 mg/kg, dissolved in 1.0 N HCI at a
concentration of 100 mg/ml, neutralized with 1.0 N NaOH and diluted with
distilled water to 6 mg/ml). Some of the MCT treated animals were examined
for right ventricular function and pulmonary vascular remodelling 12 days (n =
10) and 28 days (n = 15) after MCT administration (MCT-12d and MCT gro-
ups, respectively). Twelve days after administration of MCT, treatments with
2ME (3, 10 and 30 pg/kg/h via osmotic minipump, 2ME-3, 2ME-10 and 2ME-
30 groups, respectively; n = 10 per group) were initiated. All animals not treated
with 2ME were implanted with osmotic minipumps (model 2ML4, Alzet, Palo
Alto, CA) delivering vehicle (PEG-400, 2.5 pl/h). Monocrotaline and PEG-400
were purchased from Sigma-Aldrich (St. Louis, MO) and 2ME was purchased
from Steraloids (Newport, RI).

Twenty-eight days after administration of MCT the surviving animals
were anaesthetized and instrumented for measurement of right ventricular peak
systolic pressure (RVPSP), as described earlier [12, 13]. Briefly, a PE-240 poly-
ethylene catheter was inserted into the trachea to facilitate breathing. A PE-50
catheter was inserted into the left carotid artery and connected to a digital blood
pressure analyzer (BPA-400, Micro-Med. Inc., Louisville, KY) for continuous
measurement of systolic, diastolic and mean arterial blood pressure and heart
rate. The PE-240 catheter was connected to a rodent ventilator (Model 683,
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Harvard Apparatus, South Natick, MA), the thorax was opened, and the heart
was exposed. The right ventricle was punctured with a 23-gauge needle atta-
ched by a fluid-filled catheter to a Heart Performance Analyzer (HPA-200 T,
Micro-Med. Inc., Louisville, KY). After a 30-minute stabilization period, RVPSP
was recorded over 15 minutes. Animals were euthanized by anaesthetic over-
dose and heart and lungs were taken for morphometric analyses. Lungs were
perfused via the trachea with 10% buffered formalin under constant low pres-
sure (25 mmHg), and immersed in 10% buffered formalin for 72 h before being
embedded in paraffin.

To study media hypertrophy of the pulmonary arteries, arterial wall
smooth muscle cells were stained using a mouse monoclonal anti-smooth mus-
cle-alpha actin antibody at a dilution of 1/100 (Lab Vision, Fremont, CA). To
assess pulmonary vascular remodelling, measurements 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 mounted on a NIKON Eclipse 50 light microscope and a specialized
software package (SPOT Software, Version 4.1). Briefly, after calibrating each
objective, measurements were made at 20 x magnification on ten cross-sectio-
ned pulmonary artery branches 50-200 pm in diameter. Measurements of thic-
kening of the vascular wall and media of pulmonary arteries were taken in the
peripheral lung fields at approximately equal distances from the pleural lining,
and only vessels with an approximately circular cross-sectional profile were stu-
died. For each blood vessel, two rectangular diameters and their four respective
media were measured. The media % index was calculated as (2 X media) / (dia-
meter x 100) and is presented as the average of four media measurements per
vessel. Since MCT induced significant widening of adventitia, a corrected me-
dia index was calculated using the diameter that includes only media+lumen
measurement. For each blood vessel, two rectangular diameters and their four
respective media were measured, and averages of four individual values of me-
dia thickness and media % index were calculated. A polyclonal anti-ED1 anti-
body (Serotec, Raleigh, NC) was used to assess cell number of interstitial mo-
nocytes/macrophages. This antibody specifically stains the cytoplasm of alveo-
lar and interstitial macrophages. Nonspecific staining was assessed by replacing
the primary antibody with affinity-purified, nonimmune, rabbit IgG (R&D Sys-
tems). Twenty high power fields per section were randomly selected and asses-
sed for ED1 positively stained macrophages.

Blood samples were analysed for plasma testosterone levels using a
testosterone immunoassay kit (R&D Systems by Assay Designs, Inc.). An ultra-
sensitive LC-MS/MS method developed by the Analytical Development Corpo-
ration (Colorado Springs, CO) was used to measure plasma 2ME levels
(285.2/189.1 m/z). The detection limit was 100 pg/ml plasma and 2-fluoroestra-
diol (273.1/177.3 m/z) was used as an internal standard.
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Statistical analysis

All results are presented as mean = standard error of the mean (SEM).
Statistical analysis was performed using the Number Crunchers Statistical Sys-
tem software and significance was defined as p < 0.05. Comparisons among mul-
tiple groups were performed by a one-factor analysis of variance (1IF-ANOVA).
If this analysis indicated a significant difference among the means, multiple
comparisons were made with a post-hoc Fisher's LSD test. A Student's T test
was used to compare specific pairs of groups determined a priori to be of par-
ticular importance.

Results

Single injections of monocrotaline induced pulmonary hypertension
within twelve days. On Day 12, MCT treated animals had increased RVPSP
(40.7 £ 1.5 vs. 27.6 £ 0.8 mmHg, MCT-12d vs. Cont; p < 0.001), established
right ventricular hypertrophy (i.e. increased RV/LV+S ratio; Figure 1), sig-
nificant vascular remodelling of small size pulmonary arteries, and presence of
significant numbers of inflammatory cells in the lungs (Table 1, Figures 2, 5B,
and 6B). The disease continued to progress and on Day 28 a significantly higher
RVPSP, more pronounced RV hypertrophy, pulmonary vascular remodelling
and presence of inflammatory cells were detected in the MCT group as com-
pared to the MCT-12d group. By Day 28, 33% of animals in the MCT group
had died prematurely (Figure 3, bottom panel).

071 RV /LV+S

1F-Anova, p<0.001
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Figure 1 — Right ventricular (RV) peak systolic pressure (RVPSP) and RV to left
ventricle + septum (RV/LV+S) ratio in monocrotaline pulmonary hypertensive
rats treated with 2-methoxyestradiol (2ME)

Cauka 1 — /lecHo 8eHilipukyaaper makcumaner cucitioaeH ipuitiucox (RVPSP)
U COOOHOC Ha OecHa Komopa/nesa komopa + ceilitiym (RV/LV+S) kaj citiaopyu
wipeiiupanu co 2-mettoxcueciipaouoa (2ME)

Tpunosn, Omn. 6uon. mex. nayku, XXXI/1 (2010), 279-295



284 Tofovic SP., Jones T., Petrusevska G.

Table 1 — Tabemna 1

Effects of 2-methoxyestradiol on vascular remodelling in pulmonary arteries of male rats with monocrotaline
(MCT)-induced pulmonary hypertension (M + SE)
Edpexitiu na 2-meitiokcueciupaouoa 8p3 MOHOKPOIMAAUHCKU UHOYUUPAHU MOPDOMETUPUCKU HPOMEHU
80 6en00po6HuUItie apiliepuoay Kaj Mauiku citiaopuyu

Vessels | Diameter | Media | Media | Adventitia Wall Wall to Media to
Lumen Lumen
Treatment [ Range Surface Surface Surface Ratio Ratio
(n) (n) (n) (n2) (p2) (n2)
Cont 67-228 115.73 11.08 3872 779%* 4651 91.1 76.0
4.64 0.49 280 58 320 5.4 5.0
MCT-12d | 62-230 133.85 21.33 8154 2424 10578 262.0 200.6
5.85 1.36 802 205 965 28.4 22.8
MCT 56-259 133.09 24.66 8742 2830 11256 284.3 211.1
1.68 0.25 984 265 48 9.5 7.3
2ME-3 79-223 134.17 18.85° 6308* 2741 9049° 198.7* 140.4*
4.85 0.78 486 218 645 153 11.7
2ME-10 63-225 115.28 17.78* | 5247%° 2145%* 7392% 219.6° 145.6*
4.77 0.94 550 266 720 21.0 9.2
2ME-30 85-192 122.91 | 16.08* | 5174*° 1504** 6678 >¢ 133.6 >4 104.3 ¢
4.29 0.69 368 121 452 7.8 7.0
1F ANOVA p< 0.009 0.001 0.001 0.001 0.001 0.001 0.001

Post hoc Fisher LSD test, p < 0.05: * — vs Cont, MCT-12d & MCT; ** — vs. all other groups; a — vs CONT & MCT; b — vs 2ME-3;
¢—vs MCT-12d & MCT; d — vs 2ME-10
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Figure 2 — The effects of 2-methoxyestardiol (2ME) on small size pulmonary arteries
media remodelling (media index) in and inflammation (EDI1+ positive cells) in lungs
from monocrotaline (MCT) pulmonary hypertensive rats
Cauxka 2 — [lejcitiso Ha 2-meitiokcueciipaduona 8p3 xuilepitipoghuja Ha meoujaitia
(meduja urnoekc) 80 UyAMOHAPHU APTHEPUU CO MAAA Z0AEMUHA U BOCUAAUTTLCAEH
002060p (E/1+ fiosuiiusnu kaeitiku) 60 6eau 0pobosu 00 ciaopuu co MKT
6ea00pobHa xuiiepitieH3uja
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Figure 3 — Plasma testosterone levels and survival in monocrotaline (MCT) pulmonary
hypertensive rats treated with 2-methoxyestradiol (2ME)
Cauxa 3 — KonueHitipayuu Ha itieciiocitiepot U ipexusysare Ha cillaopuu
€O MOHOKDOIIAAUH — UHOYUUPAHA 0eA00poOHA XullepitieH3Uuja peiiupanu
co 2-metoxcueciupaouon (2ME)

All three doses of 2ME reduced RVPSP, right ventricular hypertrophy
(Figure 1), and vascular remodelling of small size pulmonary arteries (Figure 2,
upper panel and Figure 5), but 2ME-10 and 2ME-30 were more efficacious than
2ME-3 in the reduction of pulmonary hypertension and vascular remodelling.
Different 2ME treatments had remarkable effects on the influx of ED1+ positive
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Table 2 — Tabemna 2

Effects of 2-methoxyestradiol on lungs weight and cardiac remodelling and testicle and seminal vesicle weight in male
rats with monocrotaline (MCT)-induced pulmonary hypertension (M + SE)

Eexitiu Ha 2-meitiokcuecitipaduon Ha iledcuna na 6eau 0po6osu U cpyesa xuilepiupogpuja, u iexcuna Ha

wectuucu
U CeMEHU 8e3UKAU KA] MAWKU CIIAOPYU CO MOHOKPOTUANUH-UHOYUUDAHA 0eno0pobra xuilepitiensuja

B.W. [ Lungs Heart RV LV+S |Sem.Ves.| Testicles | L/B.W. [H/B.W. [ RV/B.W. | LV+S/B.W. | SV/B.W. | T./B.W.
G g g G g mg/g  |mg/g mg/g mg/g mg/g mg/g

Cont 444** 1.463*4  1.149 0.201 0.851 1.420*%*] 3.088 3.302*%* | 2.585 0.452%* 1.915 3.208 6.991%*
12 0.045 0.045 0.008 0.032 0.046 0.083 0.083 0.058 0.013 0041 0.104 0.232
MCT-12d| 327 1.925 0.925%* 0.211 0.649** 1.083 3.047 5.913 2.817 0.644** 1.977 3.310 9.345
7 0.049 0.037 0.011 0.027 0.088 0.150 0.203 0.059 0.025 0.049 0.271 0.483
MCT 345 2.613*4  1.365 0.441 0.763° 1.041 2.931 7.423** | 3.947 1.292%* 2.221° 2.999 8.520
6 0.105 0.047 0.017 0.022 0.066 0.081 0.327 ] 0.132 0.060 0.077 0.151 0.205
2ME-3 363 2.165* 1.298 0.393* | 0.788° 0.982 2.934 6.142° | 3.686* | 1.084* 2.271° 2.724 8.147¢
10 0.063 0.047 0.024 0.020 0.065 0.102 0.203 0.146 0.060 0.171 0.196 0.349
2ME-10 352 2.104° 1.275° 0.394* | 0.800° 1.004 2.856 5.769" | 3.536 1.120* 2.071° 2.864 8.126°
6 0.061 0.042 0.018 0.030 0.045 0.081 0.196 | 0.146 0.047 0.183 0.148 0.239
2ME-30 | 382*! | 1.965° 1.245° 0.385* | 0.760° 1.196 3.143 5.178*° | 3.26*° | 1.005* 1.990 3.113 8.248°
8 0.091 0.029 0.017 0.016 0.084 0.091 0.285 0.045 0.035 0.030 0.193 0.254
IF-ANOVA| 0,001 0.001 0.001 0.001 0.001 0.002 0.456 0.001 0.001 0.001 0.002 245 0.001

p<

Post hoc Fisher LSD test, p < 0.05: * — vs Cont, MCT-12d & MCT; ** — vs. all other groups; a — vs CONT & MCT; b — vs 2ME-3;
¢—vs MCT-12d & MCT; d — vs 2ME-10; e — vs MCT-12d; f— vs CONT, MCT-12d, 2ME-30

Contributions, Sec. Biol. Med. Sci., XXXI/1 (2010), 279-295




Dose-dependent therapeutic effects. .. 287

inflammatory cells into MCT injured lungs; both 2ME-3 and 2ME-10 inhibited
further inflammatory response and produced ED1+ cell numbers comparable to
those seen in the MCT-12d group, and more importantly, 2ME-30 treatment ini-
tiated on Day 12 post MCT even reversed the inflammatory response. On Day
28, the 2ME-30 group had ~50% fewer inflammatory cells than on Day 12
(MCT-12d group; Figure 2 bottom panel, Figures 6B and 6F). This was asso-
ciated with marked attenuation of MCT-induced increase in lung weight (Table 2).

We detected significant remodelling of small size pulmonary arteries in
MCT treated animals. On Day 12 post MCT, significant media hypertrophy was
present, and media thickness, media surface, and media index were increased by
92.5%, 210.6% and 65.3%, respectively (Figure 2 upper panel, Figure 6B and
Table 1). Early activation of adventitia was detected, and by Day 12 adventitia
surface area was increased by 311% compared to control animals, and wall surface
area and wall-to-lumen and wall-to-media ratios were increased by 227.4%,
287.7% and 263.9%, respectively. Over the next 16 days, only mild further re-
modelling of small size pulmonary arteries took place, and by Day 28 an addi-
tional 20-30% increase in measured parameters of vascular remodelling was
detected (Table 1). Treatment with 2ME-3 had only mild effect and only pre-
vented further vascular remodelling, whereas 2ME-10 reversed media hypertro-
phy and had no effects on adventitia widening. Notably, 2ME-30 markedly re-
versed media hypertrophy and adventitial widening, and on Day 28, all measu-
red parameters of vascular remodelling in the 2ME-30 group were significantly
reduced compared to those in the MCT-12d group (Figure 2, upper panel, Figu-
res 6B & 6F, Table 1).

The beneficial effects of 2ME treatments on disease progression were
associated with reduced mortality (Figure 3, bottom panel). Over the 28 days
post MCT, five out of 15 rats in MCT group died prematurely, i.e. only 66% of
animals in the MCT group survived compared to 80% and 90% of rats surviving
in the 2ME-3 and 2ME-10 groups, respectively. Remarkably, 2ME-30 elimina-
ted the high mortality (34%) caused by pneumotoxin MCT, i.e. all 2ME-30
animals survived versus only 66% of MCT animals.

Plasma levels of 2ME on Day 14 and Day 28 (2 and 16 days into treat-
ments) are presented in Figure 4. As expected, 2ME-10 produced plasma con-
centrations of 2000-3000pg/ml of 2ME. Furthermore, a 3.3-fold reduction in
the dose resulted in proportionally lower plasma 2ME levels (700-900 pg/ml) in
the 2ME-3 group but, surprisingly, a 3.3-fold increase in dose did nof result in a
proportional increase in plasma concentrations, and the 2ME-30 group had 2ME
plasma levels similar to those measured in the 2ME-10 group.
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Figure 4 — Concentrations of 2-methoxyestradiol in plasma from monocrotaline
pulmonary hypertensive rats, after 2 and 16 days of treatment
(14 and 28 days post MCT, respectively)
Cauka 4 — Konyenitipayuu Ha 2-mettlokcuectipaouo 80 uaazma 00 ciiaopuyu
€O MOHOKPOIIAAUH — UHOYYUpaHa 6ea00po6Ha xuiiepitienauja iio 2 u 16 Oexa
wipetimar (14 u 28 oena iio aomunuctupayuja na MKT)
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Figure 5 — Inflammatory cells (ED1 staining) in lungs from control rat (A), animals
with monocrotaline-induced pulmonary hypertension 12 and 28 days post MCT (B & C,
respectively)and MCT animals treated from Dayl2 to Day 28 with 3, 10 and 30 ug/kg/h

of 2-methoxyestradiol (D, E and F, respectively)
Cauka 5 — Hngpaamaitiopru kaeiiku (EDI boewe) 80 6eau 0pobosu
00 Kouttpoaen ciiaopey, (A), acusottiru co monokpoiaaur (MKT) —
uHOyuupaua 6eao0pobua xuiiepiienauja Ha oer 12 u 28 (b u L) u xaj MKT
HUBOWIHU Mpetuuparu 00 Oer 12 0o oen 28 co 3, 10 u 30 pg/kg/mac
Ha 2-meiokcueciupaouoa ([, E u @, coooseitino)
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Figure 6 — Media hypertrophy in control rat (4), animals with monocrotaline-induced
pulmonary hypertension 12 and 28 days post MCT (B & C, respectively) and MCT
animals treated from Day12 to Day 28 with 3, 10 and 30 ug/kg/h of 2-methoxyestradiol
(D, E and F, respectively)

Cauka 6 — Beaoopobnu apitiepuu(xuiiepiipogpuja Ha medujaiiia) 60 beau
0po6086u 00 KoHilipoaeH ciiaopey;, (A), HugoitiHu co moHokpoimasun (MKT) —
uHOyyupaua 6eao00pobra xuiiepiienauja Ha Oer 12 u 28 (b u L) u kaj MKT
HUBOWIHU tpettiupanu 00 0er 12 00 dern 28 co 3, 10 u 30
ug/kg/ac na 2-meitioxcuecitipaouoa (1, E u @, coooseitirio)

Data related to the potential oestrogenic activity of 2ME are presented
in Figure 3 (upper panel) and Table 2. On Day 28, MCT treated animals had
significantly reduced plasma testosterone levels, most likely due to MCT-indu-
ced inflammation. Treatment with 2ME prevented the MCT-induced reduction
in plasma testosterone, and testosterone levels in the 2ME-3, 2ME-10, and
2ME-30 groups were similar to those in the control group and significantly hig-
her than those in the MCT group. None of the three doses had any effect on se-
minal vesicle or testicle weight.

Discussion

2-Methoxyoestradiol was long held to be biologically inactive, partially
because of the weak binding of methoxyoestrogens to oestrogen receptors [21].
Attention has since been focussed on highly interactive catecholoestrogens be-
cause of their unique structural resemblance to both oestrogens and catechola-
mines and their potential carcinogenic effects. The antimitogenic effects of
2ME were first described in 1989 by Spicer and Hammond, who reported that
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2ME, in a dose-dependent manner, inhibits growth of porcine granulosa cells
[21]. At the same time, Seeger and colleagues reported that both in oestrogen
receptor-positive and oestrogen receptor-negative cells, 2ME is a more potent
antimitogen than 2HE or E2, suggesting that 2ME has estrogen receptor-inde-
pendent effects. Furthermore, Seeger and colleagues demonstrated that co-ad-
ministration of a COMT-inhibitor abolishes the antimitogenic effects of 2HE,
but not those of 2ME, and that 2ME is required for inhibition of cell growth to
occur [22]. Similar antimitogenic effects were later reproduced by Nishigaki
and colleagues [23], who showed that oestradiol and its downstream metabolites
of the 2-hydroxylation pathway inhibited, in the order 2ME>2HE>E2, the proli-
feration of vascular smooth muscle cells from rabbit aorta. These authors sug-
gested that 2ME may be useful to suppress excessive vascular remodelling and
the progression of atherosclerosis [23].

During the past twenty years most attention has been focussed on the
anti-angiogenic and apoptotic effects of 2ME; 2ME was shown to be an effect-
tive antiproliferative agent in various cancer cell lines, to inhibit tumour growth
in animal models, and to be effective in early clinical trials in patients with
prostate and ovarian cancer [24]. However, in the last decade, a growing body
of evidence has strongly supported the notion that 2ME (the major non-oestro-
genic metabolite of oestradiol) exerts many cardiovascular effects as well,
namely, mediating the effects of oestradiol [25]. We were first to report that
2ME exhibits protective effects in animal models of cardiovascular and renal
disease [8—10] and to demonstrate that 2ME mediates the protective effects of
oestradiol (E2) in PAH [12]. We have also very recently shown that in an
experimental model of occlusive "human-like" PAH in female rats, 2ME, but
not E2, has both preventive and therapeutic effects [17]. Importantly, a recent
study in patients with PAH suggests that the higher prevalence of PAH in
females may be due altered to altered E2 metabolism and lower levels of its
downstream metabolites [26]. The above discussion underscores the need for
further investigation of the physiological and pharmacological properties of
2ME in PAH.

The purpose of the present study was to address three clinically relevant
questions: (i) whether higher doses of 2ME provide additional benefits; (ii) whet-
her plasma concentrations of 2ME correlate with its therapeutic effects; and (iii)
whether increasing doses of 2ME eventually produce oestrogenic effects in male
rats with monocrotaline-induced PAH. We used 10 pg/kg/h 2ME as a standard
dose that we have previously shown to provide therapeutic effects in various
models of experimental PAH, including MCT-, bleomycin-, chronic hypoxia-
and alfa naftiltiourea-induced PAH in male and/or female rats, and in occlusive
"human-like" PAH in female rats [12—17]. This should be considered a high
physiological dose, because it produces plasma concentrations of 2ME (2000-
3000pg/ml) similar to those seen in the last trimester of pregnancy [1, 8].

Contributions, Sec. Biol. Med. Sci., XXXI/1 (2010), 279-295



Dose-dependent therapeutic effects. .. 291

In the present study, we compared the therapeutic efficacy and safety of
three different doses of 2ME, initiating treatments on Day 12 post MCT in ani-
mals that already had significant PAH and pulmonary vascular remodelling and
inflammation. Increasing the 2ME dose to 30 pg/kg/h provided additional thera-
peutic benefits, the most remarkable of which being prevention of death and re-
versal of vascular remodelling and inflammation. The measured parameters of
vascular remodelling were, on average, 20-35% lower compared with vascular
remodelling at the beginning of the treatment in the MCT-12d group; there was
also 50% reduction in inflammation in the 2ME-30 group as compared with the
MCT-12d group. Surprisingly, these remarkable additional therapeutic benefits
of increased 2ME doses were achieved in the absence of further increase in
plasma 2ME concentrations. The cause of this non-linear relationship is unclear.
2-Methoxyoestradiol is extensively metabolized by the ubiquitous enzyme type-
2 17B-hydroxysteroid dehydrogenase to 2-methoxyestrone (2ME1), a metabo-
lite that lacks biologic activity but which may be converted back to 2ME by
type-1 17B-hydroxysteroid dehydrogenase (173-HSD). Recently we have de-
monstrated that 2MEI attenuates MCT-induced PAH [27] and that combination
therapies of 2ME with retinoic acid (type-1 17BHSD, which facilitates the con-
version of 2ME1 back to 2ME) have significantly greater effect on the amelio-
ration of MCT-induced PAH than single treatments [28]. It is also worth men-
tioning that very fast cellular uptake and high (micromolar) intracellular plasma
concentrations of 2ME have been reported [19], suggesting that 2ME disposi-
tion may play critical roles in the biological and pharmacological effects of
2ME.

Unsurprisingly, pulmonary hypertensive animals (MCT group) had
reduced testosterone levels, as chronic inflammation is associated with reduced
testicular interstitial fluid and plasma testosterone levels [29]. What is surpri-
sing is that 2ME treatment prevented reduction in testosterone levels and that
the 2ME groups had plasma testosterone levels similar to those in the control
group. The similar weight of seminal vesicles and testicles among experimental
groups provides further evidence for a lack of any oestrogenic activity by any of
2ME treatments. Notably, in a phase I clinical trial in healthy volunteers, we re-
cently detected no oestrogenic effects from a subcutaneously injected long-
acting formulation of 2ME in doses up to 10 mg/kg [30].

In summary, the present study indicates that 2ME is safe and effective
in experimental PAH and that cellular disposition rather than plasma concen-
tration plays a critical role in the biological and pharmacological effects of 2ME
in PAH.
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Pesume

JO3HO-3ABUCHUN E®EKTH HA 2-METOKCHUECTPAINOIJI
BP3 MOHOKPOTA/INH-UHAYIHNPAHATA BEJIOJIPOGHA
XUITEPTEH3UJA 1 BACKYJAPHUTE OMITETYBAIbA

Togosuk CIL,' ITonc T.,' Merpymescka I'.2

'Henitiap 3a kaunuuka papmaxosozuja, Mnitiepuu KauHuku,
Meouuyuncku gpaxyaitieini ilpu Yuusepauitieiioiti 6o Iuiticoypz,
Huiticoypz, Iencunsanuja, CAIJ
’Uncitiuiiyisi 3a iaiionozuja, Meduyuncku gpaxyaitied, Yrusep3uiie
Ceeitiu Kupua u Meitioouj, Ckoiije, P. Maxeoonuja

AmncrtpakT: 2-Metokcuectpaguon (2ME) e rnmaBeH mMeTaOONHUT Ha
ecTpafuoia 6e3 eCTpPOreHCKO fiejcTBO. HalmTe mpeTXOAHM UCTpaKyBamba, U3Be-
JEeHU Ha HEKOJIKY MOJIe]IN Ha KapAHOBacKyJIapHH OILITETyBama, Cyrepupaar feka
2ME cunHo ru HHXUOUpa MPUTUCOK-3aBUCHATE U MPUTHUCOK-HE3ABUCHUTE CPLIEBI
7 BacKyJIapHU OINTeTyBama. HeomaMmHa, HHMe HOKaskaBMe JleKa Kaj MAaIlKd CTa-
opuy, 2ME ro HamanyBa pa3BojoOT U IO yCIIOpPyBa MOHATaMOIIHOTO BJIOILIYBame
Ha Oenoppo6HaTta xunepTtensuja (bX) unpynupana co moHokportanuH (MKT),
mopeka Kaj skeHcku ctaopuu 2ME ro cnipeuysa BiomryBamweTo Ha BX u ja oTcrpa-
HyBa 3roJIeMeHaTa CMPTHOCT KOH Ce€ PE3yJITaT Ha OBapHEKTOMHjaTa Ha XXHUBOT-
HuTe. Bo 0Ba ncnuTyBame, Kaj Malllku CTA0OPIHU, HUE TH CIOpPEUBME TEPANUCKUTE
edexTn Ha Tpu paznuynu fo3u Ha 2ME (3, 10 u 30 ur/kr/gac; 2ME3, 2ME10, u
2ME30 rpyna) Bp3 MKT-ungynupanata bX. 2KusotHure Oea cinefeHu 3a MOXKHA
nojaBa Ha ecTporeHuH edekrtu. Mcro Taka 6ea MepeHHW U IIa3Ma KOHIEHTpa-
nuute Ha 2ME. Tepanmjara Oelre 3anmo4yHaTa 12 feHa IO afMUHHUCTpalyjaTa Ha
MKT (60mr/kx/n.m.). [IBaeceT u ocyM fAeHa mnociie faBambeTo Ha MKT, kpBHHOT
CHCTOJIEH IIPUTHCOK Ha fecHata komopa (DK), (DKVSP) Geuie mepeH, u Oeie
HampaBeHa MopgomeTprcKa aHanu3a. CHTe TpH [O3W MMaa TEPANUCKU edEeKT,
OJHOCHO, TO HaMaJIrja IPUTHUCOKOT BO OGenofgpobHaTa apTepuja, Xuneprpodujata
Ha JlecHaTa KOMOpa, O6eNOApOOHNTE BaCcKyJlapHH OIITETYBalkha U CMPTHOCTa. 3Ha-
YyajHO € la ce HallOMEHe JieKa cuTe TPH 03U HeMaa HUKAKBO JIejCTBO Bp3 IJIa3Ma
KOHIIEHTPAIIMUTE HA TECTOCTEPOH, U HA TEXKUHATA HA TECTUCUTE U CEMUHAJIHUTE
Be3UKyNH. [I03HO-3aBUCHO MOKauyBamke Ha IU1a3Ma KoHIeHTpanunTe Ha 2ME 6ea
3abenexkanu camo co 2ME3 u 2ME10, nopeka rpynute 2ME10 u 2ME30 umaa
cnuyHU ma3ma koHuneHTpanuu Ha 2ME. Cenak, 2ME30 Gemie noegukaceH of
2ME3 u 2ME10 u ro eaumMuHupa BUCOKHOT MoOpTanuTeT (34%) MHAyUMpPAH CO
MKT. 3akny4yok: oBaa cTyadja yKaxkyBa geka 2ME, Bo 031 KoM HOCTUTHYBaaT
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mia3Ma KOHIeHTpanun Ha 2ME ciauyHM Ha OHHE BO 3aJHHOT THpPMECTap Ha
6pemenoct (1000-3000 pg/ml) e epukaceHn u O6e36efieH (HeMa ecTporeHu epeKkTn)
Bo ecnepuMmenTanHata BX. IIpe3eHTHpaHNTe MOAATONW WCTO TaKa yKasKyBaaT
JeKa qucTpuOynujaTa BO TKUBATa/OpraHUTE, a He KOHIIEHTPAIMHATE BO TJIa3Ma, ro
onmpenyBaat Tepanucknot edekT Ha 2ME Bo BX.

Knyunu 300poBmn: GenoipoGHa XUNEpTeH3Uja, 2-METOKCHECTPAUOII, €CTPOTEeHI
XOPMOHH, 6eTT0POOHH BaCKyJIapHHU OIITETYBamba.
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