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Abstract: Pulmonary arterial hypertension (PAH) is more popular among females than males. However, female pa-
tients exhibit better prognosis than men, sex hormones may partly explain such sex paradox. Estrogens are disease
modifiers in PAH, androgen effects on PAH are yet incompletely characterized. In this study, we sought to determine
the effect of androgen depletion and dihydrotestoterone (DHT) repletion on a rat model of monocrotaline-induced
PAH (MCT-PH) and to further clarify the possible mechanisms. MCT-PH was induced in male Sprague-Dawley (SD)
rats as well as castrated rats with or without concomitant DHT repletion. Our research showed that rats with PAH
exhibited cardiopulmonary alterations including induction of right ventricular systolic pressure (RVSP), pulmonary
vascular remodeling, right ventricular hypertrophy (RVH) and fibrosis. Moreover, MCT upregulated expression of vas-
cular cell proliferative proteins (PCNA and Ki67), matrix metalloproteinase-2 (MMP-2) and apoptotic proteins (Bax
and Bcl-2) in pulmonary artery, and promoted pro-inflammatory cytokines expression (IL-6, TNF-a and IL-13) and
oxidative stress level (SOD activity and MDA level) in perivascular lung tissue. The magnitude of these PAH-induced
changes was significantly partly inhibited by castration. DHT replacement reversed castration-action on MCT-related
cardiopulmonary alteration. We studied the detrimental effect of endogenous androgen and exogenous DHT in MCT-
PH rats, which may be through stimulation of vascular cell proliferation, gelatinolytic activity, apoptosis, perivascular
inflammation and oxidative stress.
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remodeling

Introduction setting of pulmonary hypertension. However,
male PAH patients exhibit poorer survival than
female patients [6-8], such sex paradox sug-

gests a role of complex sex hormone signaling

PAH is a progressive disease characterized by a
sustained increase in pulmonary arterial pres-

sure driven by vascular remodeling. Eventually,
this leads to subsequent RVH and heart failure
[4, 2]. Gender difference was reported in the
incidence, susceptibility and prognosis of PAH
[3, 4]. Female susceptibility to PAH has been
evidenced by recent epidemiological studies,
and most recent figures show a female-to-male
ratio of 4:1. This high incidence of women is
almost present in all PAH subtypes [5, 6]. One
hypothesis that may explain the female suscep-
tibility in PAH is that female hormone estrogen
is detrimental and androgen is protective in the

and processing pathways in PAH [9]. The role of
estrogen and its metabolites on PAH have been
well-established, but fewer studies focus on
androgen action.

Testosterone (T) and DHT are two natural potent
androgens in the mammalian system. Both T
and DHT bind to the same androgen receptor
(AR) in the cytoplasm of target cells, T can be
converted to DHT by 5a-reductase, and DHT
exerts higher affinity to AR and stronger andro-
genic activity than T [10]. T has been shown to
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vasodilate isolated pulmonary arteries in rats
and humans [11, 12]. DHEA, the precursor ste-
roid hormone to T, can inhibits hypoxia-induced
vasoconstriction of the pulmonary arteries (PA)
[13, 14], as well as improves RV function [15].
However, in the cardiac setting T has been
shown a detrimental effect on overall RV func-
tion in the context of increased afterload [16],
the key role of androgen on modulating PA
remodeling still lacks of evidence. In our previ-
ous studies, we demonstrated that DHT, which
avoids the estrogen action of T participated in
vascular angiogenesis [17], and we further
explored whether endogenous androgen and
exogenous DHT (5 mg/kg/d) repletion has reg-
ulatory effect on the progression of PAH.

MCT has been suggested to induce vascular
remodeling, and develop PAH in rats with 3
weeks in previous study [18]. In the present
study, we used this rat model of MCT-induced
PAH to investigate the effect of endogenous
and exogenous androgen on pathological ch-
anges such as vascular remodeling and RVH,
and the potential mechanisms were also ex-
plored.

Material and methods
Ethics statement

This study was carried out in strict accordance
with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the
National Institutes of Health. The protocol was
approved by the Animal Ethics Committee of
the 3rd Xiangya Hospital of Central South
University. All efforts were made to minimize
suffering.

MCT-induced PAH model and experimental
design

Sexually mature male SD rats weighed 200-
250 g were supplied by the Beijing Vital River
Laboratory Animal Technology Co Ltd. Rats
were anesthetized with chloral hydrate anes-
thesia (3 mi/kg, i.p) and randomly receiving
castration (n = 28) or sham castration (n = 28).
To induce PAH, rats were received single intra-
peritoneal injections of MCT at 60 mg/kg after
1 week following surgery. Sham rats were divid-
ed into two groups:control group (n = 13) and
MCT group (n = 15), castrated rats were also
assigned into two groups: Cas + MCT group (n =
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14) and Cas + MCT + DHT group (n = 14). Rats
in control groups received single intraperitone-
al injections of sterile PBS at volumes equiva-
lent to the MCT dosing. Accordingly, all rats
were dosed once daily with 0.1 mL of peanut oil
or DHT (Sigma-Aldrich, 5 mg/kg dissolved in
peanut oil) subcutaneously for 3 weeks. Figure
1A shows the experimental timeline. The dos-
age and duration of the treatment were based
on protocols previously described [19]. On day
28, animals were anesthetized with sodium
pentobarbital (30 mg/kg, i.p).

Hemodynamic analysis and ventricular weight
measurement

After feeded with peanut oil or DHT for 4 weeks,
rats were placed on a thermo-regulated surgi-
cal plate. The body weight was recorded and
the RV catheterization was performed to moni-
tor RVSP. The right and left ventricle (RV, LV)
and the interventricular septum (S) were dis-
sected after the animals were sacrificed. The
ratio of RV/(LV + S) was calculated to evaluate
the extent of RVH.

Tissue preparation

Lung, pulmonary artery and RV tissues were
fixed in 4% paraformaldehyde overnight and
then dehydrated with an alcohol gradient.
Paraffined tissues were embedded in paraffin
and cut to 5-uym sections. Cryosections were
sliced into 4-um thick sections and fixed in 4%
paraformaldehyde and permeabilized in PBS/
0.5% Triton, and then incubated in 0.2% BSA-C.
Paraffined tissues were used for HE staining
and Sirius red staining, cryosections were used
for immunofluorescence.

Histological analysis

HE staining was performed on vessel sections
for measurement of wall thickness (WT). The PA
with a diameter of 50~150 ym was evaluated.
The vessel outer diameter (ED) and internal
diameter (ID) was measured to calculate WT
(WT = (ED-ID)/ED). HE staining and Sirius red
staining was also performed on RV to evaluate
the cross-sectional area of cardiomyocytes and
the degree of RV fibrosis, respectively. Images
were analyzed using Image-Pro Plus 6.0 soft-
ware and averaged by observers blinded to the
experimental protocol. The values provided
were the average of 10 fields of view for 10 sec-
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Figure 1. Effect of castration and/or DHT replacement on RVSP and RV mass in MCT-PH rats. Experimental design:
A. Adult male SD rats were assigned to 4 groups as follows: Con group (sham castrated rats with injection of vehicle
controls), MCT group (sham castrated rats were injected with MCT at a dose of 60 mg/kg to induce MCT-PH animal
model), Cas + MCT group (castrated rats were injected with MCT) and Cas + MCT + DHT group (castrated rats with
MCT-PH were injected with DHT daily for 3 weeks). B. Representative pictures of RVSP waves in each group by the
right heart catheterization. C. Bar graphs were summary data for RVSP level. D, E. Result of RV mass assessed by
RV/(LV + S) and RV/BW. "P<0.05, ""P<0.01, """P<0.001 between groups. *P<0.05 vs. the MCT group.

tions per rat, and the cross-sectional area of
cardiomyocyte was determined on 60-80 trans-
versely cut myocardial fibers from 5 to 6 rats in
each group.

Oxidative stress factors

Isolated lung tissue was homogenized in pre-
chilled PBS and centrifuged at 3000 g for 15
minutes at 4°C. The supernatant was collect-
ed and tested for MDA content and SOD activity
by ELISA (Nanjing Institute of Bioengineering,
China).

Real-time PCR

Total RNA was extracted from tissues using
TRIzol (Invitrogen, USA). cDNA was synthesized
using a Transcriptor First Strand cDNA Syn-
thesis Kit (Thermo, USA). gRT-PCR experiments
were performed using FastStart DNA Master
SYBR Green | Kit (Bio-Rad, USA). Primer sets
specific for ANP, BNP, TGF-3, TNF-«, IL-6 and
IL-1B were listed as follows: The mouse at-
rial natriuretic peptide (ANP) primers were for-
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ward (5-CAG CAC AAT AGA GCC GCT GA-3)
and reverse (5-GGG CAG GAG CTT GA A CAC
G-3’), mouse brain natriuretic peptide (BNP)
primer were forward (5’-GCA GAA GCT GCT GGA
GCT GA-3’) and reverse (5'-ATC CGG AAG GCG
CTG TCT TG-3’), mouse TGF-B primer were
forward (5-ATT CCT GGC GTT ACC TTG G-3’)
and reverse (5-TGT ATT CCG TCT CCT TTG
GTT C), mouse TNF-a primer were forward (5-
GCA TGA TCC GAG ATG TGG AAC TGG-3’) and
reverse (5'-CGC CAC GAG CAG GAA TGA GAA
G-3’), mouse IL-6 primer were forward (5’-AGG
AGT GGC TAA GGA CCA AGA CC-3’) and reverse
(5-TGC CGA GTA GAC CTC ATA GTG ACC-3'),
mouse IL-1B primer were forward (5'-GCT GTC
CAG ATG AGA GCA TC-3’) and reverse (5-GTC
AGA CAG CAC GAG GCATT-3’). GAPDH was used
as an internal control. The relative mRNA
expression levels were calculated by the 2-2Ct
method.

Western blot analysis

Western blot analysis was performed as
described previously [20]. Tissues were lysed
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and homogenized in RIPA buffer. Equal amounts
(40 ug) of proteins were fractionated on 10% or
12% SDS-PAGE, and transferred to a PVDF
membrane (Millipore). The membrane was
blocked with TBST buffer containing 5% skim
milk powder for 2 hours at room temperature
and incubated with antibodies against Bax
(Proteintech, China, 1:1000), Bcl-2 (Protein-
tech, China, 1:1000), PCNA (SantaCruz, USA,
1:500), MMP-2 (Vector lab, UK, 1:1000) and
B-actin (Proteintech, China, 1:1000) overnight
at 4°C, respectively. After washed for 3 times,
the membrane was incubated for 1 h at room
temperature with horseradish peroxidase-con-
jugated secondary antibody (Proteintech, Chi-
na, 1:5000). The signal was visualized using a
Typhoon scanner after exposed to ECL detec-
tion reagent. B-actin was used as an internal
control. The specific signals of target protein
were quantified by the Image Lab software, and
the data was presented as fold of vehicle con-
trol after normalizing protein input based on
B-actin levels.

Immunofluorescence staining

Cryosections were incubated overnight at 4°C
with primary antibodies against rabbit Ki67
(Vector lab, 1:400) and rabbit MMP-2 (Vector
lab, 1:400). Biotin SP-conjugated AffiniPure
donkey anti-rabbit IgG (Dianova GmbH, 1:300)
secondary antibodies was followed by Cy3-
conjugated streptavidin (Biotrend). The nu-
clei was stained with DAPI (Invitrogen in USA).
The sections covers lipped and viewed with a
Nikon confocal microscope, the fluorescen-
ce intensity analysis was performed using
Nikon EZ-C1 3.90. The values provided were
the average of 10 fields of view for 10 sections
per rat.

Statistical analysis

All experiments were performed at least three
times for each determination. Data are pre-
sented as the Mean + SEM. Differences in me-
asured variables between groups were de-
termined by one-way ANOVA analysis of vari-
ance followed by the Student-Newman-Keul
test for multiple comparisons. P<0.05 was con-
sidered statistically significant. Statistical anal-
ysis was performed with SPSS software version
13.0.

5755

Results

Castration attenuates MCT-induced increases
in RVSP and RVH, whereas DHT replacement
worsens castration-mediated action

There was no difference in baseline body weight
(BW) among four groups. One rat in MCT group
and one rat in Cas + MCT group were dead. As
shown in Figure 1B and 1C, MCT-PH rats devel-
oped a significant elevation of RVSP compared
to those in control group (50.81+5.37 mmHg
vs. 24.92+0.92 mmHg; P<0.05), indicating that
PAH model was built successfully. However, in
MCT-PH group, castration decreased RVSP
compared to sham castration (34.40+1.36
mmHg vs. 44.79 + 4.83+0.92 mmHg; P<0.05),
and DHT reversed the decrease in RVSP pro-
duced by castration effectively (P<0.05). In-
terestingly, RVSP in Cas + MCT + DHT group
was even higher than MCT group (66.85+9.63
mmHg vs. 44.79+4.83 mmHg; P<0.05). The
ratio of RV/(LV + S) and RV/BW was calculated
to evaluate the extent of RV mass (Figure 1D
and 1E). MCT increased ratio of RV/(LV + S) sig-
nificantly compared with the control group
(P<0.01), which was decreased by castration
(P<0.01). Furthermore, this effect was reversed
by DHT replacement notably (P<0.001, Figure
1D). Similarly, MCT led to an increase in RV/BW
ratio compared to the control group (P<0.001,
Figure 1E), and castration significantly reduced
RV/BW ratio (P<0.01), which was also partly
inhibited by DHT (P<0.01).

Castration improves pulmonary arterial remod-
eling, whereas DHT replacement dramatically
worsens castration-induced effect

To understand the effect of androgen on pul-
monary vascular remodeling, we evaluated
the medial wall thickness in PA by HE staining.
The result showed that MCT led to PA remodel-
ing in comparison to the control group (P<
0.001). The smooth muscle cells were shown to
be disordered and intimate hyperplasia, and
the elastic fibers were distorted, which indicat-
ed that vascular remodeling had occurred
(Figure 2A-D). The medial WT of PA in castrated
rats with MCT-PH was significantly lower than
that in sham-castrated rats with MCT-PH
(P<0.001), while the DHT replacement could
worsen the degree of vascular remodeling
(P<0.001; Figure 2E).
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Figure 2. Effect of castration and/or DHT replacement on pulmonary remodeling in MCT-PH rats. (A-D) MCT-PH was
induced in male SD rats as well as castrated rats with or without concomitant DHT repletion. After 3 weeks, WT
of pulmonary artery was detected by HE staining. (E) Quantification of WT from (A-D). Note: (A) Con group; (B) MCT
group; (C) Cas + MCT group; (D) Cas + MCT + DHT group; “""P<0.001 between groups. Magnification was x400.

Castration improves myocardial hypertrophy
and interstitial fibrosis in RV, which is reversed
by DHT replacement

To further elucidate the effect of androgen on
RVH in MCT-PH rats, we evaluated the effect of
DHT on MCT-induced RV injury via the changes
in cardiomyocyte size and fibrosis. As shown in
Figure 3A and 3C, HE staining showed hyper-
trophied and disordered cardiomyocytes in the
RV of rats in MCT group compared with that in
control group, and these maladaptive changes
were restored by castration. However, the myo-
cardial cross sectional area in Cas + MCT +
DHT group was increased significantly com-
pared with that in Cas + MCT group (P<0.001).
Additionally, as shown in Figure 3D and 3E, the
MmRNA expression levels of cardiac hypertro-
phic markers ANP and BNP in Cas + MCT + DHT
group were significantly increased compared
with that in Cas + MCT group. Subsequently,
cardiac fibrosis was assessed, as shown in
Figure 3B and 3F, Sirius red staining in RV
shows a significant increase in myocardial col-
lagen volume fraction in MCT group compared
with that in control group (P<0.001), in particu-
lar, castration in MCT-PH rats reduced collagen
levels significantly compared with MCT group
(P<0.001), which was aggrevated by DHT
replacement (P<0.001). Transforming growth
factor-B (TGF-B) plays an important role in the
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pathogenesis of cardiac fibrotic and hypertro-
phic remodeling. The expression of TGF-f was
increased in the hypertrophied hearts induced
by pressure overload [21, 22]. As shown in
Figure 3G, the mRNA expression levels of TGF-3
was increased in MCT group compared with
that in control group (P<0.05). Castration in
MCT-PH rats shows a decrease in TGF-f mRNA
expression, which was reversed by DHT replace-
ment (P<0.05). Interestingly, the DHT-induced
increase of cardiomyocyte size and interstitial
fibrosis in RV was even more serious than that
in sham-castrated rats with MCT-PH (P<0.01
and P<0.001, respectively).

DHT induces proliferative and proapoptotic
signaling in castrated rats with MCT-PH

Both of Ki67 and PCNA are the most widely
used proliferating cell markers. To further eval-
uate the effect of DHT on pulmonary vascular
proliferation, we observed Ki67 and PCNA
expression in PA by immunofluorescence stain-
ing and western blotting, respectively. A signifi-
cant increase of Ki67 positive cells (Figure
4A-D, 4H) and the expression of PCNA (Figure
4E and 4l) in the vascular walls was observed in
MCT group in comparison to that in control
group (P<0.001 and P<0.001, respectively),
which was diminished by castration (P<0.05
and P<0.05, respectively). However, DHT (5

Am J Transl Res 2019;11(9):5752-5763
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Figure 3. Effect of castration and/or DHT replacement on cardiac hypertrophy and fibrosis in MCT-PH rats. (A) Cross-
sectional area of RV cardiomyocytes was detected by HE staining in rats. (B) The degree of RV collagen (red color)
was analyzed by Sirius red staining. (C) Quantification of cross-sectional area of cardiomyocytes from (A). (D, E) The
relative mMRNA expression of ANP and BNP between groups. (F) Quantification of RV collagen area fraction from (B).
(G) The relative mRNA expression of fibrosis markers (TGF-B) in RV. *P<0.05, "P<0.01, """P<0.001 between groups.
#P<0.01 vs. the MCT group. Magnification was x400 (A) and x200 (B).

mg/kg/d) significantly induced the expression
of proliferating cells markers compared to that
in castrated rats with MCT-PH (P<0.05).

In addition, the effect of DHT on apoptosis in
rats with MCT-PH was examined by measuring
the expression of apoptosis-associated pro-
teins. As shown in Figure 4F-K, the level of Bax
was increased significantly (P<0.001), while
Bcl-2 was decreased in PA of MCT group
(P<0.05), compared with that of control group,
which was reversed by castration (P<0.05). In
addition, DHT replacement in castrated rats
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with MCT-PH showed a trend of an opposite
effect to castration.

DHT promotes the activity of pro-inflammatory
cytokines and oxidative stress in castrated rats
with MCT-PH

We examined inflammatory reaction in perivas-
cular tissues. As shown in Figure 5A, a signifi-
cant perivascular inflammatory cells infiltrated
into lung tissue in the MCT group, and the over-
all inflammatory response was lessened rela-
tively in Cas + MCT group, however, DHT aggra-

Am J Transl Res 2019;11(9):5752-5763
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Figure 4. Effect of castration and/or DHT replacement on proliferation- and apoptosis-associated proteins in MCT-PH rats. Immunoblot analysis: (A-D, H) MCT-PH was
induced in male SD rats as well as castrated rats with or without concomitant DHT repletion for 3 weeks. PA tissues were collected to evaluate Ki67 positive cells
by immunofluorescence (red for Ki67 in (A1-D1), blue for nuclei in (A2-D2), purple for merge of Ki67 and nuclei in (A3-D3)). (E, I) The abundance of PCNA in PA was
detected by WB. (F, G, J, K) The abundance of Bax and Bcl-2 in RV was detected by WB. Bar graphs are summary data. Note: in (intima), m (media); ad (adventia).

"P<0.05, "P<0.01, ""P<0.001 between groups. Magnification = x200.
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Figure 5. Effect of castration and/or DHT replacement on the inflammatory response and oxidative stress in MCT-PH
rats. A. MCT-PH was induced in male SD rats as well as castrated rats with or without concomitant DHT repletion
for 3 weeks. Inflammatory changes in perivascular tissues were evaluated by HE staining. B-D. The gene expression
of inflammatory factors TNF-q, IL-1 and IL-6 in lung tissue was detected by real time PCR. E, F. The supernatant of
lung tissue was collected to detect MDA content and SOD activity by ELISA. Bar graphs are summary data. “P<0.05,

"P<0.01, ""P<0.001 between groups. Magnification = x100.

vated the inflammation in castrated rats with
MCT-PH. Real time PCR analysis showed that
the expression of TNF-q, IL-6 and IL-13 mRNA
was obviously up-regulated in MCT group com-
pared with that in control group (Figure 5B-D,
P<0.05), and castration down-regulated inflam-
matory response factors expression, which was
reversed by DHT replacement (P<0.05).

We also evaluated the effect of DHT on PAH by
detecting oxidative stress levels in MCT rats.
As shown in Figure 5E and 5F, the results
showed that the MDA level was increased
(P<0.01) and SOD activity was decreased mark-
edly (P<0.001) in MCT group compared with the
control group. Compared with MCT group, cas-
tration decreased the MDA level (P<0.05) and
increased the activity of anti-oxidative SOD
(P<0.05). Administration of DHT increased the
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MDA level (P<0.05) and inhibited SOD activity
(P<0.05) in comparison to rats in Cas + MCT
group, which indicated that DHT can aggravate
oxidative stress.

DHT promotes matrix metalloproteinase-2 ex-
pression in castrated rats with MCT-PH

To further evaluate the effect of androgen on
proteolytic degradation in PA, we detected
MMP-2 expression in PA by immunofluores-
cence staining and western blotting, respec-
tively. Compared with control group, MMP-2
positive cells (Figure 6A-E) and the protein
level of MMP-2 (Figure 6F and 6G) was elevat-
ed in the vascular walls in MCT group (P<0.001
and P<0.001, respectively), which was dimin-
ished by castration (P<0.001 and P<0.05,
respectively). However, DHT (5 mg/kg/d) repla-
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Figure 6. Effect of castration and/or DHT replacement on extracellular matrix metalloproteinase in MCT-PH rats. Im-
munoblot analysis: (A-E) MCT-PH was induced in male SD rats as well as castrated rats with or without concomitant
DHT repletion for 3 weeks. PA tissues were collected to evaluate MMP2 positive cells by immunofluorescence (red
for MMP-2 in (A1-D1), blue for nuclei in (A2-D2), pink for merge of MMP2 and nuclei in (A3-D3)). (F, G) The abun-
dance of MMP2 in PA was detected by WB. Note: in (intima), m (media); ad (adventia). "P<0.05, **P<0.001 between

groups. Magnification = x200.

cement significantly reversed this effect (P<
0.001 and P<0.05, respectively).

Discussion

We showed here that castration significantly
reduced RVSP compared with the sham-cas-
trated rats with MCT-PH, although it was still
much higher than that in control rats. In con-
trast, DHT replacement significantly elevated
RVSP compared to MCT-PH rats receiving cas-
tration, leading to a dramatic acceleration of
estimated pulmonary pressure. These results
demonstrated that castration significantly sl-
owed the progression of PAH more impressive-
ly, DHT replacement accelerated RVSP to an
even higher level than sham-castrated rats
with MCT-PH. The effect of castration on hemo-
dynamics is likely prevention rather than resto-
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ration, because RVSP in this model is signifi-
cantly elevated at 3-wk time point [18].

Continuing elevated pulmonary vascular resis-
tance can cause an increase in RV afterload
and ultimately RV failure [23]. It is thought that
in the early stage of PAH, the high pressure, pul-
monary vascular resistance and stiffness are
compensated by an adaptive “concentric” RV
hypertrophy [24] to maintain cardiac output.
However, with the low rate of cardiac cell regen-
eration and reduction in number of cardiomyo-
cytes [25], cardiac fibrosis becomes the main
repair process in the heart, which may cause
“eccentric” remodeling in the latter stage.
Castration prevented the adaptive features of
RV remodeling, and DHT repletion (5 mg/kg/
day) drastically promoted fibrosis, but in con-
trast, it only moderately restored the degree of
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myocardial size. Therefore, we proposed that
DHT may shift RVH into compensated eccentric
remodeling. The result is consistent with other
previous studies, in which T was proven to pro-
mote RV hypertrophic response to load stress
[16], these observation are in accordance with
current clinical data in which worse clinical out-
comes in males with PAH than females [6, 26].

Aberrant vascular remodeling is considered to
be a pathological hallmark of PAH, which is
mainly manifested in the proliferation of PSMCs
[27]. In our study, we observed a significant
decrease in the vascular wall thickness and the
expression of vascular proliferative markers
such as Ki67 and PCNA in PA of castrated rats
with MCT-PH compared to sham castration.
These changes were partly prevented by daily
administration of DHT (5 mg/kg), which indi-
cated that DHT exerted deteriorated effect on
the progression of PAH by promoting neointimal
hyperplasia. We also observed increased
expression of MMP-2 in PA tissue of MCT-PH
rats. MMPs are involved in composition and
remodeling of vascular wall. In response to
angiogenic agents, endothelial-derived MMPs
production in vivo and in vitro is increased to
mediate proteolytic degradation of endothelial
cell-cell interactions, which induce phenotype
conversion in endothelial cells [28]. In addition,
the correlation between MMP-2 and progres-
sion of PAH in PASMCs isolated both from idio-
pathic PAH patients and animal models indi-
cated important roles in different vascular
remodeling processes that involves smooth
muscle cell proliferation, migration and intimal
thickening [29, 30]. MMP-2 but not MMP-9 may
contribute to this gelatinolytic activity since
expression of MMP-9 was not observed in the
PAH model. In our study, both endogenous
androgen and exogenous DHT significantly
upregulated MMP-2 expression in PA, which
may partly explain its effect on neointimal
hyperplasia.

Inflammation has been long recognized as an
important pathogenetic element in PAH [31]. It
was documented that perivascular inflamma-
tion correlated with parameters of pulmonary
vascular remodeling and increased PAP in PAH
[32], and inhibition of pulmonary inflammatory
response can attenuate pulmonary vascular
remodeling [33]. In addition, secreted cyto-
kines may amplify inflammation and stimulate
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vascular remodeling, either directly or through
the production of growth factors. It has been
reported that cytokines such as TNF-q, IL-6 and
IL-13 are elevated in MCT-PH and in the serum
of PAH patients [31, 34]. In the present study,
castration resulted in decreased inflammatory
responses and pro-inflammation cytokines
expression in the lung tissues in rats with MCT-
PH. Furthermore, this anti-inflammation effect
was reversed by DHT replacement. Thus, it
seems that DHT may induce pulmonary vascu-
lar remodeling by upregulating the levels of
inflammatory cytokines to increase the recruit-
ment of perivascular inflammation.

Oxidative stress has been evidenced in the
pathogenesis of cardiovascular disease such
as heart failure, RVH and PAH [35, 36]. In-
creasing evidence suggests that oxidative
stress leads to EC dysfunction and smooth
muscle cell proliferation and hyperplasia even-
tually causing vascular remodeling. Our finding
demonstrated that castration inhibited oxida-
tive stress by decreasing MDA level and inc-
reasing SOD activity, and exogenous DHT exhib-
ited an inducing effect on oxidative stress. In
addition, EC apoptosis in the pulmonary vascu-
lature might trigger pathological vascular
remodeling and lead to severe PAH [37]. In the
current study, we observed that MCT up-regu-
lated the expression of pro-apoptotic markers,
which is consistent with previous studies.
However, castration attenuated MCT-induced
pro-apoptotic effect, which was inhibited by
DHT replacement, all these findings indicated
that DHT may exert a detrimental effect on the
progression of PAH by inducing oxidative stress
and apoptosis.

In conclusion, we for the first time found the
detrimental effects of androgen especially DHT
on pulmonary arterial remodeling and RVH in a
model of MCT-induced PAH by stimulating oxi-
dative stress, inflammation, gelatinolytic activi-
ty, cell apoptosis and cell proliferation. Further
research is required to better understand the
role and mechanism of DHT in the pathophysi-
ologic processes in vivo and their possible use
as therapeutic targets.
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