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Abstract: Objectives: To evaluate the effects of diminazene (DMZ) on monocrotaline (MCT)-induced pulmonary ar-
terial hypertension (PAH). Methods: In total, 32 nine-week-old male Wistar-Albino rats (170-240 g) were divided
into three groups: control (n=10), PAH (n=15), and PAH+DMZ groups (n=7). On the first day, 60 mg/kg MCT was
injected intraperitoneally in the PAH and PAH+DMZ groups. On the 21st day, 15 mg/kg/day DMZ was injected, and
the animals were followed for 35 days. On the 35th day, the exercise capacity of rats was analyzed through a modi-
fied forced swimming test. After measuring right ventricular systolic pressure using an open-chest method, right
ventricle hypertrophy and pulmonary vascular remodeling were evaluated histopathologically. Results: On the 35th
day, the mortality rate was zero in the control group, 53.1% in the PAH group, and 14.3% in the PAH+DMZ group.
A significant decrease was observed in mortality rates with DMZ, and significant recovery was noted in median life
spans (P=0.16 and P=0.01, respectively). DMZ had no significant effect on exercise capacity, right ventricle hyper-
trophy, or right ventricle systolic pressure, whereas there was significant recovery in pulmonary artery muscular
layer thickness (P=0.046). Conclusions: DMZ prolonged life expectancy in PAH and decreased pulmonary arterial
muscularization. Thus, it may be a new candidate treatment for PAH.
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Introduction ment, the mortality rate for PAH remains high,
with survival at two years from diagnosis being
about 85% [4, 5]. Despite improvements for the
treatment of the disease, clinical deterioration
may be postponed, but not stopped. Thus,
there is a continuing need for new treatments

for PAH.

Pulmonary arterial hypertension (PAH) is char-
acterized by progressive pulmonary vascular
resistance (PVR) and is a disease that has a
poor prognosis, causing right ventricle (RV)
hypertrophy, right ventricular failure, and ulti-
mately, death [1, 2]. The primary factors of this
disease include abnormal vasoconstriction due
to vascular endothelial cell dysfunction in the
pulmonary arterioles, smooth muscle cell pro-
liferation and hypertrophy, contraction of the

The renin-angiotensin system (RAS) plays an
important role in endothelial function and vas-
cular remodeling. While the angiotensin-con-

arterioles, and remodeling. However, the actual
causes of the disorder remain obscure.
Treatment options include calcium channel
blockers, endothelin receptor antagonists,
prostanoids, and phosphodiesterase 5 block-
ers that have vasodilatory effects [3]. Although
there have been new developments in treat-

verting enzyme (ACE)-angiotensin Il (Ang Il)-Ang
Il receptor type 1 (AT1R) axis supports vasocon-
striction, proliferation, and fibrosis, the ACE2-
Ang-(1-7)-Mas axis has vasoprotective effects
[6, 7]. Diminazene (DMZ) is an ACE2 activator
[8]. It is an agent used for the treatment of
sleeping sickness [9].
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provided by the Kocaeli
University Animal Reprodu-
ction Center, and were kept
in the Experimental Animal
Laboratory at Kocaeli Uni-
versity. They were kept in
cages under controlled tem-
perature and humidity with
a 12/12 h light/dark cycle.
Rats were fed ad libitum.
Before the experiment, all of
the rats were acclimated to
the environment for 2 we-
eks. The Kocaeli University
Committee on the Use and
Care of Animals approved

-~ CON
——DZN

T
20.0

o-
-
a
o

300
Days

40.0 the experiments. All of the

investigations conformed to

Figure 1. Kaplan-Meier survival curves of the three groups. Mortality rates were
0% in control group, 53.1% in PAH group and 14.3% in PAH+DMZ group. There
was significant difference between control and PAH groups, but not between
PAH and PAH+DMZ groups (P=0.006 and P=0.16, respectively).

the 1996 National Academy
of Science’s Guide for the
Care and Use of Laboratory
Animals.

36

w
o

) 35 35
>
@
=2
° 41
£
=
S
c
>
@
S 32 T— —
= 32
B
=
31
30 2 3
Control PAH PAH-DMZ

Rats were divided into the
following groups: untreat-
ed animals (control group,
n=10), monocrotaline only
(PAH group, monocrotaline
[Sigma-Aldrich, USA], 60
mg/kg applied intraperito-
neally (i.p.) on day 1 of the
study period, n=15), and
monocrotaline plus DMZ
(PAH-DMZ group, monocro-
taline, 60 mg/kg applied i.p.
on day 1 of the study period,
plus DMZ [diminazene ace-
turate, Sigma-Aldrich], 15
mg/kg, applied daily intra-

Figure 2. Median survival time (days) during 35 days of follow-up. Median
survival time was significantly lower in PAH group than control and PAH+DMZ
groups (P=0.01 for both). Error bars represent standard error of the mean.

peritoneally from the 21
day until the end of the
study period, n=7). At the

In this study, we aimed to evaluate the effects
of DMZ in PAH induced with monocrotaline on
survival, exercise capacity, RV systolic pres-
sure, RV hypertrophy, and pulmonary artery
remodeling.

Methods
Study design and animals
In total, 32 nine-week-old male Wistar-Albino

rats (170-240 g) were used. All of the rats were
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beginning of the study, there
were seven rats per group. However, some rats
had to be added to control and PAH groups
afterwards due to increased mortality rate in
PAH group and failure of RV systolic pressure
measurement in the PAH and control groups,
which resulted in a lower number of rats in PAH-
DMZ group than control and PAH groups.

Rats were monitored daily, and mortality was
recorded. After five weeks of monocrotaline
application, exercise tests were conducted for
all animals. Then, after anesthesia, RV systolic

Int J Clin Exp Med 2016;9(2):909-917
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Figure 3. Exercise duration (min) was lower in PAH rats than control group

3.78

PAH-DMZ

Eczacibasi Warner-Lambert llac
Sanayi, Turkey) and 10 mg/kg
xylazine hydrochloride (Rompun,
Bayer, Turkey). Following intuba-
tion of the trachea, the animals
were ventilated with a rodent
l ventilator (model 7025 Ugo
Basile, Comerio, Italy). Open-
chest measurements were con-
ducted as previously described
[11]. To measure RV systolic
pressure, the chest of the rat
was opened through a midline
incision. An 18-gauge catheter
filled with heparinized saline

(P=0.009), but similar between PAH and PAH+DMZ groups (P=1.0). Error was inserted into the RV.

bars represent standard error of the mean.
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Figure 4. The right ventricule systolic pressure (mmHg) was significantly
higher in PAH group than control group (P=0.05). But, there was no sig-
nificant difference in the right ventricule systolic pressure between PAH
and PAH+DMZ groups (P=0.79). Error bars represent standard error of

the mean.

pressure was measured. The heart and lungs
were excised for histopathological investi-
gations.

Exercise capacity

Exercise capacity was measured using a modi-
fied forced swimming test. Rats were placed in
a tank filled with water, 50 cm long and 30 cm
wide, at 25°C. Swimming duration was calcu-
lated subtracting the motionless period from
the swimming time of the rats [10].

Right ventricle systolic pressure

All rats were anesthetized with i.p. application
of 80 mg/kg ketamine hydrochloride (Ketalar;

911

PAH-DMZ

Pressure recordings were made
using a MP 100A BIOPAC sys-
tem (Santa Barbara, CA, USA).

Histology

The histology was assessed by a
246 histopathologist blinded to the
animal groups. After measure-
ment of right heart resistance,
the heart and lungs of decapi-
tated animals were excised and
fixed using neutral-buffered for-
malin (10%).

Right ventricle hypertrophy

The heart after central transver-
sal section was processed for
histology in paraffin wax. Then,
2 um sections were stained with
hematoxylin and eosin. RV
hypertrophy was expressed as
follows: right ventricular (RV) wall area/(LV wall
area + interventricular septum area)/2 [2xRV/
LV+S].

Pulmonary vascular remodeling

After cutting the lungs into 2 mm slices, they
were embedded in paraffin wax and 2 um sec-
tions were prepared. Sections were stained
with hematoxylin and eosin and also for
a-smooth muscle actin (1:100, Dako, Glostrup,
Denmark). Analysis of pulmonary vascular
remodeling was performed as previously
described. For each animal, 20 pulmonary
artery sections with an external diameter of
50-200 um were picked randomly. External
diameter and medial muscular tissue thickness

Int J Clin Exp Med 2016;9(2):909-917
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Figure 5. Right ventricule hypertrophy ratio was significantly different be-
tween PAH and control groups (P=0.001), but not between PAH and PAH+DMZ
groups (P=0.87). Error bars represent standard error of the mean.
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Figure 6. PAH was associated with increased medial wall thickness (corrected
for vessel size) (P=0.038), which was significantly reduced with DMZ therapy
(P=0.046). Error bars represent standard error of the mean.

Results

When mortality in all of the
groups was analyzed, there
were no (0%) deaths in the
control group, eight (53.1%)
in the PAH group, and one
(14.3%) in the PAH-DMZ
group. Between the control
and PAH groups, the differ-
ence was statistically signifi-
cant (P=0.006); however, the
difference between the PAH
and PAH-DMZ groups was
not significant (P=0.16). Wh-
en the 35-day survey was
analyzed, the median life-
time was 35 days, the medi-
an in the PAH group was 32
days and the median in the
PHD-DMZ group was 35
days; there was a significa-
nt difference between the
groups (P=0.01; Figures 1
and 2).

When median swimming ti-
me values were analyzed,
exercise capacity was 6.43
(4.06-12) min in the control
group, 3.75 (1.21-6.65) min
in the PAH group, and 3.78
(2.3-6.3) min in the PAH-DMZ
group. A statistically signifi-
cant difference was seen
between the control and PAH

were measured and muscular wall thickness/
external diameter rate was recorded [10].

Statistical analysis

Statistical analyses were carried out using the
MedCalc software (ver. 12.7.7). Normality of all
parameters was evaluated by Shapiro Wilks
Test. The Mann-Whitney U-test was used for
two-group analyses (Control vs PAH, Control vs
DMZ, PAH vs DMZ at all continuous variables)
that were not independent or normally distrib-
uted. Median, minimum, and maximum values
are reported. For comparing survival rates
between Control, PAH, DMZ groups, the log-
rank test was used. Statistical significance was
set at 0.05.

912

groups (P=0.009). There we-

re no significant differences
between the PAH and PAH-DMZ groups (Figure
3).

When RV systolic pressure was analyzed, the
median value in the control group was 12
(8-16). The RV systolic pressure median value
of the PAH group was 26 (16-28), and com-
pared to the control group, the difference was
at the limit of statistical significance (P=0.05).
The PAH-DMZ median value was 24.65 (20.3-
34.3), and there was no significant improve-
ment versus the PAH group (P=0.79; Figure 4).

RV hypertrophy rate median values were 0.38
(0.33-0.46) in the control group, 0.54 (0.44-
0.95) in the PAH group, and 0.57 (0.43-0.67) in
the PAH-DMZ group. A statistically significant

Int J Clin Exp Med 2016;9(2):909-917



Effect of diminazene on pulmonary hypertension

- '.l?

PG Tt SN,

Figure 7. Histological images of distal pulmonary arteries stained with a-smooth muscle actin (left side) and hema-
toxylin-eosin (right side) with x400 magnification for control (A, B), PAH (C, D) and PAH+DMZ (E, F) groups.

difference was observed between the control
and PAH groups (P=0.01). Comparing the PAH-
DMZ and PAH groups, the difference was not
statistically significant (P=0.87; Figure 5).

The distal pulmonary artery wall muscular
thickness was 19.03 (17.6-21.65) in the con-
trol group, 24.7 (18.35-27) in the PAH group,
and 19.68 (17.51-2.25) in the PAH-DMZ group.
A statistically significant difference was

913

observed between control and PAH groups
(P=0.038). Significant improvement was
detected between the PAH and PAH-DMZ
groups (P=0.046; Figures 6 and 7).

Discussion

PAH is a serious disease and the long-term
prognosis is still poor. Although PAH has vari-
ous causes, the cardiac and pulmonary vascu-

Int J Clin Exp Med 2016;9(2):909-917
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lar histopathological findings are similar. PAH is
primarily a disease of the small pulmonary
arteries. It is characterized by a progressive
increase in vascular proliferation, remodeling,
and PVR. The increase in PVR causes endothe-
lial dysfunction, resulting in vasoconstriction,
pulmonary vascular wall remodeling, and
thrombosis [12]. Although hemodynamic
changes represent one dimension of the ill-
ness, it is thought that the most important
point in the pathogenesis is the increased pro-
liferation of endothelial cells and decreased
apoptosis [13].

One factor causing endothelial dysfunction and
vascular impairment is the renin angiotensin
system (RAS) [14]. Activation of the classical
ACE-Angll-ATAR axis of RAS, which includes
ACE, is related to the pulmonary hemodynam-
ics that cause PAH [15]. ACE2, discovered more
recently as a homolog of ACE, is relevant to
many physiological and pathophysiological pro-
cesses. ACE2 is a monocarbopeptidase. ACE2
is expressed in many tissues, such as the
lungs, in Clara cells, type | and Il alveolar epi-
thelial cells, macrophages, endothelium,
smooth muscle cells of blood vessels, and
bronchial epithelia [16]. Widespread oscillation
of RAS components in lungs suggest that pul-
monary ACE2 activation may be effective for
lung injury pathogenesis, and that it may be a
new treatment target in PAH [17].

ACE2 has an important role in lung pathophysi-
ology. It has been detected in various animal
studies that ACE2 protected the lung from
acute injury [18] and respiratory distress syn-
drome [19], relieved fibrosis induced with bleo-
mycin [20], improved hypoxemia in an acute
respiratory distress syndrome piglet model [21]
prevented the development of lung failure [22],
and that decreased ACE2 expression is related
to lung fibrosis [23] and can cause lung failure
[24]. It was observed in a pressure overload
mouse model that with recombinant human
ACE2 treatment, RV hypertrophy was decreased
and RV systolic and diastolic function improved
without affecting LV function [25]. There have
been various studies regarding the importance
of ACE2 in PAH. It has been shown in some
studies that angiotensin signaling contributed
to pulmonary artery smooth muscle cell prolif-
eration and vasoconstriction, with upregulation
of the AT1 receptor, and downregulation of
ACE2 and angiotensin (1-7) [26-29]. The impor-
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tance of neprilysin, which is a source of Ang-(1-
7), has been reported in another mice study
regarding the RAS-ACE2 pathway in neprilysin
null mice. After chronic hypoxia exposure in
these mice, increased pulmonary resistance
and distal arterial muscularization were noted
[30].

There are also reports of positive effects of ACE
2 activation or overexpression treatment in
PAH. In the study of Yamazato et al [31], ACE2
overexpression relieved PAH, which was
induced with monocrotalin. It was found that
XNT, which is a pharmacological activator of
ACE2, provided increased interleukin-10 levels,
which is an anti-inflammatory cytokine and pre-
vents right ventricular hypertrophy, pulmonary
vascular wall thickness changes, interstitial
fibrosis, and RV systolic pressure increases in
PAH [6]. In a rat study, it was found that ACE2
activation, achieved through continuous injec-
tion of resorcinolnaphthalein, prevented devel-
opment of high pulmonary arterial pressure, RV
hypertrophy, and neointimal formation [32]. In
the study of Shenoy et al [20], decreased RV
systolic pressure was detected with ACE2 over-
expression in pulmonary fibrosis induced with
bleomycin. In addition, significant improve-
ments in RV systolic pressure, RV wall thick-
ness, and pulmonary artery wall thickness with
Ang-(1-7) overexpression were noted in PAH,
induced with monocrotaline [20].

In the study by Kulemina et al [8], it was found
that DMZ, which is an anti-protozoan chemo-
therapeutic used to treat trypanosomiasis in
domestic livestock, provided off-target ACE2
activity [8]. We concluded in our study that
DMZ, which is an ACE2 activator, contributed to
increasing the lifetime and improving pulmo-
nary arterial muscularization. We did not find
any difference in RV systolic pressure, RV
hypertrophy, or exercise capacity with DMZ
treatment. It is known that after 3 weeks, pul-
monary hypertension develops in the induced
PAH model [33]. To analyze the reversal effects
of DMZ, treatment began on the 21t day and
lasted for 14 days. Because analyses were
made at the end of the fifth week, when post-
monocrotaline deaths often occur, it would be
expected that deaths would occur in the non-
treatment PAH group, and that abnormal hemo-
dynamics, pathology, and exercise capacity
findings would be encountered more often.

Int J Clin Exp Med 2016;9(2):909-917



Effect of diminazene on pulmonary hypertension

Vascular remodeling is a hallmark of PAH. It has
been proposed in many reports that the effect
of ACE2 on hyperplasia in vascular components
is significant. It has been shown in in vitro and
in vivo studies of ACE2 that hyperproliferation,
migration of pulmonary smooth cells, and mus-
cularization of small pulmonary arteries are
involved [20, 34]. We also detected improve-
ments in pulmonary arterial muscularization in
rats treated with DMZ.

Some studies have analyzed the effects of DMZ
in PAH models. In the study by Rigatto et al
[35], where the effects of DMZ on autonomic
modulation were observed in PAH rats induced
with monocrotaline, it was found that monocro-
taline increased sympathetic modulation and
decreased heart rate variability and that DMZ
improved these effects. Shenoy et al [36]. ana-
lyzed the protective and reversing effects of
DMZ in a PAH rat model and reported a signifi-
cant protective effect of DMZ on RV systolic
pressure, RV hypertrophy, and pulmonary
artery muscularization, in addition to positive
reversing effects on RV systolic pressure and
RV hypertrophy. Our findings were not as
remarkable as those of Shenoy et al [36]. It
should be noted that the monocrotaline dose in
the study of Shenoy et al was lower than that
applied in our study. For this reason mortality
rate in PAH groups may be lower than our study.
In our study, the reason for insignificant differ-
ence between DMZ group and PAH group in
terms of RV systolic pressure, RV hypertrophy,
and exercise capacity may be high mortality
rate at PAH group. In the previous studies, the
effects of DMZ were not analyzed in terms of
mortality or exercise capacity. The analysis of
exercise capacity in the present study is an
important parameter because it denotes the
functional significance of PAH and is used as an
end-point in clinical studies.

Publications regarding the side effects of DMZ
have mentioned that toxicity is encountered
occasionally, even at standard therapeutic
doses used in farm animals [37]. However, in a
study by Abaru [9], who analyzed 99 African try-
panosomiasis patients retrospectively, it was
found that side effects were minor and
transient.

In conclusion, DMZ treatment prolonged life in
PAH rats and decreased pulmonary arteriolar
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muscularization. Although with DMZ treatment,
RV systolic pressure and exercise capacity
improved, there was no significant change.
However, it is considered that as a result of the
high death rate in the PAH group, animals with
more negative values were likely not included in
the analysis. DMZ, an ACE2 activator, may offer
a new treatment approach in PAH therapy.
There is a need for further studies to analyze
long-term side effects and for clinical trials.

Acknowledgements

We are grateful to Dr. Ayse Karson for her inter-
est and support during the study period. This
work was supported by Kocaeli Derince
Education and Research Hospital.

Disclosure of conflict of interest
None.
Authors’ contribution

AS drafted the manuscript, carried out experi-
ments; SA carried out experiments, CV and BYB
performed pathological examination; CO car-
ried out experiments, AT performed exercise
testing, NDK drafted the manuscript, UAA per-
formed statistical analysis. All authors read and
approved the final manuscript.

Address correspondence to: Dr. Aysun Sengul, De-
partment of Pulmonology, Kocaeli Derince Education
and Research Hospital, Kocaeli 41100, Turkey. Tel:
+90 262 317 80 00; Fax: +90 262 233 55 40;
E-mail: dr.aysunsengul@hotmail.com

References

[1]  Rubin LJ. Primary pulmonary hypertension. N
Engl J Med 1997; 336: 111-117.

[2] Runo JR and Loyd JE. Primary pulmonary hy-
pertension. Lancet 2003; 361: 1533-1544.

[3] O’Callaghan DS, Savale L, Montani D, Jais X,
Sitbon O, Simonneau G and Humbert M.
Treatment of pulmonary arterial hypertension
with targeted therapies. Nat Rev Cardiol 2011;
8:526-538.

[4] Thenappan T, Shah SJ, Rich S and Gomberg-
Maitland M. A USA-based registry for pulmo-
nary arterial hypertension: 1982-2006. Eur
Respir J 2007; 30: 1103-1110.

[5] National Pulmonary Hypertension Centres of
the UK and Ireland. Consensus statement on
the management of pulmonary hypertension

Int J Clin Exp Med 2016;9(2):909-917



(6]

[7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

916

Effect of diminazene on pulmonary hypertension

in clinical practice in the UK and Ireland.
Thorax 2008; 63 Suppl 2: ii1-ii41.

Ferreira AJ, Shenoy V, Yamazato Y, Sriramula S,
Francis J, Yuan L, Castellano RK, Ostrov DA, Oh
SP, Katovich MJ and Raizada MK. Evidence for
angiotensin-converting enzyme 2 as a thera-
peutic target for the prevention of pulmonary
hypertension. Am J Respir Crit Care Med 2009;
179: 1048-1054.

Grobe JL, Mecca AP, Lingis M, Shenoy V, Bolton
TA, Machado JM, Speth RC, Raizada MK and
Katovich MJ. Prevention of angiotensin II-
induced cardiac remodeling by angioten-
sin-(1-7). Am J Physiol Heart Circ Physiol 2007;
292: H736-742.

Kulemina LV and Ostrov DA. Prediction of off-
target effects on angiotensin converting en-
zyme 2. J Biomol Screen 2011; 16: 878-885.
Abaru DE, Liwo DA, Isakina D and Okori EE.
Retrospective long-term study of effects of
Berenil by follow-up of patients treated since
1965. Tropenmed Parasitol 1984; 35: 148-
150.

Megalou AJ, Glava C, Vilaeti AD, Oikonomidis
DL, Baltogiannis GG, Papalois A, Vlahos AP and
Kolettis TM. Transforming growth factor-f inhi-
bition and endothelin receptor blockade in rats
with monocrotaline-induced pulmonary hyper-
tension. Pulm Circ 2012; 2: 461-469.

Girgis RE, Li D, Zhan X, Garcia JG, Tuder RM,
Hassoun PM and Johns RA. Attenuation of
chronic hypoxic pulmonary hypertension by
simvastatin. Am J Physiol Heart Circ Physiol
2003; 285: H938-945.

Budhiraja R, Tuder RM and Hassoun PM.
Endothelial dysfunction in pulmonary hyper-
tension. Circulation 2004; 109: 159-165.
Baliga RS, MacAllister RJ and Hobbs AJ. New
perspectives for the treatment of pulmonary
hypertension. Br J Pharmacol 2011; 163: 125-
140.

Luscher TF. Endothelial dysfunction: the role
and impact of the renin-angiotensin system.
Heart 2000; 84 Suppl 1:i20-22.

Marshall RP. The pulmonary renin-angiotensin
system. Curr Pharm Des 2003; 9: 715-22.
Hamming |, Cooper ME and Haagmans BL. The
emerging role of ACE2 in physiology and dis-
ease. J Pathol 2007; 212: 1-11.

Bradford CN, Ely DR and Raizada MK. Targeting
the vasoprotective axis of the renin-angioten-
sin system: a novel strategic approach to pul-
monary hypertensive therapy. Curr Hypertens
Rep 2010; 12: 212-9.

Imai Y, Kuba K and Penninger JM. The discov-
ery of angiotensin-converting enzyme 2 and its
role in acute lung injury in mice. Exp Physiol
2008; 93: 543-548.

(19]

[20]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

ImaiY, Kuba K and Penninger JM. Angiotensin-
converting enzyme 2 in acute respiratory dis-
tress syndrome. Cell Mol Life Sci 2007; 64:
2006-2012.

Shenoy V, Ferreira AJ, Qi Y, Fraga-Silva RA,
Diez-Freire C, Dooies A, Jun JY, Sriramula S,
Mariappan N, Pourang D, Venugopal CS,
Francis J, Reudelhuber T, Santos RA, Patel JM,
Raizada MK and Katovich MJ. The angiotensin-
converting enzyme 2/angiogenesis-(1-7)/Mas
axis confers cardiopulmonary protection
against lung fibrosis and pulmonary hyperten-
sion. Am J Respir Crit Care Med 2010; 182:
1065-1072.

Treml B, Neu N, Kleinsasser A, Gritsch C,
Finsterwalder T, Geiger R, Schuster M, Janzek
E, Loibner H, Penninger J and Loeckinger A.
Recombinant angiotensin-converting enzyme
2 improves pulmonary blood flow and oxygen-
ation in lipopolysaccharide-induced lung injury
in piglets. Crit Care Med 2010; 38: 596-601.
Imai Y, Kuba K, Rao S, Huan Y, Guo F, Guan B,
Yang P, Sarao R, Wada T, Leong-Poi H,
Crackower MA, Fukamizu A, Hui CC, Hein L,
Uhlig S, Slutsky AS, Jiang C and Penninger JM.
Angiotensin-converting enzyme 2 protects
from severe acute lung failure. Nature 2005;
436: 112-116.

Li X, Molina-Molina M, Abdul-Hafez A, Uhal V,
Xaubet A and Uhal BD. Angiotensin converting
enzyme-2 is protective but downregulated in
human and experimental lung fibrosis. Am J
Physiol Lung Cell Mol Physiol 2008; 295:
L178-185.

Kuba K, Imai Y, Rao S, Gao H, Guo F, Guan B,
HuanY, Yang P, Zhang Y, Deng W, Bao L, Zhang
B, Liu G, Wang Z, Chappell M, Liu Y, Zheng D,
Leibbrandt A, Wada T, Slutsky AS, Liu D, Qin C,
Jiang C and Penninger JM. A crucial role of an-
giotensin converting enzyme 2 (ACE2) in SARS
coronavirus-induced lung injury. Nat Med
2005; 11: 875-879.

Johnson JA, West J, Maynard KB and Hemnes
AR. ACE2 improves right ventricular function in
a pressure overload model. PLoS One 2011; 6:
e20828.

de Man FS, Tu Land Handoko ML. Dysregulated
reninangiotensin-aldosterone system contrib-
utes to pulmonary arterial hypertension. Am J
Respir Crit Care Med 2012; 186: 780-789.

Li G, Liu Y and Zhu Y. ACE2 activation confers
endothelial protection and attenuates neointi-
mal lesions in prevention of severe pulmonary
arterial hypertension in rats. Lung 2013; 191:
327-336.

Morrell NW, Upton PD, Higham MA, Yacoub
MH, Polak JM and Wharton J. Angiotensin Il
stimulates proliferation of human pulmonary

Int J Clin Exp Med 2016;9(2):909-917



[29]

(30]

(31]

(32]

(33]

917

Effect of diminazene on pulmonary hypertension

artery smooth muscle cells via the AT1 recep-
tor. Chest 1998; 114: S90-91.

Morrell NW, Upton PD and Kotecha S.
Angiotensin Il activates MAPK and stimulates
growth of human pulmonary artery smooth
muscle via AT1 receptors. Am J Physiol 1999;
277: L440-448.

Dempsey EC, Wick MJ and Karoor V. Neprilysin
null mice develop exaggerated pulmonary vas-
cular remodeling in response to chronic hypox-
ia. Am J Pathol 2009; 174: 782-796.
Yamazato Y, Ferreira AJ, Hong KH, Sriramula S,
Francis J, Yamazato M, Yuan L, Bradford CN,
Shenoy V, Oh SP, Katovich MJ and Raizada MK.
Prevention of pulmonary hypertension by an-
giotensin-converting enzyme 2 gene transfer.
Hypertension 2009; 54: 365-371.

Li G, Xu YL, Ling F, Liu AJ, Wang D, Wang Q and
Liu YL. Angiotensin-converting enzyme 2 acti-
vation protects against pulmonary arterial hy-
pertension through improving early endothelial
function and mediating cytokines levels. Chin
Med J (Engl) 2012; 125: 1381-1388.
Gomez-Arroyo JG, Farkas L, Alhussaini AA,
Farkas D, Kraskauskas D, Voelkel NF and
Bogaard HJ. The monocrotaline model of pul-
monary hypertension in perspective. Am J
Physiol Lung Cell Mol Physiol 2012; 302:
L363-369.

[34]

[35]

(36]

[37]

Zhang R, WuY, Zhao M, Zhou L, Shen S, Liao S,
Liao S, Yang K, Li Q and Wan H. Role of HIF-
lalpha in the regulation ACE and ACE2 expres-
sion in hypoxic human pulmonary artery
smooth muscle cells. Am J Physiol Lung Cell
Mol Physiol 2009; 297: L631-640.

Rigatto K, Casali KR, Shenoy V, Katovich MJ
and Raizada MK. Diminazene aceturate im-
proves autonomic modulation in pulmonary
hypertension. Eur J Pharmacol 2013; 713: 89-
93.

Shenoy V, Gjymishka A, Jarajapu YP, Qi Y, Afzal
A, Rigatto K, Ferreira AJ, Fraga-Silva RA, Kearns
P, Douglas JY, Agarwal D, Mubarak KK,
Bradford C, Kennedy WR, Jun JY, Rathin-
asabapathy A, Bruce E, Gupta D, Cardounel AJ,
Mocco J, Patel JM, Francis J, Grant MB,
Katovich MJ and Raizada MK. Diminazene at-
tenuates pulmonary hypertension and im-
proves angiogenic progenitor cell functions in
experimental models. Am J Respir Crit Care
Med 2013; 187: 648-657.

Peregrine AS and Mamman M. Pharmacology
of diminazene: a review. Acta Trop 1993; 54:
185-203.

Int J Clin Exp Med 2016;9(2):909-917



