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Rationale : Studies have demonstrated that angiotensin-converting
enzyme 2 (ACE2) plays a protective role against lung diseases, in-
cludingpulmonaryhypertension (PH).Recently, anantitrypanosomal
drug, diminazene aceturate (DIZE), was shown to exert an “off-
target” effect of enhancing the enzymatic activity of ACE2 in vitro.
Objectives: To evaluate the pharmacological actions of DIZE in exper-
imental models of PH.
Methods: PH was induced in male Sprague Dawley rats by monocro-
taline, hypoxia, or bleomycin challenge. Subsets of animals were
simultaneously treated with DIZE. In a separate set of experiments,
DIZE was administered after 3 weeks of PH induction to determine
whether the drug could reverse PH.
Measurements and Main Results: DIZE treatment significantly pre-
vented the development of PH in all of the animal models studied.
The protective effects were associated with an increase in the vaso-
protective axis of the lung renin-angiotensin system, decreased
inflammatory cytokines, improved pulmonary vasoreactivity, and

enhanced cardiac function. These beneficial effects were abolished
by C-16, an ACE2 inhibitor. Initiation of DIZE treatment after the
induction of PH arrested disease progression. Endothelial dysfunc-
tion represents a hallmark of PH pathophysiology, and growing ev-
idence suggests that bone marrow–derived angiogenic progenitor
cells contribute to endothelial homeostasis. We observed that
angiogenic progenitor cells derived from the bone marrow of
monocrotaline-challenged rats were dysfunctional and were repaired
by DIZE treatment. Likewise, angiogenic progenitor cells isolated from
patients with PH exhibited diminished migratory capacity toward the
key chemoattractant stromal-derived factor 1a, which was cor-
rected by in vitro DIZE treatment.
Conclusions: Our results identify a therapeutic potential ofDIZE in PH
therapy.
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Pulmonary hypertension (PH) is a life-threatening disease char-
acterized by elevated pressure in the pulmonary arteries and
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

The angiotensin-converting enzyme 2 (ACE2)/angiotensin-
(1–7)/Mas axis has been shown to exert protection against
pulmonary hypertension (PH). Recently, bone marrow
(BM)-derived angiogenic progenitor cells (APCs) have been
reported to be dysfunctional in PH, contributing to impaired
vascular homeostasis. Strategies that can favorably modulate
the activity of this axis and correct APC dysfunction could
bear therapeutic potential for PH treatment.

What This Study Adds to the Field

We show that diminazene, an antitrypanosomal drug, attenu-
ates hemodynamic changes, prevents maladaptive right ven-
tricular remodeling, and enhances pulmonary vasorelaxation
in experimental models of PH through activation of ACE2.
Furthermore, diminazene improves the functions of APCs
obtained fromexperimental animals and patients with PH. This
study identifies a new application for an existing drug, which
could be successfully developed for PH therapeutics.
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abnormal remodeling of the lung vasculature, which leads to
right-heart failure (1). PH can be of idiopathic origin or can
arise in association with an underlying interstitial lung disease,
such as pulmonary fibrosis (PF) (2). Currently available thera-
peutic strategies rely on calcium channel blockers, prostanoids,
endothelin receptor antagonists, and phosphodiesterase-5 block-
ers, all of which induce pulmonary vasodilation (3). However,
despite these therapeutic advances, the morbidity and mortality
rates remain high in patients with PH. Hence, innovative
approaches and novel drugs must be discovered in an attempt
to improve PH treatment. It is in this regard that the recent
discovery of angiotensin-converting enzyme 2 (ACE2) and its
role in pulmonary diseases is of immense relevance. ACE2 is
a mono-carboxypeptidase that metabolizes angiotensin-II (Ang-II)
to angiotensin-(1–7) [Ang-(1–7)], thereby maintaining a balance
between the deleterious axis (ACE–AngII-AT1R) and the vaso-
protective axis [ACE2–Ang-(1–7)-Mas] of the renin-angiotensin
system (RAS) (4). ACE2 is distributed throughout the lungs and
offers a therapeutic potential in the management of PH. The ratio-
nale for this concept stems from the following evidence: (1) we have
previously demonstrated that lung overexpression of ACE2 renders
protection against PH (5, 6), (2) ACE2 has been shown to exert
beneficial effects against acute lung injury (7), and (3) levels of
ACE2 are altered in failing human heart ventricles from subjects
with PH (8). Collectively, these findings have led several groups to
propose that administration of ACE2 would be useful in treating
lung diseases like PH and heart failure (9–11). Recently, an anti-
trypanosomal drug, diminazene aceturate (DIZE), was shown to
exert “off-target” effects of activating ACE2 in vitro (12), which
prompted us to evaluate the pharmacological actions of this drug
against PH. DIZE is used in tropical countries for the treatment of
early-stage human African trypanosomiasis, also called sleeping
sickness (13). Our objectives in this study were to assess the phar-
macological effects of DIZE in rat models of PH. The drug was
injected subcutaneously because higher plasma concentrations were
reported to be achieved with this route as compared with oral
administration (14). Recent evidence suggests that the bone mar-
row (BM)-derived angiogenic progenitor cells (APCs) are dys-
functional in PH, contributing to impaired vascular homeostasis
(15–18). Therefore, we also evaluated the outcome of DIZE tre-
atment on the function of APCs obtained from experimental
animals and patients with PH. Some of the results of these studies
have been previously reported in the form of an abstract (19).

METHODS

Reagents and Antibodies

Monocrotaline (MCT) and a-smooth muscle actin (clone 1A4) were
purchased from Sigma Aldrich (St. Louis, MO). Bleomycin sulfate was
purchased from Calbiocem Labs (San Diego, CA). Compound 16 (C-
16), a selective ACE2 inhibitor, was obtained from Millennium Phar-
maceuticals Inc. (Cambridge, MA). AT1-receptor rabbit polyclonal
antibody and ACE rabbit polyclonal antibody were procured from
Santa Cruz Biotechnology Inc. (Santa Cruz, CA). DIZE was purchased
from LKT Laboratories Inc. (St. Paul, MN). Terminal deoxynucleo-
tidyl transferase–mediated dUTP nick end labeling (TUNEL) assay
was performed using the TMR red in situ cell death detection kit from
Roche Diagnostics (Indianapolis, IN). Cell culture media was pur-
chased from STEMCELL Technologies Inc. (Vancouver, BC, Canada).
Recombinant stromal-derived factor 1 a (SDF1-a) and vascular
endothelial growth factor (VEGF) were procured from R&D Systems
(Minneapolis, MN). Vialight Plus cell proliferation bioassay kit was
procured from Lonza Inc. (Rockland, ME).

Animals

All animal procedures were approved by the Institutional Animal Care
and Use Committee at the University of Florida and complied with

National Institutes of Health guidelines. PH was induced by administra-
tion of MCT or bleomycin or hypoxia exposure in 8-week-old male
Sprague Dawley rats (Charles River Laboratories, Wilmington, MA)
as detailed in the online supplement.

Hemodynamic Measurements and Histological Analysis

Right ventricular systolic pressure (RVSP) was measured in anesthe-
tized, closed-chest rats using a fluid-filled silastic catheter as detailed
in the online supplement. Right ventricular hypertrophy (RVH) was
expressed as the ratio of right ventricle (RV) to left ventricle plus ven-
tricular septum (LV1S) weights (RV/LV1S). Myocardial fibrosis was
evaluated using picrosirius red staining as previously described (6).
Formalin-fixed lung sections were stained for a-smooth muscle actin
(1:600), and the medial wall thickness was measured as reported else-
where (5).

Apoptosis Assay

Apoptosis was determined using the TUNEL assay according to the
manufacturer’s protocol. Nuclei were labeled with 49,6-diamidino-
2-phenylindole. For each slide, five different fields were evaluated
at high magnification (3400). The apoptotic index was calculated as
the number of TUNEL-positive apoptotic nuclei divided by the
total number of 49,6-diamidino-2-phenylindole–stained nuclei multi-
plied by 100.

Isolation of Human CD341 Cells

Peripheral blood was obtained from healthy subjects (n ¼ 15) or indi-
viduals with PH (n ¼ 31) visiting clinics at the Shands Teaching Hos-
pital at the University of Florida in accordance with the approved
protocol by the Institutional Review Board. The research followed
the tenets of the Declaration of Helsinki, and informed consent was
obtained from the subjects. Peripheral blood mononuclear cells were
enriched for CD341 cells by immunomagnetic selection.

Proliferation and Migration Assays

Freshly sorted human CD341 cells or animal BM-derived CD901 cells
were used to carry out proliferation and migration assays in the presence
of 100 nM SDF1-a or 50 ng/ml VEGF as detailed in the online supple-
ment. Refer the online supplement for additional details on ACE2
activity assay, real-time RT-PCR analysis, Western blot analysis, pulmo-
nary vasoreactivity, and systemic blood pressure measurement.

Statistical Analysis

All data are reported as means6 SEM. Statistical analysis was performed
with the Prism software package (GraphPad v4). Data were analyzed using
one-way ANOVA followed by the Newman-Keuls test for multiple com-
parisons. P values less than 0.05 were considered statistically significant.

RESULTS

DIZE Treatment Prevents the Development of PH

Incubation of recombinant human ACE2 with 100 mM DIZE
resulted in a twofold increase in its enzymatic activity in vitro
(Figure 1A), confirming previous reports (12). Subsequently, we
evaluated the chronic effects of DIZE treatment in the MCT-
induced PH model. Four weeks of MCT challenge induced
marked increases in RVSP, signifying the development of PH
(Figure 1B). In addition, these animals exhibited a 92% increase
in RV to left ventricle plus septum (LV1S) weight ratio, an index
of RVH (Figure 1C). However, DIZE-treated MCT animals dis-
played 31% and 40% lower RVSP and RVH, respectively (Fig-
ures 1B and 1C). Next, we validated the beneficial effects of
DIZE in the hypoxia-induced PH model. Exposure of rats to
hypoxia significantly elevated RVSP (Figure 1D), along with an
81% increase in RVH (Figure 1E). In contrast, DIZE treatment
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significantly reduced RVSP and RVH (Figures 1D and 1E). We
further explored DIZE’s protective role on the development of
secondary PH. Two weeks of bleomycin administration induced
severe lung fibrosis that was associated with an 11% decrease in
body weight (Figures E1A–E1C ) and a 44% increase in RVSP,
followed by the development of RVH (Figures 1F and 1G). Co-
administration of DIZE significantly attenuated all these parame-
ters (Figures 1F and 1G). Furthermore, bleomycin-treated animals
exhibited a 61% decrease in lung ACE2 activity, which was signif-
icantly prevented by DIZE treatment (Figure 1H).

DIZE Inhibits PH-associated Right Ventricular

Dysfunction and Fibrosis

Measurement of cardiac functions in MCT animals revealed
higher right ventricular end diastolic pressure (114%), ele-
vated 1dP/dt (76%), and –dP/dt (89%) as compared with
normal control animals. However, these parameters were re-
covered to near control levels by DIZE treatment, suggesting
normalization of ventricular performance (Figures 2A–2C).
Furthermore, DIZE treatment resulted in similar bene-
ficial effects on cardiac function in the hypoxia model of PH

Figure 1. Diminazene aceturate

(DIZE) treatment prevents pul-

monary hypertension (PH) and

associated cardiac hypertro-
phy. (A) Coincubation with

DIZE (100 mM) increases the

enzymatic activity of recom-

binant human angiotensin-
converting enzyme 2 (ACE2)

in vitro. (B) Measurement of

right ventricular systolic pres-
sure (RVSP) in monocrotaline

(MCT)-challenged rats. (C) Right

ventricle (RV) hypertrophy re-

flected by the ratio of RV to
left ventricle (LV) plus interven-

tricular septum (S) weight ratio

[RV/(LV 1 S)] in the MCT-

induced PH study. (D) RVSP
measurement in the hypoxia

model of PH. (E) RV/(LV 1 S)

values in hypoxia-exposed rats.
(F ) Measurement of RVSP in

the model of PH secondary to

bleomycin-induced lung fibro-

sis. (G) RV hypertrophy in the
bleomycin study. (H) Effect of

chronic DIZE treatment on

lung ACE2 activity in the

bleomycin model of lung injury.
Data represent mean 6 SEM.

*P , 0.05, **P , 0.01, and

***P , 0.001 compared with
control rats or rats treated with

DIZE group. #P , 0.05

compared with MCT/hypoxia/

bleomycin-challenged rats
(n ¼ 10 per group for MCT

study; n ¼ 6 per group for hyp-

oxia experiments; n ¼ 5 per

group for bleomycin study).
Bleo ¼ bleomycin.
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(Figures 2D–2F). In addition to improved cardiac function, DIZE
treatment decreased myocardial collagen accumulation. MCT
administration caused an approximately threefold increase in
myocardial interstitial fibrosis as assessed by picrosirius red
staining, and this increase was significantly attenuated by DIZE
(Figure 2G). Similar results were obtained with DIZE treatment
in the hypoxia and bleomycin models of PH (Figures 2H and 2I).
However, development of ventricular fibrosis was not associated
with compromised cardiac function in the bleomycin model
(Figures E2A–E2C).

DIZE Favorably Modulates Pulmonary RAS

and Proinflammatory Cytokines

We have previously shown that the beneficial effects of ACE2
overexpression are associated with shifting the balance of the

RAS from the proinflammatory, fibrotic, and hypertrophic axis

toward the antiinflammatory, antifibrotic, and vasoprotective

axis (5, 6). Thus, we sought to determine if DIZE treatment

could cause a similar shift. Pulmonary ACE and AT1R mRNA

levels were increased by 170% and 400%, respectively, by MCT

Figure 2. Attenuation of pulmonary hypertension (PH)-induced right ventricular dysfunction and cardiac fibrosis. Measurement of (A) right

ventricular end diastolic pressure (RVEDP), (B) 1dP/dt, and (C) 2dP/dt in the monocrotaline (MCT) model of PH. Similar measurements of (D)

RVEDP, (E) 1dP/dt, and (F) 2dP/dt in the hypoxia model of PH. (G) Collagen staining and quantitative analysis of right ventricular fibrosis from

the MCT study. (H) Quantification of right heart fibrosis from the hypoxia study. (I) Representative picrosirius red–stained sections and
quantitative analysis of myocardial fibrosis from the bleomycin study. Data represent mean 6 SEM. *P , 0.05 and ***P , 0.001 compared

with control rats or the DIZE-alone group. #P , 0.05 compared with MCT/hypoxia/bleomycin-challenged rats.1dP/dt and 2dP/dt refer to rate

of change in ventricular pressure with respect to time and characterize the systolic and diastolic function of the right ventricle, respectively.

Scale bars: 200 mm.
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administration (Figures 3A and 3D). Similarly, elevated levels
of ACE2 mRNA and Mas receptor (masR) were observed in
MCT-challenged animals (Figures 3B and 3E). DIZE treatment
of MCT rats demonstrated a 60% decrease in ACE, a 75%
decrease in AT1R, a 30% increase in ACE2, and a 38% decrease
in masR mRNA levels as compared with MCT-challenged ani-
mals (Figures 3A, 3B, 3D, and 3E). As a result, DIZE-treated
MCT rats displayed an approximately threefold increase in the
ACE2/ACE ratio and a fivefold increase in the masR/
AT1R ratio (Figures 3C and 3F). Furthermore, Western
blot analysis confirmed the mRNA findings with a signifi-
cant increase in ACE and AT1R protein expression in the
lung lysates of MCT animals, which was prevented by
DIZE (Figures 3G and 3H). Consistent with these changes
were our observations for the key proinflammatory cyto-
kines (IL-1b, TNF-a, and TGF-b) that are known to in-
crease during PH (20, 21). The MCT-induced increases in
mRNA levels of IL-1b (approximately sevenfold), TNF-a (ap-
proximately sevenfold), and TGF-b (approximately ninefold)
were significantly attenuated in DIZE-treated MCT rats

(Figures 3I–3K). Likewise, Western blot analysis confirmed
these mRNA findings with significant increases in IL-1b and
TNF-a protein expression in MCT animals, which was de-
creased by DIZE treatment (see Figure E3 in the online sup-
plement). We observed similar effects of DIZE on pulmonary
RAS and proinflammatory cytokines in the bleomycin model
(Figure E4).

DIZE Arrests the Progression of Established PH

and Ameliorates Cardiac Dysfunction

We next determined whether it is possible to reverse MCT-
induced PH by DIZE treatment. We observed that 3 weeks of
MCT challenge induced significant elevation in RVSP (Figure
E5). Hence, in these experiments, DIZE was injected after
3 weeks of MCT challenge, and the drug treatment continued
for an additional 2 weeks. DIZE showed a significant attenuation
of RVSP (Figure 4A) and a 20% reduction in RVH (Figure 4B).
Improved cardiac function was observed with DIZE adminis-
tration (Figures 4C–4E).

Figure 3. Diminazene aceturate

(DIZE) modulates pulmonary

renin-angiotensin system (RAS)
and proinflammatory cytokines.

Relative change in lung mRNA

levels of the RAS genes. (A)
Angiotensin-converting en-

zyme (ACE), (B) angiotensin-

converting enzyme 2 (ACE2),

(C) ACE2/ACE ratio, (D) AT1R,
(E) Mas receptor (masR), and

(F ) masR/AT1R ratio in the

monocrotaline (MCT) model

of pulmonary hypertension.
Representative Western blot

and quantification of protein

expression for (G) ACE and
(H) AT1R from total lung ex-

tracts of MCT-challenged rats.

b-actin was used as a loading

control. Immunoblots are rep-
resentative of four individual

lungs for each group. Arbitrary

densitometric values are given

as ratio of ACE or AT1R to
b-actin. Relative mRNA levels

of lung proinflammatory cyto-

kines, (I) IL-1b, (J), tumor ne-

crosis factor (TNF)-a, and (K)
tumor growth factor (TGF)-b

from the MCT study. Data

are expressed as mean 6
SEM. *P , 0.05, **P , 0.01,

and ***P , 0.001 versus con-

trol rats or the DIZE-alone

group. #P , 0.05 versus MCT
group. For Western blots, C ¼
control, M ¼ MCT, and MD ¼
MCT 1 DIZE.
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C-16, an ACE2 Inhibitor, Abolishes the Protective Effects

of DIZE

We had hypothesized that the beneficial effects of DIZE are me-
diated via its actions on ACE2. Therefore, we coadministered
C-16, a selective ACE2 inhibitor (22), along with DIZE in the
MCT-induced PH model. Four weeks of C-16 injection abol-
ished the improvements in RVSP, RV/(LV1S) ratio, and car-
diac function produced by DIZE (Figures 5A–5E).

DIZE Rectifies Dysfunctional Angiogenic Progenitor Cells,

Improves Pulmonary Endothelial Function, and

Inhibits Apoptosis

Previous studies have established that rat BM-derived cells pos-
itive for the CD90 marker exhibit angiogenic properties and par-
ticipate in tube formation (23, 24). Hence, we decided to isolate
these cells and study their functional features. CD901 cells ob-
tained from the BM of MCT rats exhibited approximately

Figure 4. Diminazene aceturate (DIZE) arrests the progres-

sion of established pulmonary hypertension and improves
cardiac function. Initiation of DIZE treatment after 3 weeks

of monocrotaline (MCT) challenge arrests progression of

(A) RVSP and attenuates worsening of (B) right ventricular

hypertrophy. Measurement of (C) right ventricular end
diastolic pressure (RVEDP), (D) 1dP/dt, and (E) 2dP/dt

for the same study groups. Data represent mean 6 SEM.

***P , 0.001 versus control subjects or the DIZE-alone
group. #P , 0.05 compared with MCT-challenged rats.

1dP/dt and 2dP/dt refer to rate of change in ventricular

pressure with respect to time and characterize the systolic

and diastolic function of the right ventricle, respectively.

Figure 5. Coadministration of C-16, an angiotensin-

converting enzyme 2 (ACE2) inhibitor, abolishes the
protective effects of diminazene aceturate (DIZE). C-16

reversed the beneficial effects of DIZE on (A) right ven-

tricular systolic pressure (RVSP), (B) right ventricular hy-
pertrophy, (C) right ventricular end diastolic pressure

(RVEDP), (D) 1dP/dt, and (E) 2dP/dt in the monocrotaline

(MCT)-induced pulmonary hypertension model. Data rep-

resent mean 6 SEM. ***P , 0.001 versus control subjects.
#P , 0.05 compared with MCT and MDC groups (MDC

represents the MCT1DIZE1C-16 group) (n ¼ 6–8 per ex-

perimental group). 1dP/dt and 2dP/dt refer to rate of

change in ventricular pressure with respect to time and
characterize the systolic and diastolic function of the right

ventricle, respectively.
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twofold decreases in proliferation and migration in response to
the key chemoattractants, SDF-1a and VEGF, reflecting signif-
icant dysfunction of these progenitors (Figures 6A–6D). How-
ever, the reduced proliferation and migration was normalized in
CD901 cells isolated from DIZE-treated MCT rats. No signif-
icant difference in the number of BM-derived CD901 cells was
observed between the experimental groups (control, 2.7%;
MCT, 2.8%; and MCT1DIZE, 2.8% of mononuclear cells) as
analyzed by flow cytometry. We then examined the role of
DIZE on pulmonary vasorelaxation. Acetylcholine-induced
vasorelaxation was decreased by 64% in the pulmonary arteries
of MCT-challenged rats. Conversely, DIZE-treated animals
showed 32% improvement in vasoreactivity (Figure 6E).
DIZE therapy was associated with considerable reduction in

pulmonary vessel wall thickening in MCT and hypoxia models
of PH (Figures 6F and 6G). Next, we examined whether DIZE
could exert antiapoptotic effects in response to tissue damage.
Lung sections of bleomycin-treated animals showed increased
TUNEL staining, which was prevented by DIZE treatment
(Figures 6H–6P).

CD341 Cells from Patients with PH Are Dysfunctional,

and In Vitro Treatment with DIZE Improves Their

Migratory Capacity

Our objective in this study was to determine whether hematopoi-
etic progenitor cells with the CD341 marker are dysfunctional in
patients with PH and, if so, whether in vitro treatment with
DIZE would improve their function. Numerous studies have

Figure 6. Improvement in an-
giogenic progenitor cell (APC)

function, better pulmonary

vasoreactivity, and decreased

apoptosis by diminazene
aceturate (DIZE) treatment.

Proliferative capacity of bone

marrow–derived CD901 cells
from different experimental

groups in response to (A) 100

nM stromal-derived factor 1a

(SDF-1a) treatment and (B)
50 ng/ml vascular endothelial

growth factor (VEGF) treat-

ment. (C) Migratory capacity

of CD901 cells in response
to SDF-1a and (D) VEGF

treatment. (E ) Percentage

vasorelaxation of preconstricted
pulmonary vessels from control,

monocrotaline (MCT), andMCT

1 diminazene aceturate (DIZE)

rats in response to acetyl-choline
(1–1,000 nM). The vessels were

preconstricted with phenyleph-

rine (10 mM). Representative

microphotographs of pulmo-
nary vessels stained for a-smooth

muscle actin and quantif-

ication of medial wall thickness

with an external diameter of
25 to 50 mm from the MCT

study (F ) and the hypoxia

study (G). (H–P) Representa-
tive lung sections and quan-

tification of apoptosis from the

bleomycin study. Apoptotic

cell death was expressed as
terminal deoxynucleotidyl

transferase–mediated dUTP

nick end labeling (TUNEL)-

positive index, calculated by
dividing the TUNEL-positive

cells (red) by nuclear-stained

49,6-diamidino-2-phenylindole–
positive cells (blue). Data repre-

sent mean 6 SEM. *P , 0.05,

**P , 0.01, and ***P , 0.001

compared with control sub-
jects. #P , 0.05, compared with

MCT/bleomycin-challenged rats.

Scale bars: 25 mm.
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shown that circulating human CD341 cells hold great promise
for tissue repair and regeneration (25–28). In fact, a recent clin-
ical trial by Losordo and colleagues demonstrated that admin-
istration of autologous CD341 cells rendered protection against
refractory angina (29). Hence, for our experiments we used this
cell type. Table E2 provides characteristics of patients with PH
from whom the cells were obtained. CD341 cells collected from
these patients showed a 63% decrease in the migratory capacity
toward SDF-1a (Figure 7A). On the other hand, in vitro treat-
ment of these cells with 100 nM DIZE resulted in a significant
increase in SDF-1a–induced migration that was comparable to
control subjects. Next, we examined the migratory potential of
these cells toward Ang-(1–7), a known stimulator of progenitor cell
function (30, 31). Ang-(1–7) induced a similar migratory response in
cells harvested from patients with PH and normal control subjects
(Figure 7B). These observations support our data from animal
studies and suggest that modification of the vasoprotective axis
of the RAS may be important in PH therapy.

DISCUSSION

The most significant finding of our study is that chronic admin-
istration of DIZE prevents and arrests the progression of PH in
established experimental models of lung injury. DIZE targets the
cardiopulmonary system to cause a decrease in RVSP, reduction
in right ventricular remodeling accompanied by improved car-
diac functions, a decrease in medial wall thickness along with

enhanced pulmonary vasodilation, and restoration of normal
APC function in experimental animals and in patients with
PH in vitro.

DIZE is an antitrypanosomal drug that was recently reported
to increase the enzymatic activity of ACE2 (12). Here, we con-
firm these in vitro findings and further demonstrate the in vivo
protective effects of this drug in MCT-induced, hypoxic-mediated,
and bleomycin models of PH. We found that DIZE treatment
reduces elevated RVSP in all the three experimental models
studied. More importantly, DIZE attenuates established PH
in the MCT model. It is well known that sustained PH exerts
pressure overload on the right heart to cause ventricular dys-
function, which culminates in cardiac failure and death (32, 33).
In this study, we show an improvement in ventricular func-
tion along with attenuation of maladaptive cardiac remodeling
(hypertrophy and fibrosis) in response to DIZE treatment. Con-
versely, inhibition of ACE2 abolished the cardiopulmonary
protective effects of DIZE in the MCT-induced PH model,
suggesting that this drug mediates its effects via ACE2 activa-
tion. Another prominent effect of DIZE treatment was against
lung fibrogenesis. Earlier reports have shown that genetic abla-
tion or down-regulation of ACE2 is associated with the devel-
opment of PF (34, 35). However, in the bleomycin model of PF,
DIZE treatment preserved lung ACE2 levels and its enzymatic
activity. More importantly, DIZE prevented the development
of secondary PH. This has clinical significance because second-
ary PH correlates with poor prognosis and reduced survival in
patients with PF (36, 37). An important aspect of DIZE therapy
is that the drug treatment did not adversely affect basal systemic
blood pressure (Figure E5). This is important because drug-
induced systemic hypotension may prove detrimental for patients
with PH who already suffer from compromised cardiopulmonary
functions (38). Collectively, our results suggest that DIZE treat-
ment may represent a promising therapeutic strategy for treating
PH.

A prominent feature of PH pathology is inflammation followed
by abnormal changes within the lung vasculature that together
cause endothelial dysfunction (39). Elevated levels of proinflam-
matory cytokines and growth factors such as IL-1b, TNF-a, and
TGF-b1 contribute significantly to the development and progres-
sion of PH (40–42). These cytokines are involved in pulmonary
vascular remodeling, which leads to narrowing of the lumen area
with a subsequent decrease in vasodilator responsiveness. We
found that DIZE treatment causes notable reduction in inflam-
matory response accompanied by decreased medial wall thickness
and improved pulmonary vasorelaxation. A key event involved in
the pathogenesis of PF is apoptotic cell death of the lung paren-
chyma (43). It is believed that an altered RAS is a potent inducer
of pulmonary apoptosis (44, 45). Recent data suggest that ACE2
inhibits apoptosis of alveolar epithelial cells to exert antifibrotic
effects (46). In our study, bleomycin-challenged animals that were
treated with DIZE exhibited decreased cell apoptosis of the lungs.
Also, DIZE favorably modulated the pulmonary RAS to shift the
balance from the deleterious, ACE–AngII-AT1R axis toward the
protective, ACE2–Ang-(1–7)-Mas axis, which may in part be re-
sponsible for its beneficial actions. An increased expression of
ACE2 mRNA levels was observed in DIZE-treated bleomycin
and MCT rats. Although the precise mechanism behind this in-
crease was not investigated, we speculate that a positive feed-
forward mechanism initiated by ACE2 activation may be involved.
Similar increases in ACE2 levels were noted with XNT treat-
ment, another ACE2 activator (47), and by the overexpression
of Ang-(1–7) (6) in the MCT model. However, a direct effect of
DIZE on ACE2 gene expression cannot be ruled out. Surpris-
ingly, the masR was significantly increased in the lungs of MCT-
challenged animals. masR is known to exert vasoprotective

Figure 7. Functional impairment of CD341 cells isolated from patients
with pulmonary hypertension (PH) is corrected by diminazene acetu-

rate (DIZE) treatment in vitro. (A) Migratory capacity of CD341 cells

isolated from patients with PH (n ¼ 14) and age- and sex-matched

control subjects (n ¼ 6) in response to stromal-derived factor 1a
(SDF-1a). Coincubation of CD34+ cells from patients with PH with

100 nM DIZE for up to 10 hours improved migration toward SDF-1a

(n ¼ 5) that was similar to the response observed with control cells.
(B) Migration toward 100 nM angiotensin-(1–7) [Ang-(1–7)] was sim-

ilar in cells from control subjects (n ¼ 6) and patients with PH (n ¼ 5).

Data represent mean 6 SEM. ***P, 0.001 compared with control cells

or DIZE-treated normal control cells. #P , 0.05 compared with patients
with PH.
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actions against cardiovascular diseases (48). Thus, it is likely
that this increase in the MCT group could be a compensatory
response to protect the lungs against elevated pulmonary pressure.
On the contrary, masR levels were lowered in DIZE-treated MCT
rats, possibly due to decreased lung injury. Together, a combination
of decreases in lung proinflammatory cytokines and a shift of the
RAS toward the vasoprotective axis may account for the beneficial
effects of DIZE.

There is mounting interest in testing the concept that APC
therapy could be important in the treatment of PH (49–51). This
view is supported by observations that circulating progenitors are
dysfunctional in patients with PH (15, 16). Thus, correcting this
dysfunction may hold promise in restoring endothelial integrity
and establishing pulmonary vascular homeostasis. We observed
that APCs (CD901) from the BM of MCT-challenged rats are
dysfunctional and that in vivo DIZE treatment corrects this dys-
function. Our data on patients with PH also support this conten-
tion. Circulating CD341 cells isolated from patients with PH show
reduced migratory capacity toward SDF-1a. However, coincuba-
tion of these cells with DIZE in vitro restores their migratory
capacity, similar to that observed in normal control subjects. Like-
wise, Ang-(1–7) induces a similar migratory response in CD341

cells harvested from patients with PH and normal control subjects,
suggesting that the masR signaling may be intact in these cells.
Overall, DIZE might have a direct effect on the mobilization of
APCs, apart from its actions on the peripheral tissues.

Apart from its actions on ACE2, DIZE also exerts other phar-
macological effects, such as DNA binding and inhibition of topo-
isomerase enzyme (mechanisms that are related to its trypanocidal
activity) (52, 53). We do not know whether these effects of DIZE
play a role in attenuating PH. Our current data support the view
that DIZE renders protection against PH through its actions on
ACE2. Further investigation is warranted to better understand
the modes of action of this drug for PH therapy.

In summary, our study illustrates that DIZE exerts cardiopul-
monary protective effects and corrects APC dysfunction in PH.
This has several therapeutic implications: (1) Clinically, the use
of recombinant ACE2 protein for pulmonary disorders may be
limited due to its peptide nature and possible metabolic degra-
dation, if administered orally. However, these limitations could
be overcome by the use of synthetic small molecules like DIZE.
(2) Autologous cell therapy for PH has met with limited success
since clinical studies have shown that APCs obtained from these
patients are already dysfunctional. Thus, our strategy to correct
APC dysfunction by coincubation with DIZE in vitro could be
an important advancement in cell therapy for PH treatment. (3)
DIZE therapy offers the advantage of being cost effective be-
cause it is inexpensive and easily obtainable. Moreover, it has
been successfully used to treat patients with trypanosomiasis
infections in tropical and subtropical countries. However, in
the United States, this drug is approved only for animal use
because the parent manufacturer (Hoechst Pharmaceuticals)
did not pursue the registration procedure due to poor profit
prospects. Nonetheless, given that DIZE has been used else-
where on human subjects, our findings provide an opportunity
to develop this drug for PH therapeutics in the near future.
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