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Temporal Changes of Angiopoietins and Tie2
Expression in Rat Lungs after Monocrotaline-
Induced Pulmonary Hypertension

Yu Ji Cho,” Jae Yoon Han,' Sang Gab Lee,” Byeong Tak Jeon," Wan Sung Choi,' Young Sil Hwang,*
Gu Seob Roh,"" and Jong Deog Lee*’

Angiogenic factors such as vascular endothelial growth factor (VEGF) are implicated in pulmonary hypertension (PH). However,
the pathway of angiogenic factor-mediated pathologic angiogenesis in PH remains unclear. In this study, we evaluated the temporal
expression of angiopoietin (Ang) 1, Ang2, and their receptor (Tie2) as well as VEGE, endothelial nitric oxide synthase (eNOS), induc-
ible NOS (iNOS), and heme oxygenase 1 (HO1) in the monocrotaline-induced PH model. Histologic evaluation showed pathologic
vascular remodeling in the arteries of lung sections 1 wk after monocrotaline treatment. Protein levels of Angl, Ang2, eNOS, iNOS,
HO1, and VEGF were increased 1 wk after monocrotaline treatment but Tie2 protein levels were decreased 2 wk afterward. These
results suggest that Ang2 mediates vascular remodeling in PH by decreasing Tie2 expression. Therefore, the Ang-Tie2 system may

play a role in the pathophysiology of PH.

Abbreviations: Ang, angiopoietin; eNOS, endothelial nitric oxide synthase; HO1, heme oxygenase 1; iNOS, inducible nitric oxide
synthase; PH, pulmonary hypertension; VEGE, vascular endothelial growth factor.

Pulmonary hypertension (PH) is a disease characterized by
pathologic angiogenesis caused by diffuse smooth muscle cell hy-
perplasia and hypertrophy of the distal pulmonary vasculature,
resulting in obliteration of small pulmonary arterioles.” Vascular
remodeling is governed by the interaction of several angiogenic
factors on endothelial and smooth muscle cells. Vascular remod-
eling requires complex, multistep signaling pathways and a high
degree of spatial and temporal coordination among endothelial
and smooth muscle cells.”? However, the precise mechanisms of
vascular remodeling at the cellular and molecular levels are not
completely defined.

The angiopoietin (Ang) family and vascular endothelial growth
factor (VEGF) are 2 types of vascular regulatory molecules that
have been the subject of intense investigation in both physi-
ologic and pathologic generation of blood vessels.>* Members
of the Ang family have opposing effects on receptor activation,
with Angl stimulating Tie2 and Ang2 antagonizing this stimu-
lation.*®?? In particular, Angl plays an important role in the as-
sembly of newly formed vasculature and in the maintenance of
vascular integrity.”!** In contrast, Ang2 antagonizes the activa-
tion of Tie2 by Angl and causes endothelial cell apoptosis and
vascular regression.”? The functions of Ang2 appear to be more
complex than those of Angl, in that Ang2 binds to the Tie2 recep-
tor, blocking Ang1-Tie2 signaling and acting as a vessel-destabi-
lizing factor.* However, prolonged exposure of endothelial cells
to Ang? activates Tie2 signaling.’® Thus, the precise roles of Ang2
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during the development of PH are not well understood. Tie2 is a
receptor tyrosine kinase that is expressed principally on vascular
endothelium and that plays a role in integrity and survival of
endothelial cells.”* Disrupting Tie2 function in mice results in
embryonic lethality with defects in embryonic vasculature.”

Neither Angl nor Ang? alone can trigger an angiogenic re-
sponse, but both enhance angiogenesis or induce vascular remod-
eling, depending on the presence of VEGF or other angiogenic
factors. Nitric oxide is produced by endothelial cells through the
action of nitric oxide synthase (NOS). Northern blot analysis of
hypoxic rat lungs showed significantly increased mRNA levels
for both endothelial NOS (eNOS) and inducible NOS (iNOS).®
Increased NOS activity coincided with the beginning of the vas-
cular remodeling process during chronic hypoxia.” Hypoxia and
nitric oxide stimulate VEGF production and induce HO1 expres-
sion in vascular tissue.”’ In addition, several studies have shown
that VEGF works in conjunction with other angiogenic factors to
produce a stable and functional microvasculature

The purpose of the present study was to demonstrate the tem-
poral changes of several angiogenic factors during the develop-
ment of PH induced by treatment of rats with monocrotaline. This
research was focused on the Ang-Tie2 system and other angio-
genic factors and suggested that this system plays an important
role in modulating vascular remodeling during PH.

Materials and Methods
Animals and drug treatment. Adult male Sprague-Dawley rats
weighing 250 to 300 g were purchased from Japan SLC (Hama-
matsu, Japan). This study was performed in accordance with the
Gyeongsang National University Institutional Guidelines for the
Care and Use of Laboratory Animals (GLA-070215-R0003). To



adapt the rats to their new surroundings, rats were housed in
cages (1 = 2 per cage) with littermates on 12:12-h light:dark cycle.
Water and commercial rat chow (Nestle Purina PetCare Com-
pany, St Louis, MO) were available ad libitum. Rats were given a
single injection of monocrotaline (60 mg/kg SC; Sigma, St Louis,
MO) or an equivalent volume of its vehicle as a control.

Tissue preparations. Rats (1 = 4 per group) were euthanized at
7,14, and 21 d after monocrotaline injection; controls were eu-
thanized at 7 d after vehicle injection. For Western analysis, rats
were deeply anesthetized with ether and euthanized. The right
lung was removed and stored at —80 °C until use. For histologic
examination, rats were perfused through the right ventricle with
a fixative solution containing 4% paraformaldehyde in 0.1 M PBS
(pH 7.0). The left lung was removed after perfusion and fixed for
24 h at 4 °C. The tissue samples were processed for paraffin em-
bedding, and 5-um sections were cut.

Morphometric analysis. Lung sections were stained by using
Masson trichrome. Vessels with perceptible media within each
cross-section were measured by a blinded observer under 40x
magnification by using Image-Pro Plus (Media Cybernectics,
Buckinghamshire, UK). All tangentially cut vessels were exclud-
ed. The medial wall thickness of the pulmonary arteries within
each peripheral lung was analyzed as described previously.**
In brief, the external diameter and medial wall thickness were
measured in 20 muscular arteries (ranging in external diameter
from 31 to 50 and 51 to 100 pm) per lung section (4 sections per
animal). For each artery, the medial wall thickness was calculated
as follows: percentage wall thickness = [(medial thickness x 2)/
external diameter] x 100%.

Immunohistochemical analysis. After deparaffinization, section
slides were treated sequentially with 1% H,O, for 10 min and
then rinsed thoroughly with PBS. Sections were blocked with
2% normal horse or goat serum in PBS at room temperature for
60 min to suppress nonspecific binding of IgG and then were in-
cubated with primary antibodies of goat antiAng1 polyclonal
IgG (1:500, Santa Cruz Biotech, Santa Cruz, CA), goat antiAng?2
polyclonal IgG (1:500, Santa Cruz Biotech), and rabbit antiTie2
polyclonal IgG (1:500, Santa Cruz Biotech). After being washed
with PBS, samples were incubated for 60 min at room tempera-
ture with biotin-conjugated secondary IgG (diluted 1:200, Vector
Laboratories, Burlingame, CA) diluted in 2% normal blocking
serum and then incubated for 60 min at room temperature with
avidin-biotin—peroxidase complex (ABC Elite kit, Vector Labora-
tories). Samples were washed with PBS and then incubated for
3 min with diaminobenzidine tetrahydrochloride (DAB, Sigma)
containing 0.05% hydrogen peroxidase to reveal the immunore-
activity of each antibody. The sections were visualized under light
microscopy (model BX51, Olympus, Tokyo, Japan), and digital
images were captured and documented.

Western blot analysis for Ang1, Ang2, Tie2, VEGF, eNOS, iNOS,
and HO1. Rat lungs were placed in plastic tubes with lysis buf-
fer [10 mM HEPES-KOH (pH 7.9), 1.5 mM MgCl,, 10 mM KClI]
containing leupeptin (0.5 pg/mL), aprotinin (1 ug/mL), 200 uM
phenylmethylsulphonyl fluoride, and 500 uM dithiothreitol. Tis-
sue samples were homogenized with a pestle and incubated for
10 min on ice, and lysates were collected by centrifugation at
14,240 x g for 20 min at 4 °C. The concentration of each lysate was
determined using a bicinchoninic acid kit (Pierce Biotechnology,
Rockford, IL) according to the manufacturer’s protocol, with BSA
as the standard.
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Each lysate was diluted with sample buffer [0.15 M Tris-HCl
(pH 6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol] and boiled
for 5 min before Western blotting. Proteins from individual rats
were combined in each experimental group. Equal amounts of
protein (30 ng) were separated by SDS-PAGE and transferred to
nitrocellulose membranes. The membranes were washed in Tris-
buffered saline containing 0.5% Tween 20 (TBST) and incubated
with the following primary antibodies diluted in TBST: goat anti-
Ang1 (1:1000, Santa Cruz Biotech), goat anti-Ang2 (1:1000, Santa
Cruz Biotech), rabbit anti-Tie2 (1:1000, Chemicon International,
Temecula, CA), mouse anti-VEGF (1:200, Santa Cruz Biotech),
mouse anti-eNOS (1:2500, BD Biosciences, San Jose, CA), rab-
bit anti-iNOS (1:5000, Chemicon International), and rabbit anti-
HOT1 (1:1000, Stressgen Bioreagents, Ann Arbor, MI). Control for
protein loading was performed by reprobing membranes with
antibodies against o tubulin (1:1000, Santa Cruz Biotech). Mem-
branes were incubated with appropriate secondary antibodies
(1:10,000), underwent chemiluminescence detection (NEN Life
Science Products, Boston, MA), and exposed to X-ray film (X-
OMAT, Kodak, Rochester, NY). The density (OD/mm?) of each
band was measured with a scanner (UMAX, Techville, Dallas,
TX) and was reported as mean = SEM. The ratios of the density of
each protein band to that of the o tubulin band were compared by
using SigmaGel 1.0 (SPSS, Chicago, IL).

Statistics. Values are expressed as mean + SEM. Differences
between groups (control and 1, 2, and 3 wk after monocrotaline
treatment) were determined by 1-way ANOVA followed by post
hoc analysis using the Bonferroni ¢ test using SigmaPlot (10.0 ver-
sion, Systat Software, Chicago, IL). A P value of less than 0.05 was
considered statistically significant.

Results

Effect of monocrotaline on the vascular remodeling in rat lungs
during PH. Pulmonary vessel walls in rats treated with monocro-
taline were evaluated for hypertrophy by using tissue sections
stained with Masson trichrome (Figure 1). Hypertrophy of the
walls of pulmonary arteries was apparent 2 wk after monocro-
taline treatment, as shown in a representative photomicrograph
that illustrates hypertrophy and hyperplasia of small arteries
(Figure 1 A). To demonstrate the hypertrophy and hyperplasia of
small arteries in lung sections, we examined the thickness of the
medial wall. The percentage wall thickness of pulmonary arteries
between 31 to 50 um and between 51 to 100 um was increased 2
wk after monocrotaline injection, compared with controls (Figure
1B).

Effect of monocrotaline on Ang1, Ang2, and Tie2 in rat lungs
during pulmonary hypertension. Inmunohistochemistry was
performed to determine which cell types increased expression
of Angl, Ang2, and Tie2 protein during the development of PH
(Figure 2). Ang- and Tie2-immunostained endothelial cells were
present in the pulmonary arteries of rats. Ang immunoreactivity
was higher in the pulmonary arteries of MCT-treated rats than
in those of the control rats 2 wk after monocrotaline injection.
In contrast, a low level of Tie2 immunoreactivity was noted in
endothelial cells of the pulmonary arteries of MCT-treated rats
compared with those of the control rats 2 wk after monocrotaline
injection. To confirm the immunoreactivity of each protein, we
performed Western blot analysis of lung samples after monocro-
taline injection (Figure 3 A). Angl and Ang2 protein levels were
slightly increased over control levels 1 wk after monocrotaline
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Figure 1. Effect of monocrotaline on the vascular remodeling in rats. (A) Representative photomicrographs of lung sections from control (CTL) or
monocrotaline-injected rats at 1, 2, or 3 wk after treatment. Masson trichrome stain; bar, 100 um. (B) Quantitative analyses of peripheral pulmonary
arteries with an external diameter of 30 to 50 um (left) or 51 to 100 um (right). The percentage wall thickness was calculated as [(medial thickness x 2)/
external diameter] x 100%. Data are shown as mean + SEM a, Significantly (P < 0.05, ANOVA) different from CTL; b, significantly (P < 0.05, ANOVA)
different from value at 1 wk; ¢, significantly (P < 0.05, ANOVA) different from value at 2 wk.

injection. In contrast, Tie2 protein levels began to decrease 2 wk
after monocrotaline injection. To assess the relative expression of
Angl and Ang?2 to Tie2 during monocrotaline-induced PH, we
determined the ratios of Angl or Ang?2:Tie2 expression intensi-
ties (Figure 3 B). Theoretically, steady-state ratios of Angl:Ang?2
or Ang2:Angl means that both Angl and Ang2 simultaneously
increase during monocrotaline treatment. In particular, we noted
a sharp and immediate increase (P < 0.05) in the Ang2:Tie2 ratio
and a slight increase (P < 0.05) in the Ang1:Tie2 ratio between
weeks 1 and 2 after monocrotaline treatment.

Effect of monocrotaline on other angiogenic factors in rat lungs
during PH. Western analysis was performed to determine the ex-
pression of the angiogenic factors VEGE, eNOS, iNOS, and HOL1.
Several of these proteins increased relative to controls as PH pro-
gressed (Figure 4). In particular, protein levels of VEGF and eNOS
began to increase 1 wk after monocrotaline treatment.

Discussion

Angiogenesis plays an important role in the physiologic and
pathologic mechanism of PH. Many studies have examined the
roles of various proteins involved in angiogenesis, including
VEGF and the angiopoietin family. The temporal and quantitative
balance of angiogenic factor expression is critical for the regula-
tion of physiologic as well as PH-induced vascular remodeling.
Currently, no studies have reported the temporal expression
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pattern of several angiogenic factors, including the angiopoietin
family, in rat lungs during PH development. The present study
confirms that expression of Angl, Ang2 increased and Tie2 ex-
pression decreased after monocrotaline treatment. Furthermore,
our study demonstrates that the levels of VEGE, eNOS, iNOS, and
HOL1 steadily increased during PH development. These results
suggest that, in addition to other angiogenic factors, the Ang-Tie2
system may be an important modulator of the pathologic vascu-
lar process.

Ang1 induces pulmonary hypertensive vascular pathology and
clinical development of PH leading to right ventricular failure
and death.® In PH patients undergoing embolectomy, Angl ex-
pression was increased in the lung parenchyma proportional to
the increase in pulmonary vascular resistance and medial wall
hypertrophy.® These findings confirmed that increased Ang1 pro-
duction is a compensatory response to vascular damage in PH.
Ang] protects against the development of PH in the rat monocro-
taline model.** Endothelial apoptosis could lead to decreased ves-
sel numbers in the pulmonary bed, causing increased resistance,
and Angl may protect against such endothelial loss. In contrast,
high steady-state levels of Angl induced by viral injection report-
edly led to development of advanced PH, resulting in vascular
obstruction.”? Ang1 has potent effects on adult vessels, including
promoting vessel survival, inhibiting vascular leakage, and sup-
pressing inflammatory gene expression.* Evidence for increased
vessel survival in response to Angl in vivo has been shown in



Tie2
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Figure 2. Representative photomicrographs of Angl, Ang2, and Tie2 immunostaining of lung sections after monocrotaline (60 mg/kg) treatment. Im-
munoreactivies of each protein are localized to the endothelium (arrows) of the pulmonary vessels of mice with monocrotaline-induced pulmonary

hypertension. Bar, 50 um.

radiation-exposed mice.’ These contradictory findings of elevated
Angl in PH and the protective effects of this ligand require fur-
ther clarification. In the current study, Angl expression began to
increase steadily in rat lungs 1 wk after monocrotaline treatment,
strongly supporting the role of Angl as a compensatory response
for stabilizing vessels rather than an initiating factor.

Ang? is an antagonist of Angl and competes for Tie2 binding,
inducing loosening of the interactions between endothelial and
perivascular support cells and facilitating access to angiogenic
inducers.” A recent study demonstrated that increases in Ang2
in sepsis patients correlates with impaired oxygenation.” The
report suggested that Ang2 contributes to endothelial barrier dis-
ruption in sepsis-associated lung injury, a condition that involves
mature vasculature. Ang? is expressed only in the endothelium
of adult tissue undergoing vascular remodeling and in highly
vascularized tumors.?* Consistent with its action as inhibitor of
the Angl-Tie2 system, Ang2 overexpression results in vascular
defects similar to those observed in Angl or Tie2 knockouts.?
This evidence suggests that Ang?2 acts not only as an antagonist
for Tie2 receptors expressed in vitro and in vivo on endothelial
cells but also as an agonist for ectopically expressed Tie2 recep-

tors on nonendothelial cells. Up until now, there was little evi-
dence that Ang2 elevation contributes to vascular remodeling in
PH. The present study shows that like Ang1, Ang?2 protein levels
gradually increased beginning 1 wk after monocrotaline injection.
These results suggest that both Angl and Ang? are increased in
lung with monocrotaline-induced PH as endothelial response to
vascular remodeling. Based on the patterns of expression (Figure
3 B), the more dominant Ang2-mediated inhibition of Tie2 acti-
vation serves to destabilize vessels, making them responsive to
other angiogenic factors. Subsequently, the less dominant Ang1-
mediated activation of Tie2 stimulates remodeling and stabiliza-
tion of the neovasculature. Taken together, our evidence suggests
that Ang2 is no less important than Ang1 in vascular remodeling
and maturation.

The expression of Angl, Ang?2, and Tie2 mRNA in rat lung with
monocrotaline-induced PH has been assessed previously In that
study, Angl and Ang2 mRNA levels remained unchanged, even
in the presence of severe PH. In contrast, both Tie2 mRNA and
protein were reduced in the monocrotaline-treated lungs com-
pared with control lungs. Tie2 receptor expression was markedly
decreased in rats treated with monocrotaline.** However, another
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Figure 3. Changes of the expression of angiopoietins and Tie2 in rat lungs
during the development of monocrotaline-induced PH. (A) Western
blot analysis of Angl, Ang2, and Tie2 in lungs from control and treated
rats at 1, 2, and 3 wk after monocrotaline treatment. Angl and Ang?2 ex-
pression is time-dependently increased in monocrotaline-induced PH.
However, Tie2 expression is decreased in monocrotaline-induced PH.
Immunoblots are representative of 4 pooled lungs from each group. (B)
Ratio of Ang:Tie2 in rat lungs from control or treated rats at 1, 2, and 3
wk after monocrotaline treatment. This experiment was performed in-
dependently 3 times. Data are shown as mean + SEM. a, Significantly (P
< 0.05, ANOVA) different from CTL; b, significantly (P < 0.05, ANOVA)
different from value at 1 wk; ¢, significantly (P < 0.05, ANOVA) different
from value at 2 wk.

study documented that Tie2 expression was increased in lungs
and cultured pulmonary endothelial cells from patients with id-
iopathic PH compared with control subjects.” This evidence sug-
gests that the Ang1-Tie2 pathway was abnormal in idiopathic PH
and contributed to hyperplasia of smooth muscle cell through
excessive release of growth factors by endothelial cells of pulmo-
nary vessels. The results of the present study correspond with
those of the first-cited work,* except for the absence of changes
in lung Angl and Ang?2 expression. Our results show that Angl
and Ang2 were increased and Tie2 expression was decreased in
monocrotaline-treated rats compared with controls. Our results
suggest that the strongly increased expression of Ang2 protein
during PH augments angiogenesis by inhibiting Tie2, thereby
destabilizing the vasculature and increasing the response to an-
giogenesis initiators, such as VEGFE.
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Figure 4. Changes of other angiogenic factors in rat lungs during the
development of monocrotaline-induced PH. (A) Western blot analy-
sis was used to assess VEGF, eNOS, iNOS, and HO1 expression in rat
lungs from control and treated rats at 1, 2, and 3 wk after monocrotaline
treatment. Inmunoblots are representative of 4 pooled lungs from each
group. (B) Quantitative expression of each protein is time-dependently
increased in monocrotaline-induced rat lungs. This experiment was
performed independently 3 times. Data are shown as mean + SEM. a,
Significantly (P < 0.05, ANOVA) different from CTL; b, significantly (P <
0.05, ANOVA) different from value at 1 wk.

VEGEF is a protein secreted by endothelial cells, and the only
known targets of VEGF are endothelial cells themselves, perhaps
to initiate proliferation. In animal models of PH, VEGF and recep-
tor expression were higher during PH than in controls.?» VEGF
may also take part in the development of the vascular remodeling
in PH.” Serum VEGEF levels were elevated markedly in patients
with primary and secondary PH compared with normal controls,
potentially indicating increased VEGF at sites of lung injury.’> Our
results also show that VEGF was increased in rat lungs during
PH development. The role of Ang2 in vascular remodeling was
suggested initially by observations that VEGF and Ang?2 showed
coincidental expression patterns during angiogenic sprouting and
that Ang?2 expression was induced in the absence of VEGF dur-
ing vessel regression.” A recent report indicates that transgenic
cardiac overexpression of both VEGF and Ang?2 leads to a syner-
gistic induction of angiogenesis.® In the presence of VEGF, Ang?2
destabilizes the preexisting vasculature and consequently makes
it more responsive to angiogenic stimuli.”

HOL1 activity regulates both NO-mediated VEGF expression
and VEGF-mediated NO production by eNOS, depending upon
the amount of NO produced.' These reciprocal relations between
NO and VEGF may contribute to angiogenesis regulation in nor-
mal tissues. Dysfunction caused by endothelial injury may play



a key role in the initiation of PH and typically occurs in human
cases of PH.! In the present study, our results show that the eNOS
was increased significantly during the PH development. A simi-
lar increase in pulmonary arterial eNOS levels and associated
augmentation of endothelium-derived nitric-oxide-dependent
responsiveness of the arterial vasculature occurred in a monocro-
taline model of PH.?

HOL1 is activated by a variety of stress-inducing factors that
overlap with those that activate iNOS: heat shock, peroxide, cy-
tokines, endotoxin, hypoxia, and shear stress.* In a rat model of
prehepatic portal hypertension, pulmonary artery pressure was
elevated, and iNOS and HO1 protein expression were increased
in the pulmonary endothelium and bronchial epithelium, respec-
tively! Treatment with large amounts of monocrotaline produced
prominent inflammatory changes in the lung, PH, and right ven-
tricle hypertrophy concurrent with HO1 induction.”” Mice treated
with an HO inhibitor exhibited more severe pathologic changes
than untreated animals.”” Our current study shows that iNOS
and HO1 proteins were increased during PH development. This
result suggests that HO1 induction represents an intrinsic defense
system during monocrotaline-induced PH.

In conclusion, our data show that expression of both Ang1 and
Ang?, as well as other angiogenic factors, increased during PH
but that Tie2 expression decreased. Alterations in the levels of
angiogenic factors may have an important role in PH vascular
remodeling and may be relevant to the pathologic and structural
changes in monocrotaline-induced PH.
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