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Abstract

Purpose The purpose of the present study was to inves-
tigate whether thrombomodulin (TM) prevents the devel-
opment of pulmonary hypertension (PH) in monocrotaline
(MCT)-injected rats.

Methods Human recombinant TM (3 mg/kg/2 days) or
saline were given to MCT-injected male Sprague-Dawley
rats for 19 (n = 14) or 29 (n = 11) days. Control rats
(n = 6) were run for 19 days. The mean pulmonary artery
pressure (mPAP), right ventricular hypertrophy (RVH),
percentages of muscularized peripheral arteries (%muscu-
larization), and medial wall thickness of small muscular
arteries (%2MWT) were measured. To determine inflam-
matory and coagulation responses, broncho-alveolar lavage
fluid (BALF) was analyzed in another set of rats (n = 29).
Western blotting for endothelial nitric oxide synthase
(eNOS) and phosphorylated eNOS (peNOS) in the lung
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tissue was performed in separate rats (n = 13). Survival
was determined in 60 rats.

Results MCT increased mPAP, RVH, %muscularization,
and %MWT. TM treatment significantly reduced mPAP,
9%omuscularization, and %MWT in peripheral arteries with
an external diameter of 50-100 pm in 19 days after MCT
injection, but the effect was lost after 29 days. MCT
increased the levels of tumor necrosis factor alpha,
monocyte chemoattractant protein-1, and thrombin-anti-
thrombin complex in BALF. Expression of eNOS
increased in MCT rats, while peNOS decreased. The rel-
ative amount of peNOS to total eNOS increased in MCT/
TM rats compared to MCT/Vehicle rats. A Kaplan—-Meier
survival curve showed no difference with and without TM.
Conclusion Although the administration of TM might
slightly delay the progression of MCT-induced PH, the
physiological significance for treatment is limited, since
the survival rate was not improved.

Keywords Pulmonary hypertension - Monocrotaline -
Thrombomodulin - Nitric oxide

Introduction

In all conditions causing pulmonary hypertension (PH),
vascular structural remodeling includes the new muscu-
larization of normally nonmuscular pulmonary arteries and
medial hypertrophy of muscular arteries, which results
from vascular smooth muscle cell proliferation [1-6]. PH
occurs in idiopathic pulmonary arterial hypertension
(PAH); congenital heart disease with left-to-right shunt;
collagen vascular disease, chronic obstructive pulmonary
disease; pulmonary fibrosis, acute respiratory distress
syndrome (ARDS); and persistent PH of neonate (PPHN)
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[1, 7, 8]. Studies have shown the presence of inflammatory
response as one of the causes of PH in patients and
experimental model of PH [6], in which mononuclear cell
infiltration in vascular wall and increase in pro-inflamma-
tory cytokines such as TNFa, IL-6, and IL-1 has been
observed [9-11]. PH is a common findings in severe ARDS
[12, 13], which is caused by vasoconstriction and vascular
structural remodeling. This is PH associated with lung
disease or hypoxemia, according to the recent clinical
classification of PH [14]. ARDS is one of the presentation
of multiple organ dysfunction syndrome (MODS) which is
often associated with disseminated intravascular coagula-
tion (DIC). A recombinant soluble form of thrombomod-
ulin (TM) has been approved in Japan in 2008 for the
treatment for DIC and thus the number of ARDS patients
treated with TM is increasing in intensive care unit (ICU)
[15]. Following these results of the clinical study in Japan,
a Phase 2B trial study involving patients suffering from
sepsis with DIC was undertaken in many countries in the
world [16]. Subsequently, a Phase 3 trial study is currently
underway in North and South America, Europe, Asia, and
Australia [16].

TM is trans-membrane glycoprotein receptor for
thrombin, which has anticoagulant and anti-inflammatory
effects [17, 18]. TM inhibits smooth muscle cell prolifer-
ation [19]; increases endothelial nitric oxide synthase
(eNOS) activity [20, 21]; reduces thrombus formation and
monocyte and neutrophil chemotactic activity [22]; and
inhibits pro-inflammatory cytokine production [23]. Those
effects might prevent the development of vascular smooth
muscle proliferation in PH, since earlier studies have
shown that anti-proliferative substance such as nitric oxide
(NO) [2, 24] and anti-inflammatory substance such as
pyrrolidine dithiocarbamate (nuclear factor-kappaB inhib-
itor) ameliorate the development of PH [25-27]. Mono-
crotaline (MCT)-induced PH rat has been used to
investigate the hypertensive pulmonary vascular structural
remodeling in the inflammation-related PH [2, 3, 11, 25—
28]. Therefore, we designed this study to determine if a
recombinant soluble form of TM prevents the development
of PH and pulmonary vascular changes in MCT-induced
PH in rats.

Materials and methods

Male Sprague-Dawley rats (Clea, Japan), weighing
180-300 g were used. Each animal was randomly assigned
to one of three groups: (1) rats injected with saline vehicle for
19 days after a single subcutaneous injection of saline (Sal-
ine/V, n = 6), (2) rats injected with saline vehicle for
19 days after a single subcutaneous injection of MCT
(60 mg/kg) (MCT/V, n = 6), (3) rats injected with human

recombinant TM (3 mg/kg) (Asahi Kasei, Co., Japan) for
19 days after a single subcutaneous injection of MCT (MCT/
TM, n = 8). The animals were subcutaneously injected with
TM once every 2 days at a dose of 3 mg/kg of TM dissolved
in saline. Subcutaneous administrations of TM were begun
from 1 day before the injection of MCT and continued for
19 days, finishing on the morning of the 19th day after the
injection of MCT. Food and water were provided ad libitum.
Another set of rats with TM for 29 days after a single sub-
cutaneous injection of MCT (MCT/TM29, n = 6) and rats
injected with saline vehicle for 29 days after a single sub-
cutaneous injection of MCT (MCT/V29, n = 5) were also
used. To save the number of rats, control rats for 29-day
study (rats injected with saline vehicle for 29 days after a
single subcutaneous injection of saline) were not run, basi-
cally similar to control rats for 19-day study. We also eval-
uated the effect of TM on survival by way of subcutaneous
injection of TM at a dose of 3 mg/kg every 2 days to rats
until the time of death in the MCT/TM group.

Pulmonary artery pressure

Seventeen days after the injection of MCT, blood pressure
was measured in the rats using the tail cuff method (BP-
98A, Softron, Japan). Rats were anesthetized with pento-
barbital sodium (45 mg/kg) administered intraperitoneally.
A pulmonary artery catheter (Silastic tubing, 0.31 mm ID
and 0.64 mm OD) was inserted via the right external jug-
ular vein into the pulmonary artery using a closed-chest
technique, as previously described [2-5]. Forty-eight hours
after catheterization (19 days after the injection of MCT),
with the rat fully conscious, allowing sufficient time for
recovery from the effect of anesthesia, the mean pulmonary
artery pressure (PAP) was recorded with a physiological
transducer and an amplifier system (AP 620G, Nihon
Kohden, Japan) once the rats were calm.

Structural studies
Preparation of lung tissue for morphometric analysis

A lung section for morphometric analysis of the vascula-
ture was prepared using the barium injection method that
has been reported in detail [2-5]. Sections were stained for
elastin by the Van Gieson method. The right ventricle (RV)
of the heart was dissected from the left ventricle plus
septum (LV 4+ S) and weighed separately. The heart
weight ratio (RV/LV + S) was calculated to assess RVH.

Morphometric analysis of pulmonary arteries

Light microscope slides were analyzed, without previous
knowledge of the treatment groups. All barium-filled arteries
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in each tissue section were examined at x400. Each artery
was identified as being one of three structural types for the
presence of muscularity: fully muscularized (with a complete
medial coat muscle), partially muscularized (incomplete
medial coat, or only a crescent of muscle being present), and
nonmuscular (no muscle apparent) [2-5]. The percentages of
combined fully and partially muscularized arteries in
peripheral pulmonary arteries with an external diameter
between 15 and 50 pm and between 50 and 100 pm were
calculated. For fully muscular arteries between 51 and
100 pm in diameter (an average of 10 arteries were found
per section), the wall thickness of the media (distance
between external and internal elastic laminae) was measured
along the shortest curvature, and the percent medial wall
thickness (%2MWT) was calculated [2-5].

BALF sampling

In the other sets of rats (n = 29), BAL was performed
19 days after injection of MCT. The rats were anesthetized
by the intraperitoneal administration of pentobarbital.
Blood samples were collected by puncturing the inferior
vena cava and were placed in tubes containing 1:10 volume
of 3.8 % sodium citrate. BALF was obtained by cannu-
lating the trachea with polyethylene tube and by infusing
the lungs with 3-ml aliquots of sterile 0.9 % saline. The
recovered fluid was centrifuged (1,000xg, 5 min, 4 °C),
and the cell-free supernatant was stored immediately at
—80 °C until use for biochemical analysis. The total num-
ber of cells in the BALF was measured using a nucleo-
counter from ChemoMetec (Allerd, Denmark). For cell
differential counting, the BALF was centrifuged using a
cytofuge (Medite, Germany), and the cells were stained
with MayGrunwald-Giemsa (Merck, Darmstadt, Germany).

Biochemical analysis

Biochemical analysis was performed using a commercial
kit according to the manufacturer’s instructions: total pro-
tein, BCA™ protein assay kit (Pierce, Rockfold, IL, USA);
TNFo and monocyte chemoattractant protein-1(MCP-1),
EIA kits from BD Biosciences Pharmingen (San Diego,
CA, USA); Thrombin activity and TAT complex, enzyme
immunoassay kits from Cedarlane Laboratories (Hornly,
ON, Canada).

Measurement of plasma TM

To determine the effectiveness of TM supplementation
once every 2 days, we determined the plasma TM level in
rats (n = 4). Blood samples were obtained 3, 9, 24, 38, and
48 h after the subcutaneous injection of TM (3 mg/kg).
The TM levels were determined by high-performance

@ Springer

liquid chromatography (LC-10A, Shimazu, Japan). The
detection limit was 0.5 FU/ml TM.

Western blotting for eNOS and peNOS

In another set of experiments with 13 rats, Western blotting
for eNOS and peNOS in whole lung tissue was performed
in MCT-injected rats with and without TM for 19 days.
After sacrificing by decapitation and exsanguination under
pentobarbital anesthesia, lung specimens were obtained.
Samples were homogenized and centrifuged, and the
supernatant was subjected to SDS-PAGE on 10 % acryl-
amide gels and blotted onto a PVDF membrane. Blots were
incubated with a mouse monoclonal antibody raised
against mouse eNOS (BD Transduction Laboratories
G10296, lot 21527, 1:2,500 dilution) and rabbit peNOS
(Cell signaling phosho-eNOS, ser-1177 #9751, 1:2,400
dilution) primary antibody and a secondary antibody
(Amersham NA 931, 1: 20,000 dilution) were used. In
addition to samples, molecular weight standards, eNOS
standards (mouse macrophage; Transduction Laboratories),
and beta actin (SIGMA A 5441, 1:200,000 dilution) were
run at the same time.

Data analysis

Values are expressed as mean & SE. One-way analysis of
variance was used to compare the effects of MCT and TM
in the three groups. When significant variance was found,
Scheffe’s test was used to establish which groups were
different. In the 29-day study, Student’s ¢ test was used.
Differences were considered significant at P < 0.05.

Results
Rats 19 days after monocrotaline injection
Mean pulmonary artery pressure and RVH (Fig. 1)

The mean PAP of the Saline/Vehicle group was 18.0 £
1.0 mmHg. The MCT/V group had a significantly higher
mean PAP than the Saline/Vehicle group (Fig. 1). There
were significant differences between MCT/V and MCT/TM
rats (32.3 £ 2.0 vs. 27.3 = 1.0 mmHg, respectively). MCT
caused significant RVH (Fig. 1). TM had no effect on the
development of RVH (Fig. 1). There were no differences in
the mean systemic artery pressure among the groups.

Vascular structural changes (Fig. 2)

In rats 19 days after the injection of MCT, MCT signifi-
cantly increased the percentages of combined fully and
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partially muscularized arteries in peripheral pulmonary
arteries from 0.1 = 0.1 to 149 £ 1.6 % (P <0.05) in
those with external diameters between 15 and 50 pm and
from 9.8 & 2.8 to 83.6 = 1.5 % (P < 0.05) in those with
external diameters between 51 and 100 pm (Fig. 2). TM
significantly reduced this increase in external diameter

between 51 and 100 um to 64.7 &+ 14.4 %, but not in those
between 15 and 50 pm. MCT significantly increased
%MWT from 3.02 + 0.28 to 6.14 £ 0.71 % in the fully
muscular arteries between 51 and 100 pm in external
diameter (P < 0.05), in which TM significantly reduced
this increase to 4.16 £+ 0.03 % (P < 0.05).
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Rats 29 days after monocrotaline injection

In rats 29 days after the injection of MCT, TM did not sig-
nificantly affect the percentages of combined fully and par-
tially muscularized arteries at 15-50 pm of external diameter
in peripheral pulmonary arteries (52.3 & 11.1 % in MCT/
V29 group vs. 49.6 £ 72 % in MCT/TM29 group;
P =0.8517), or at 51-100 um of external diameter in
peripheral pulmonary arteries (100.0 & 0 % both in MCT/
V29 and MCT/TM29 group). TM did not also affect ZMWT
of fully muscularized arteries between 51 and 100 pm in
external diameter in rats (7.6. £ 0.6 % in MCT/V29 group
vs. 7.8 £+ 0.2 % in MCT/TM29 group; P = 0.7626).

Effect of TM on survival (Fig. 3)

A Kaplan—Meier survival curve showed no difference in
survival between rats with and without TM.

Plasma TM concentration (Fig. 4)

The TM concentration was 0.65 FU/ml (n = 2) in Vehicle
rats, which was elevated to 2011.3 £ 409.3 FU/ml (n = 4)
after 9 h, and remained elevated during 48 h after subcu-
taneous injection.

Inflammation and cytokine levels

Monocrotaline increased total protein levels (211.93 £
13.35 pg/ml in Sal/V group vs. 554.04 &= 11.59 pg/ml in
MCT/V group; P < 0.05) in the BALF reflecting the degree
of MCT-induced lung injury. Treatment with TM did not
affect these increases (599.62 £ 97.15 pg/ml in MCT/TM
group vs. MCT/V group; P = 0.7770). The neutrophil pop-
ulation was increased in MCT rats (0.073 £ 0.026 x 107/
ml in Sal/V group vs. 1.408 £ 0.3 x 10~>/ml in MCT/V

Survival

- MCTNV
-4 MCT/TM

20

0
15 17 19 21 23 25 27 29 31 33 35 37
Days after treatment

Fig. 3 A Kaplan—-Meier survival curve of rats with and without
thrombomodulin treatment
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Fig. 4 Changes in the plasma TM level after the single injection of
human recombinant thrombomodulin

group; P < 0.05). These models were also associated with a
significant increase in the proinflammatory cytokines, TNFa
(36.14 £ 2.39 pg/ml in Sal/V group vs. 50.03 £ 4.45 pg/ml
in MCT/V group; P < 0.05) and MCP-1 (31.0 & 25.0 pg/ml
in Sal/V group vs. 695 £ 179 pg/ml in MCT/V group;
P < 0.05). Treatment with TM did not affect the increases of
neutrophil population (1.42 + 0.36 x 10~>/ml in MCT/TM
group vs. MCT/V group; P = 0.8847), TNFa (46.21 +
2.60 pg/ml in MCT/TM group vs. MCT/V group;
P =0.7063), or MCP-1 (713 £ 198 pg/ml in MCT/TM
group vs. MCT/V group; P = 0.9965).

Procoagulant markers (Fig. 5)

Monocrotaline injected rats exhibited increased thrombin
activity in BALF (4093 + 61 v/l in Sal/V group vs.
5713 £ 262 v/l in MCT/V group; P < 0.05). Treatment
with TM did not change thrombin activity (5366 £ 66 u/l
in MCT/TM group vs. MCT/V group; P = 0.992). The
concentration of thrombin-antithrombin III (TAT) complex
in the BALF and plasma were significantly increased in
MCT rats. In plasma, TM reduced the TAT level, although
the difference was non-significant. In BALF, TM increased
the TAT level compared to non-treated rats.

Western blotting for eNOS and peNOS (Fig. 6)

eNOS expression was increased in MCT/V rats compared
to SAL/V rats, which returned to SAL/V levels in MCT/
TM rats. peNOS expression was decreased in both MCT/V
and MCT/TM rats compared to SAL/V rats. These results
suggested that the relative amount of peNOS to total eNOS
was increased in MCT/TM rats compared to MCT/V rats,
although the difference was not statistically significant
(0.19 £ 0.04 in MCT/TM group vs. 0.12 £ 0.01 in MCT/
V group; P = 0.190).
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Discussion MCT-induced PH rats at 90 days of monocrotaline injec-
tion [26]. Combined with these and present studies, we
Monocrotaline induced the new muscularization of  speculate that eNOS expression might be upregulated in an

peripheral pulmonary arteries, medial hypertrophy of
muscular arteries, rise in PAP, and RVH. TM treatment
partly but significantly reduced the vascular changes and
PAP after 19 days of MCT injection. But the improvement
was cancelled after 29 days of MCT injection, resulting in
no improvement of the survival rate.

TM levels could be achieved at least for 2 days with one
dose of 3 mg/kg of recombinant human soluble TM. This
dose is higher than that administered to humans undergoing
therapy for DIC [15]. The TM level for the prevention of
thrombus formation in humans was maintained for at least
6 days after single sc injection of the same drug at doses of
0.30 and 0.45 mg/kg [29]. The dose regimen in our study
(3 mg/kg/2 days) was similar to the studies of TM
administration in experimental glomerulonephritis (3 mg/
kg/day) [22] and sepsis (1 mg/kg/day) [23] in rats.

At 19 days of MCT injection, eNOS expression was
upregulated. This result is different from earlier studies in
which expression of eNOS mRNA is reduced in lungs of

early phase of MCT-induced PH, and be downregulated in
late phase [26]. Because TM increases peNOS in cultured
human umbilical endothelial cells [20, 21], we expected to
detect the upregulation of peNOS due to TM in MCT-
injected rats. Although we could not detect this upregula-
tion, relative amount of peNOS compared to eNOS seemed
to be increased with TM. Total eNOS level was increase in
MCTY/V rats but peNOS levels were similar between MCT/
V and MCT/TM rats. peNOS is active form of eNOS, thus
ratio of active eNOS (peNOS) to total eNOS seemed to be
increased in MCT/TM rats. This might explain in part the
slight reduction of mPAP and vascular changes in 19 day
study. Long term NO inhalation and administration of NO-
precursor, L arginine, ameliorated the development of
experimental PH in rats [2, 24].

Plasma TM levels are decreased in patients with pul-
monary arterial hypertension [30, 31]. The decrease in TM
might contribute the progression of in situ thromboses [27],
one of the pathological abnormalities of PH. TM production
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seemed to decrease with disease progression in MCT-
induced PH, because mRNA and Western blot analysis of
the lung have shown a decrease in expression 14, 21, and
28 days after the injection of monocrotaline [28]. We
speculated that the administration of TM might be a sup-
plementation therapy, but TM administration did not ame-
liorate the development of PH in the present study.
Although exogenous TM failed to prevent the occurrence of
PH in the present study, treatment to increase the endoge-
nous production of TM in endothelial cells might reduce the
severity of PH. Continuous prostacyclin therapy, which
improves clinical symptoms and survival in patients with
PPH, increased TM production by endothelial cells [31].
Prostacyclin has a pivotal role as a vasorelaxant as well as
an inhibitor of platelet aggregation, along with anti-
inflammatory and anti-proliferative properties [32]. This
additional effect might be important for improvement of
prognosis for PH.

In our model, the development of PH was associated
with the inflammatory response, as shown by the increase
in the level of TNFa, the neutrophil cell count, and con-
centration of total protein in BALF in MCT rats. This
confirmed the inflammatory aspect in the pathogenesis of
PH [6]. MCP-1 was also increased in MCT rats, which
might be induced by TNFa since, in an in vitro study,
MCP-1 was induced by TNFa [33]. MCP-1 is a potent
monocyte attractant, initiating cellular migration and acti-
vation and recruiting inflammatory cells, which might
explain the increase in neutrophil counts in BALF in MCT
rats. Since blockade of the MCP-1 signal pathway pre-
vented the development of PH [25, 34], an increase in
MCP-1 might be one of the causes of PH. Although peptide
derived from human TM reduced MCP-1 in uveitis [35],
this might not be the case in this study of PH since TM did
not prevent the increase in MCP-1 in BALF.

Activation of the coagulation system was shown in
MCT rats as measured by the increased level of TAT.
Hypercoagulability is involved in the pathogenesis of PH
[6]. The anticoagulant effect of human recombinant TM in
BALF might not be relevant in our model of PH, while this
effect was observed in plasma, as shown by the trend of the
decrease in TAT, suggesting that the effect of TM in the
blood is anticoagulation. The mechanism by which TAT in
BALF increased in TM-treated rats is unclear. In a previous
study, protein C inhibition protected against the develop-
ment of MCT-induced PH in mice [36], suggesting that
activated protein C probably does not prevent the devel-
opment of MCT-induced PH. This might explain why TM
failed to prevent the development of MCT-induced PH in
the present study, because the thrombin-thrombomodulin
complex activates protein C [17, 37].

In summary, TM partially prevented the development of
PH at some point during the course in the present study.
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However, a therapeutic role in preventing the development
of PH is limited because the vascular changes in TM-
treated rats finally caught up with those in non-TM-treated
rats, and TM did not improve survival.
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