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EFFECTS OF TREPROSTINIL SODIUM IN A MONOCROTALINE-INDUCED RAT
MODEL OF PULMONARY HYPERTENSION
Shena L. Latcham
Dr. Jeffrey W. Skimming and Dr. Vincent G. DeMarco, Thesis Supervisors
ABSTRACT
Treprostinil is a prostacyclin analog currently used in the treatment of pulmonary
hypertension. Although clinical studies show treprostinil to be a successful therapy for
pulmonary hypertension, little information exists concerning the effects of treprostinil
treatment in vivo. The purpose of this study is to elucidate the effects of treprostinil on
right ventricular systolic pressure (RVSP), right ventricular hypertrophy and vascular
remodeling in a rat model of MCT-induced pulmonary hypertension. Male, SpragueDawley rats were randomized to one of four treatment groups; control, monocrotaline
(MCT) only, MCT with treprostinil treatment (MCT/TRE), and treprostinil treatment
only (TRE). At the beginning of the experiment, rats received a one-time subcutaneous
dose of MCT (60 mg/kg) or saline. Rats were then administered either treprostinil or
placebo for 28-days. After 28-days of treprostinil treatment, we recorded RVSP and right
ventricular size. In addition, paraffin embedded left whole lung tissues were used for
morphometric analysis and right whole lung tissues were snap frozen in liquid nitrogen
for protein analysis. As expected, MCT exposure caused a significant increase in RVSP
and right ventricular hypertrophy. Morphometric analyses also indicated that MCTexposure led to medial wall thickening of the pulmonary vasculature. Neither low-dose
(10 ng/kg/min) nor high-dose (150 ng/kg/min) treprostinil therapy attenuated elevations
of RVSP and right ventricular hypertrophy in pulmonary hypertensive rats. In addition,
there was no attenuation of medial wall thickening when MCT-exposed rats also received
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treprostinil treatment. Finally, treprostinil significantly lowered PPAR-γ protein
expression in MCT-exposed rats. In conclusion, we demonstrated that increases in
RVSP, right ventricular hypertrophy and vascular remodeling associated with MCTinduced pulmonary hypertension are not attenuated with treprostinil therapy.
Additionally, we found that treprostinil attenuated the induction of PPAR-γ protein levels
in whole lung homogenates of MCT-exposed rats. Although we have not yet established
that PPAR-γ is an important therapeutic target for pulmonary hypertension, we speculate
that further investigation of its role could reveal a mechanism in which PGI2 elicits its
effects on the pulmonary vasculature.
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Introduction
Pulmonary hypertension is a rare disease described by an elevation of pulmonary
arterial pressure. Although identification of pulmonary hypertension often goes
unrecognized for several years, at the time of diagnosis, mean survival is approximately
2.8 years (46). Eventually, elevation of sheer stresses and hydrostatic forces lead to
increased pulmonary vascular tone and pulmonary vascular remodeling, causing right
ventricular heart failure and death (6).
In healthy individuals, pulmonary vascular tone is controlled by a balanced release of
vasoactive mediators. Patients suffering from pulmonary hypertension though,
commonly exhibit an abnormal synthesis of a number of endothelial-derived vasoactive
mediators. These alterations include increases in vasoconstrictors such as thromboxane
(8) and endothelin (16), as well as decreases in the endothelial-derived vasodilators nitric
oxide (15) and prostacyclin (PGI2) (54). The lack of vasodilator influence disrupts
balanced intrapulmonary production of vasoactive mediators leading to an overwhelming
vasoconstrictor presence that results in exaggerated vasoconstriction (8; 58), cellular
proliferation (17; 29) and smooth muscle hypertrophy (1) of the pulmonary vasculature.
In addition to alterations in vascular tone, pulmonary hypertensive patients also tend
to develop vascular remodeling of the pulmonary vasculature. In 1958, Edwards and
Heath (13) provided an in-depth description of the vascular pathology in pulmonary
hypertensive patients. They divided histological changes of the pulmonary vasculature
into six grades, which varied depending on disease severity. Likewise, disease severity
was determined by the degree of hypertrophy and/or hyperplasia of fibroblasts, smooth
muscle cells, and endothelium that make up the vascular wall. More recent studies
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demonstrate that vascular remodeling also includes extension of smooth muscle into
normally non-muscular vessels, termed neomuscularization (37). Taken together, these
histological alterations, involving the intima, media, and adventitia (7), result in luminal
obstruction which can lead to progressive increases in right ventricular afterload and
ultimately right ventricular failure (24).
Even though pulmonary hypertension is an incapacitating and life-threatening
disease, treatment options are available. Conventional therapies for pulmonary
hypertension include vasodilators, anticoagulants, ionotropic agents, diuretics, oxygen,
and transplantation (20). Most commonly, treatments are administered to either inhibit
mediators that induce vasoconstriction, vascular proliferation, and remodeling or increase
vasodilating factors and growth factor inhibitors (52). Perhaps the most widely used
treatment regimen to date involves chronic administration of intravenous PGI2 to induce
vasodilation and alter vascular remodeling of the pulmonary vasculature. PGI2 is
primarily generated in vascular endothelial cells and plays a major role in regulating
vascular tone (41). Additionally, PGI2 decreases platelet aggregation (39) and inhibits
vascular smooth muscle cell (VSMC) proliferation (28), both of which are associated
with vascular remodeling. Hence, PGI2 therapy for pulmonary hypertensive patients
appears to address many factors, such as increased vasoconstriction and vascular
remodeling, associated with the disease.
While PGI2 is a viable treatment for pulmonary hypertension, the nature of its
delivery system through an intravenous catheter presents patients with many potential
difficulties. First, because of a short half-life (2 to 3 minutes), interruptions in PGI2
delivery caused by catheter displacement or delivery pump malfunction leads to life-
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threatening rebound vasoconstriction. Second, indwelling catheter sites commonly get
infections that can sometimes be treated with antibiotics and at other times cause lifethreatening sepsis (4; 34). Thus, the impracticality of PGI2 therapy led to the
development of several PGI2 analogs. PGI2 analogs, such as inhaled iloprost and oral
beraprost, show a nearly identical efficacy profile to PGI2, but are superior because they
exhibit longer bioavailabilties, require less complex delivery methods, and provide
selectivity for the pulmonary circulation (22; 42; 48).
In 2002, the FDA approved another PGI2 analog, treprostinil, as a treatment for
patients suffering from New York Heart Association (NYHA) class II-IV pulmonary
hypertension. Treprostinil functions as a long-acting, stable tricyclic benzindine analog
of PGI2. Its desirable characteristics include chemical stability at room temperature, a
neutral pH, and a half-life of 3-4 hours. More importantly, though, treprostinil is
administered subcutaneously (57) rather then intravenously. This represents the most
significant advantage of treprostinil over other PGI2 analogs since the risk of catheter site
infection and rebound vasoconstriction due to catheter displacement are eliminated.
Treprostinil-treated patients also experience similar improvements in mean right atrial
pressure, mean pulmonary arterial pressure (mPAP), cardiac index, and pulmonary
vascular resistance (PVR) when compared to patients using alternate PGI2 analogs for
pulmonary hypertension. Additionally, treprostinil consistently improves exercise
capacity, indices of dyspnea, signs and symptoms of pulmonary arterial hypertension,
cardiopulmonary hemodynamics, and the physical dimension of quality of life (50).
Although clinical trials show that treprostinil is a successful treatment, little is known
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about how treprostinil, and PGI2 in general, work at a cellular level to alleviate symptoms
associated with pulmonary hypertension.
Recently, Narumiya, et. al. (38), revealed that PGI2 could function by binding cell
surface prostanoid receptors (IP) that activate adenylate cyclase through the G-protein,
Gs. Once activated, adenylate cyclase stimulates the release of cyclic-AMP (cAMP) to
reduce intracellular calcium levels, which results in relaxation of the vascular smooth
muscle in the pulmonary vasculature. Although PGI2 may cause cAMP-induced
relaxation via the IP receptor, no IP receptor antagonists are currently available, therefore
it cannot be determined if PGI2 functions exclusively through IP receptors (9; 40).
Hatae, et al. (18), subsequently found that PGI2 also works via peroxisome proliferatoractivated receptor (PPAR)-δ. Likewise, they showed that once PGI2 binds to PPAR-δ,
PGI2 induces apoptosis in a PPAR-δ dependent manner and independently of the IP
receptor-signaling pathway. Thus, studying the effects of PGI2 ligand binding to PPARs
could provide more insight into the means in which PGI2 and its analogs induce
vasodilation and alter vascular remodeling of the pulmonary vasculature.
PPARs belong to the super family of nuclear receptors made up of three subtypes:
PPAR-α, -β/δ, and -γ. PPARs as a whole operate as ligand-activated transcription factors
(30) that once bound to promoter regions of specific target genes, can alter gene
expression (44). Although PPARs are traditionally associated with adipocyte
differentiation, recently PPAR-γ also was found in VSMCs (32), ECs (31), and
macrophages (53) of the vascular wall, indicating that PPAR-γ might participate in
cardiovascular disease. Accordingly, Bishop-Bailey, et al., (5), demonstrated that ligandbound PPAR-γ beneficially effects the vasculature by inhibiting inflammatory cell
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responses, reducing proliferation and migration of VSMCs in vitro, and diminishing
atherosclerotic lesion development and neointimal formation in vivo. These data suggest
that PPAR-γ could play a role in pulmonary hypertension by decreasing vascular
remodeling in the lungs, thereby reducing vascular resistance and increasing blood vessel
volume (25).
Although it remains unknown whether or not PGI2 and its analogs act as PPAR-γ
ligands, many similarities between the actions of PGI2 and PPAR-γ in the vasculature
warrants further investigation. For instance, 15-deoxy-

12,14

-Prostaglandin J2 (15d-

PGJ2), the natural ligand to PPAR-γ, and PGI2 are both cyclooxygenase products
produced by the breakdown of prostaglandin H2. PGI2 production also occurs in the
vascular endothelium, which makes it readily available to activate PPAR-γ receptors
found in VSMCs, ECs, and macrophages of the vasculature. Finally, activated PPAR-γ
and PGI2 perform similarly in the vasculature by reducing the inflammatory response,
inhibiting vascular remodeling, and inducing cell apoptosis. Therefore, investigating the
influence of PGI2 on PPAR-γ could reveal a mechanism by which PGI2 induces
beneficial effects on the pulmonary vasculature in pulmonary hypertensive patients.
In the present study, our lab elected to use an established rat model of monocrotaline
(MCT)-induced pulmonary hypertension. The primary rationale for using this model
stems from certain similarities between MCT-induced pulmonary hypertension in
animals to that seen with pulmonary hypertensive disease progression in humans. For
example, MCT, a pyrrolizidine alkaloid, causes endothelial cell injury, which leads to a
mononuclear infiltration into the perivascular regions of the arterioles and muscular
arteries (12; 47). MCT also increases mPAP, induces right ventricular hypertrophy,
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increases the medial and adventitial thickness of muscular arteries, and enhances the
appearance of muscle in normally non-muscular arteries (26). Additionally, several
studies confirm that PGI2 treatment successfully attenuates elevations in mPAP (3), right
ventricular systolic pressure (RVSP) (56), and right ventricular hypertrophy (55; 56)
associated with MCT-induced pulmonary hypertension.
Therefore, using a rat model of MCT-induced pulmonary hypertension, our lab
sought to elucidate the effects of treprostinil on the hemodynamics and vascular
remodeling of the pulmonary vasculature. We also evaluated PPAR-γ protein expression
with and without treprostinil treatment in order to gain a better understanding of the role
that PPAR-γ plays in pulmonary hypertension. We hypothesized that (1) treprostinil
induces vasodilation of the pulmonary vasculature causing a decrease in RVSP (2)
treprostinil attenuates overpressurization and overcirculation in the lungs leading to
lessened right ventricular hypertrophy, and (3) treprostinil diminishes vascular
remodeling by attenuating increases of medial wall thickness, potentially via a PPAR-γdependent mechanism.
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Materials and Methods
I.

Animal Model

Male, Sprague-Dawley rats (325-375 grams) were purchased from Harlan
Laboratories (Indianapolis, IN). Rats were fed a standard laboratory chow and given
water ad libitum for the duration of the experiment. The Institutional Animal Use and
Care Committee of the University of Missouri-Columbia approved of the experiments,
and the care and handling of the animals were in accordance with the National Institutes
of Health guidelines. Prior to surgery, rats were randomized into four treatment groups:
Control, MCT only, MCT plus treprostinil treatment, and treprostinil treatment only.
Rats were anesthetized with a ketamine (80 mg/kg) and xylazine (8 mg/kg) cocktail by
way of a hind limb intramuscular injection. Once anesthetized, a 200 µL osmotic pump
(DURECT Corp., Cupertino, CA) was inserted subcutaneously into the nape of the neck
to deliver either treprostinil (10 ng/kg/min or 150 ng/kg/min) or placebo at a rate of 0.25
µL/hour for 28 days. A one-time subcutaneous dose of either 0.9% saline or MCT (60
mg/kg) was also given at the time of pump implantation.
II.

Experimental Protocol

Twenty-eight days post-pump implantation, rats were anesthetized with a
ketamine/xylazine cocktail. A tracheotomy was performed, and a 14-gauge catheter was
secured in the trachea and attached to a Harvard model 683 small animal ventilator
(Harvard Apparatus, South Natick, MA). The ventilator was adjusted to deliver 4 mL of
room air 35 times per minute. A Millar catheter (Millar Instruments, Model SPR-534,
Houston, TX) was then inserted into the right jugular vein and advanced into the right
ventricle for continuous right ventricular systolic (RVSP) monitoring, an indicator of
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mPAP, using a polygraph (BIOPAC Systems, Model MP 100, Santa Barbara, CA). Next,
rats were euthanized by removing the heart and lungs en bloc. The heart was dissected
into the right ventricle and the left ventricle plus septum according to methods described
by Cottrill, et al. (10). Right ventricular (RV) free wall and left ventricular free wall plus
the septum (LV+septum) were weighed. Weights were applied to the equation
[RV/(LV+septum)] to obtain an estimate of right ventricular hypertrophy. Next, the
lungs were inflated with 10 mL of ambient air in situ and then the airway was tied off.
While still inflated, the right lung was immediately immersed in 10% neutral buffered
formalin. The left lung was snap frozen in liquid nitrogen and stored at -80 0C for
subsequent protein analysis. Finally, osmotic pumps were removed to assess the amount
of either placebo or treprostinil remaining inside the pump. All pumps contained less
than 10 µL of fluid indicating that all pumps functioned properly throughout the duration
of the experiment.
III.

Histology and Morphometric Analysis

Right lung tissue was formalin fixed for 24 hours, paraffin embedded, cut into 4 µm
sections and mounted on glass slides. Sections were stained for elastic fibers using
Verhoeff-Van Gieson (VVG) stain. In order to determine the amount of thickening that
occured in the tunica media of vessels as a consequence of pulmonary hypertension,
morphometric analyses were conducted on all tissue slides using a method described by
Geraci, et al. (14). Briefly, measurements of the external and luminal diameter were
taken and expressed as a ratio of vessel diameter by the equation (Ed-Id)/Ed, where Ed
denotes the external diameter and Id denotes the internal diameter. External diameters
were calculated by making a linear measurement from the external elastic lamina on one
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side of the vessel to the external elastic lamina on the other side of the vessel. Similarly,
luminal diameter was calculated using linear measurements made from the internal
elastic lamina on one side of the lumen to the internal elastic lamina on the other side of
the lumen (Figure 1a). For both the Ed and Id, three measurements were taken, averaged,
and recorded. The recorded vessel Ed and Id were then applied to the equation (EdId)/Ed in order to obtain a measurement of medial wall thickness (MWT). Additionally,
only transversely cut vessels that were either concentric or nearly concentric were used.
Approximately 10-25 vessels were measured per animal.
A second morphological technique also was utilized to verify results obtained by the
linear measurement method previously described. Using Image Pro® Plus software
(Media Cybernetics Inc, Silver Spring, MD), vessel smooth muscle area was calculated
by the equation [(Va-La)/Va * 100], where Va denotes the entire vessel area and La
denotes the luminal area (Figure 1b). Smooth muscle area was expressed as a percentage
of the whole vessel size. No vessels were excluded in smooth muscle area
measurements. Thirty-five vessels were measured per animal.
IV.

Western Blot Analysis

Lung tissue was thawed and homogenized in lysis buffer (50 mM Tris-HCl, 0.1 mM
EDTA, 0.1 mM EGTA, 0.1% β-mercaptoethanol, 1 mmol PMSF, 2 µmol leupeptin, 1
µmol pepstatin A, 20 mM CHAPS, and 10% glycerol) at 40C. Crude homogenates were
centrifuged at 16,000g for 6 minutes at 15oC to remove remaining tissue fragments.
Supernatants were retained for protein analysis. The supernatant protein concentration
was determined using a BCA Protein Assay Kit (Pierce Chemical Co., Rockford, IL).
For each sample, 10 µg of protein were added to an equal volume of 2X sample buffer
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(250 mM Tris pH=6.8, 4% SDS, 10% glycerol, 0.006% bromophenol blue, 2% βmercaptoethanol), boiled 5 minutes, and loaded onto a 4-20% Tris-HCl Minigel (Biorad).
Proteins were separated by gel electrophoresis performed at 100V for 60 minutes.
Proteins were then electrotransferred onto a nitrocellulose membrane at 100V for 30
minutes. The nitrocellulose membranes were immediately placed into blocking buffer
(5.0% non-fat dry milk, 10 mM Tris pH=7.5, 100 mM sodium chloride, 0.1% Tween-20)
and incubated at room temperature one hour. After blocking, membranes were incubated
in rabbit polyclonal anti-PPAR-γ1 and –γ2 (Biomol Research Laboratories, Plymouth
Meeting, PA), diluted 1:3000 in blocking buffer, overnight at 40C. Membranes were then
incubated with anti-rabbit Ig, HRP (Amersham Biosciences, Piscataway, NJ), diluted
1:2000 in blocking buffer, for one hour at room temperature. PPAR-γ protein bands were
visualized by chemiluminescence (ECL detection kit, Amersham Biosciences,
Piscataway, NJ) at 60 kDa. Densitometric analysis of PPAR-γ was conducted using
Adobe Photoshop v7.0 software (Adobe Systems Incorporated, San Jose, CA).
Statistical Analysis
Statistical analyses were performed using SigmaStat for Windows, Version 2.03
(SPSS, Chicago, IL). Differences among the means of the groups were identified using a
one-way analysis of variance. Post-hoc analyses using Fischer’s LSD were conducted if
the analysis of variance detected an effect of treatment. A significance level was set as
p≤0.05. Data are reported as means ± SD.
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Blood Vessel Morphometric Analysis Technique Comparison

1a

External Elastic Lamina

Figure 1a. Morphometric analysis
using linear measurements. External
diameter (Ed) was calculated by
making a linear measurement from the
external elastic lamina on one side of
the vessels to the external elastic
lamina on the other side of the vessel.
Internal diameter (Id) was calculated
similarly using the internal elastic
lamina. For both Ed and Id, three
measurements were taken and then
averaged for each vessel. Average Ed
and Id were then applied to the
equation (Ed-Id)/Ed to obtain a
measurement of MWT.

Id
Ed

Internal Elastic Lamina

1b

Va

External Elastic Lamina

Figure 1b. Morphometric analysis
using area measurements. Image
Pro® Plus software was used to
calculate whole vessel area (Va), and
vessel luminal area (La). The Va
(lines + dots) includes the external
elastic lamina and all area inside it.
The La (dots) includes the internal
elastic lamina and the area it encloses.
Percent vessel smooth muscle area
(lines) was calculated by the equation
[(Va-La)/Va * 100].

La

Internal Elastic Lamina
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Results
I. Hemodynamic Measurements
RVSP was significantly higher in all rats that received MCT only when compared to
control rats (35.6 ± 5.44 versus 25.2 ± 4.21 mm Hg, p<0.01, in Figure 2a, and 42.3 ± 10.5
versus 29.1 ± 2.14 mm Hg, p<0.01, in Figure 2b). Additionally, MCT only rats showed
significantly higher RVSPs when compared to rats that received either low-dose (35.6 ±
5.44 versus 25.0 ± 1.30 mmHg, p<0.004) or high-dose (42.3 ± 10.5 versus 25.7 ± 1.63
mm Hg, p<0.001) treprostinil alone. In contrast, there were no significant differences in
RVSP between rats that received MCT alone and rats administered MCT and either lowdose (Fig. 2a) or high-dose treprostinil (Fig. 2b). There were also no changes in RVSP
between control and treprostinil only groups regardless of the treprostinil dose. These
data indicate that MCT, but not treprostinil, induces an elevation of RVSP. Likewise,
treprostinil treatment does not reduce elevated RVSP in MCT-treated rats.
At necropsy, we obtained measurements of right ventricular hypertrophy by
comparing the weight of the RV to the weight of the LV+septum. Rats that received
MCT had a significantly higher RV/(LV+septum) ratio when compared to controls (0.33
± 0.05 versus 0.25 ± 0.02, p<0.003, in figure 3a, and 0.33 ± 0.05 versus 0.26 ± 0.02,
p<0.003, in figure 3b) indicating that MCT induces right ventricular hypertrophy.
Conversely, neither low-dose (Figure 3a) nor high-dose treprostinil treatment (Figure 3b)
lessened the right ventricular size seen in rats that also received MCT. Moreover, there
were no significant differences in right ventricular size between control and either low- or
high-dose treprostinil only rats. We therefore concluded that MCT alone induces right
ventricular hypertrophy and that treprostinil is unable to abrogate the effects of MCT.
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Furthermore, treprostinil alone does not affect right ventricular size. Linear regression
analysis though, revealed a positive correlation between increasing right ventricular
hypertrophy and RVSP (Figure 4).
III. Morphometric Analysis
Using a linear measurement morphometric model, we found that all rats which
received MCT showed significant increases in MWT when compared to controls (0.394 ±
0.07 versus 0.268 ± 0.06, p<0.01) and treprostinil only rats (0.394 ± 0.07 vs. 0.207 ±
0.01, p<0.001) (Figure 5). However, treprostinil treatment did not decrease MWT in the
pulmonary arteries of rats with MCT-induced pulmonary hypertension. Additionally,
although a trend was observed, MWT did not significantly vary between control and
treprostinil only rats. Next, we grouped vessels by size based on external diameter; a)
<50 µM, b) 50-100 µM, c) 100.1-200 µM, and d) >200 µM and again calculated MWT by
the equation (Ed-Id)/Ed (Figure 6). MCT significantly increased MWT in vessels of size
<50 µm (0.405 ± 0.10 versus 0.268 ± 0.11, p<0.001) and 50-100 µm (0.427 ± 0.11 versus
0.228 ± 0.10, p<0.001) when compared to vessels of the same size from control rats. In
addition, high-dose treprostinil significantly attenuated MCT-induced increases in MWT
of resistance vessels 50-100 µm in size (0.377 ± 0.11 versus 0.427 ± 0.11, p<0.002).
Treprostinil treatment alone also lessened MWT in vessels that were <50 µm, 50-100 µm,
and 100.1-200 µm when compared to controls, although a significant reduction was seen
only in pulmonary vessels 100.1-200 µm in diameter (0.224 ± 0.09 versus 0.331 ± 0.14,
p<0.001). Pulmonary vessels >200 µm showed no significant differences in MWT
between any of the treatment groups. Hence, treprostinil appears to reduce MWT to a
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greater degree in resistance vessels rather than in conduit vessels of the pulmonary
vasculature.
Next, we measured MWT using a second morphometric technique that calculates the
percent smooth muscle area of each vessel in relation to the entire vessel area, [(Ea-Ia)/Ea
*100]. This ratio gives us the % MWT of each artery (Figure 7). All transversely cut
vessels, regardless of shape or size, were included in the analysis. MCT significantly
increased % MWT in vessels of all sizes when compared to controls (44.9% ± 6.01
versus 33.8% ± 5.81, p<0.008), but treprostinil treatment did not abrogate the effects of
MCT. Next, we grouped pulmonary vessels according to size; a) <50 µM, b) 50-100 µM,
c) 100.1-200 µM, and d) >200 µM and analyzed % MWT of each vessel (Figure 8).
Treprostinil only treatment significantly decreased % MWT in resistance vessels 50-100
µm in size when compared to control vessels (27.5% ± 3.28 versus 33.3% ± 6.00,
p<0.001). Contradictory to our linear measurement analysis though, we could not find a
significant attenuation of % MWT in vessels of any size, including 50-100 µm, when
MCT-induced pulmonary hypertensive rats were treated with high-dose treprostinil.
Because these outcomes opposed those found by our initial morphometric analysis, we
reevaluated the data and determined that an alpha-error was made in our linear
measurement results. Likewise, we resolved that the area measurements represent the
vessel MWT most accurately. Hence, using area measurements, we established that
treprostinil does not attenuate MCT-induced increases in % MWT.
IV. PPAR-γ Protein Expression
Finally, we examined the effects of treprostinil on PPAR-γ protein levels in whole
lung homogenates (Figure 9). Densitometric analysis of Western blots revealed that
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MCT increased PPAR-γ levels in the lung in comparison to controls (37.5 ± 6.95 versus
20.4 ± 1.52, p=0.001). Treprostinil treatment also significantly reduced PPAR-γ protein
expression when compared to rats administered MCT alone (27.36 ± 7.78 versus 37.47 ±
6.95, p=0.03). Additionally, there were no measurable differences between control,
treprostinil-treated pulmonary hypertensive rats, and treprostinil only rats.
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Figure 2. Treprostinil does not reduce RVSP in a rat model of MCT-induced
pulmonary hypertension. (2a) Low-dose treprostinil (10 ng/kg/min), (2b) High-dose
treprostinil (150 ng/kg/min). Mean ± SD RVSP in control (CON), MCT only, MCT with
treprostinil treatment (MCT/TRE), and treprostinil only (TRE) rats were measured 28days post-osmotic pump implantation. MCT only rats exhibited significantly elevated
RVSPs. Treprostinil did not reduce the RVSP of rats that received both MCT and either
low-dose or high-dose treprostinil when compared to rats that received MCT alone.
# p< 0.01 vs. CON, * p< 0.001 vs. MCT, † p=0.004 vs MCT, ‡ p< 0.009 vs. TRE.
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Figure 3. Treprostinil does not attenuate right ventricular hypertrophy in MCTinduced pulmonary hypertensive rats. (3a) Low-dose treprostinil (10 ng/kg/min), (3b)
High-dose treprostinil (150 ng/kg/min). Mean ± SD right ventricular size was measured
on rat hearts dissected into the RV and the LV+septum in control (CON), MCT only,
MCT with treprostinil treatment (MCT/TRE), and treprostinil only (TRE) rats. All rats
treated with MCT exhibited a significantly higher right ventricular size when compared
to control or treprostinil only rats. Treprostinil treatment was unable to attenuate MCTinduced right ventricular hypertrophy. # p<0.003 vs CON, * p<0.008 vs MCT,
† p=0.008 vs. MCT/TRE, ‡ p<0.001 vs. MCT/TRE.
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Figure 4. RVSP and RV/(LV+septum) measurements exhibit a positive correlation.
Correlation between RVSP and right ventricular hypertrophy measured by heart
dissection is shown in control, MCT only, MCT with treprostinil treatment (MCT/TRE),
and treprostinil only (TRE) rats. The following regression equation was obtained: RVSP
(mm Hg) = 141.08*X – 9.4188. R2 = 0.7134, n= 56.
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Figure 5. MCT induces medial wall thickness in pulmonary arteries. Lung sections
were subjected to VVG staining and analyzed via the linear measurement equation, (EdId/Ed). Vessels of varied sizes were divided into four groups depending on treatment
received; control (CON), MCT only, MCT with treprostinil treatment (150 ng/kg/min)
(MCT/TRE), and treprostinil only (TRE). Approximately 10-25 vessels were measured
per animal. Medial wall thickness (MWT) of pulmonary arteries was significantly
increased in all rats receiving MCT. Treprostinil did not significantly attenuate the
effects of MCT on increased MWT. † p<0.001 vs TRE, # p<0.008 vs CON.
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Figure 6. High-dose treprostinil abrogates smooth muscle hypertrophy in resistance
vessels (50-100 µm). Pulmonary arteries were measured and analyzed via the linear
relationship (Ed-Id)/Ed. Vessels were then assigned to one of four groups according to
size; <50 µm, 50-100 µm, 100-200 µm, and >200 µm. Rats receiving MCT showed
significantly more medial wall thickening (MWT) in vessels <50 µm and 50-100 µm in
size. Treprostinil significantly decreased MCT-induced MWT in pulmonary arteries
ranging from 50-100 µm (p=0.01). There were no changes between treatment groups for
vessels >200 µm. * p< 0.005 vs. M/T, ** p = 0.01 vs MCT, # p< 0.001 vs. CON,
† p< 0.002 vs. MCT, ‡ p< 0.001 vs. TRE.
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Figure 7. MCT increases percent medial wall thickness in pulmonary arteries.
Whole rat lung sections were stained with VVG then analyzed via the area relationship
[(Ea-Ia)/Ea*100]. Vessels of selected size ranges were divided into four groups
depending on treatment received; control (CON), MCT only, MCT with treprostinil
treatment (MCT/TRE), and treprostinil only (TRE). Thirty-five vessels were measured
per animal. Percent medial wall thickness (% MWT) of pulmonary arteries was
significantly increased in all rats receiving MCT. Treprostinil did not attenuate the
effects of MCT on % MWT. † p<0.001 vs TRE, # p<0.008 vs CON.

26

80

% Medial Wall Thickness

70
†#

60
†

#

50
40
30
20
10
0
CON

MCT

MCT/TRE

27

TRE

Figure 8. MCT significantly increases percent medial wall thickness in pulmonary
resistance vessels. Vessels from whole rat lung were assigned to one of four groups
according to size; <50 µm, 50-100 µm, 100-200 µm, and >200 µm. Rats receiving MCT
exhibited a significant increase in percent medial wall thickness (% MWT) in resistance
vessels <50 µm or >200 µm in size. Treprostinil did not reduce MCT-induced increases
in % MWT in pulmonary arteries ranging from 50-100 µm (p=0.01). There was no
variation in % MWT between groups in vessels >200 µm (data not shown).
* p< 0.005 vs. M/T, # p< 0.001 vs. CON, † p< 0.002 vs. MCT, ‡ p< 0.001 vs. TRE.
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Figure 9. PPAR-γ levels decrease with treprostinil treatment in a rat model of
pulmonary hypertension. Figure 9a, two representative Western blots of PPAR-γ (60
kDa). Figure 9b, quantitative analysis of PPAR-γ protein bands visualized by Western
blot (represented in figure 9a). MCT increased the protein levels of PPAR-γ in rat whole
lung homogenates. Lung homogenates of treprostinil-treated rats exhibited a significant
reduction in PPAR-γ protein levels. * p=0.001 vs. MCT, # p=0.001 vs. TRE,
† p=0.029 vs. MCT
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Discussion
The present study tested whether treprostinil treatment alters the hemodynamic
changes and vascular remodeling associated with MCT-induced pulmonary hypertension.
We found that treprostinil treatment was unable to abrogate elevations in mPAP and right
ventricular hypertrophy associated with MCT. Likewise, treprostinil seemingly had no
effect on vascular remodeling. Finally, we observed that treprostinil decreased PPAR-γ
protein expression in the lungs of MCT-exposed rats.
To our knowledge, this is the first rodent study, and only the second animal study
(35; 51), to explore the effects of treprostinil in vivo, therefore, all findings should be
considered novel. At the beginning of the experiment, we gave a one-time subcutaneous
injection of MCT. Twenty-eight days later, MCT-exposed rats exhibited a significant
increase in RVSP (Figure 2) and right ventricular hypertrophy (Figure 3) when compared
to control animals. We also observed a positive correlation between RVSP and right
ventricular hypertrophy, as measured by RV/(LV+septum) (Figure 4). Finally, we found
that MCT rats developed a significant increase in MWT, as well as a reduction in lumen
diameter in arteries with up to a 200 µm external diameter (Figure7). These results,
which nearly replicate those seen in other animal studies of pulmonary hypertension (21;
23; 36; 45), led us to conclude that the rats used in these experiments suffered from
chronic pulmonary hypertension related to MCT administration.
After establishing an animal model of pulmonary hypertension, we evaluated the
effects of treprostinil on RVSP. MCT-exposed rats displayed significant increases in
RVSP when compared to control rats. However, treprostinil treatment was unable to
lessen increased RVSPs in rats that also received MCT (Figure 2). These results coincide
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with human studies in which only small changes (~3 mm Hg), most of which were nonsignificant, in mPAP were seen after short-term treprostinil administration (50).
Consequently, we increased the dose of treprostinil from 10 ng/kg/min to 150 ng/kg/min
in an attempt to elicit a treprostinil response. The higher treprostinil dose still had no
effect on MCT-induced elevations of RVSP. Additionally, although treprostinil-treated
patients do not typically exhibit significant reductions in mPAP, they consistently show
improvements in exercise hemodynamics such as exercise capacity (measured by the 6minute walk test), signs and symptoms of pulmonary arterial hypertension, and the
quality of life score (33; 43; 50). Unfortunately, although exercise hemodynamics can
account for the observed clinical advancement in treprostinil-treated humans, these
endpoints were not investigated in the present experiments, and therefore, could not be
compared to human study results.
Next, we determined the effect of treprostinil on right ventricular hypertrophy
(Figure 3). While MCT successfully induced right ventricular hypertrophy when
compared to controls, continuous subcutaneous infusion of treprostinil was unable to
lessen enlargement of the right ventricle. This finding opposes those seen in similar
studies which found that MCT-induced right ventricular hypertrophy was attenuated with
inhaled iloprost (49) and orally administered beraprost (38). We therefore hypothesized
that treprostinil may not directly affect hemodynamic measurements, but instead, might
primarily inhibit and/or reverse MCT-induced vascular remodeling and secondarily
attenuate increases in RVSP and right ventricular hypertrophy.
Thus, we analyzed morphological changes in the pulmonary vasculature by two
different methods. First, using a linear measurement model described by Geraci, et al.,
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(14), we examined arteries of VVG-stained whole lung tissues. We found that MCT
successfully increased MWT in vessels from <50 µm to 200 µm and that treprostiniltreatment of MCT-exposed rats attenuated increased MWT in resistance vessels 50-100
µm in size (Figure 6). Although we used an established method of morphometrics, we
found that we were limited in the number of vessels that could be measured since only
vessels that were either perfectly or near perfectly cylindrical could be examined.
Therefore, we resolved to reanalyze the same VVG-stained whole lung tissues utilizing
ImagePro Plus®, a histological analysis software, to determine % MWT of each vessel.
Using area measurements, we observed that treprostinil therapy did not significantly
attenuate increases of % MWT in resistance (Figure 8) or conduit vessels. These results
contradicted those initially found with the linear measurement morphometry method,
which showed that treprostinil-treatment significantly reduced MCT-induced vascular
remodeling in vessels 50-100 µm in size. The inability of the % MWT data, calculated
by vessel area measurements, to replicate our initial morphometry results led us to
conclude that we detected a false positive attenuation of MWT in our original linear
measurement analyses. Hence, we found that area measurements of % MWT represent
the morphometric data in its true form. Likewise, the inability of treprostinil to reduce
vascular remodeling could possibly explain why neither low-dose nor high-dose
treprostinil attenuated elevations of RVSP and right ventricular hypertrophy. It therefore
appears as though treprostinil is an ineffective treatment for increased RVSP, right
ventricular hypertrophy, and vascular remodeling associated with MCT-induced
pulmonary hypertension. We speculate that these negative outcomes could be attributed
to the nature of the drug delivery system rather than the animal model since studies have
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shown that other PGI2 analogs successfully attenuate MCT-induced pulmonary
hypertension (27; 38; 49). Although subcutaneous delivery of treprostinil seems ideal
because of its less invasive nature, in fact, it could be less effective than IV or inhaled
methods of administration given that the drug is not delivered directly to the pulmonary
vasculature.
Finally, we investigated the effects of treprostinil on PPAR-γ protein levels in whole
lung homogenates (Figure 9). We found that administration of MCT significantly
increased PPAR-γ levels in comparison to control values. These results contradict those
found by Ameshima, et al. (2), who found that PPAR-γ protein expression was decreased
in whole lung tissue extracts from pulmonary hypertensive patients. Furthermore, they
established that PPAR-γ mRNA was significantly decreased in patients with severe
pulmonary hypertension when compared with normal lung tissue or tissue from patients
with emphysema. Conversely, our findings support those of Diep, et al. (11), who
reported that PPAR-γ is abundantly expressed in blood vessels, particularly resistance
arteries, of spontaneously hypertensive rats, indicating that PPAR-γ in the vasculature
may play an important role in vascular changes during the development of hypertension.
Next, we observed that treprostinil treatment significantly reduced MCT increases in
PPAR-γ protein levels. These results agree with the findings by Hauser, et al. (19), who
demonstrated that PPAR-γ protein levels are significantly reduced in adipose cells and
fibroblasts treated with PPAR-γ ligands due to degradation of the receptor via the
ubiquitin-proteasome pathway. Their studies also revealed that significant decreases in
PPAR-γ protein levels occur when PPAR-γ ligands bind to the PPAR-γ receptor resulting
in the loss of receptor functionality. Accordingly, once PPAR-γ becomes bound by
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treprostinil, we would expect PPAR-γ protein levels to decrease, which was our observed
result. Thus, although it warrants further investigation, the study by Hauser, et al.,
provides supporting evidence that treprostinil, and possibly PGI2 in general, could either
act as PPAR-γ ligands themselves or possibly serve to activate other known PPAR-γ
ligands in the pulmonary vasculature.
In conclusion, we have demonstrated that (1) rats exhibit increased RVSP, right
ventricular hypertrophy, and vascular remodeling 28-days after receiving a one-time
subcutaneous dose of MCT; and (2) treprostinil treatment of rodents with MCT-induced
pulmonary hypertension does not attenuate elevations in RVSP, right ventricular
hypertrophy or vascular remodeling associated with MCT-induced pulmonary
hypertension. We also found that (3) PPAR-γ protein levels in whole lung are
significantly lowered in MCT-induced pulmonary hypertensive rats treated with
treprostinil. Although we have not yet established that PPAR-γ is an important
therapeutic target, we speculate that further investigation of its role in pulmonary
hypertension could reveal a mechanism in which PGI2 elicits its effects on the pulmonary
vasculature. Finally, although it appears as though treprostinil does not act as a cure to
MCT-induced pulmonary hypertension, we speculate that treprostinil could serve as a
palliative treatment. Hence, future animal studies could assess the effects of treprostinil
on more subtle positive outcomes such as exercise capacity and the physical dimension of
quality of life.
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