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Abstract Pulmonary arterial hypertension (PAH) is a fatal
disease with limited therapeutic options. Pathophysiological
changes comprise obliterative vascular remodelling of small
pulmonary arteries, elevated mean pulmonary arterial systolic
pressure (PASP) due to elevated resistance of pulmonary vas-
culature, adverse right ventricular remodelling, and heart fail-
ure. Recent findings also indicate a role of increased inflam-
mation and insulin resistance underlying the development of
PAH. We hypothesized that treatment of this condition with
the peroxisome proliferator-activated receptor-y (PPARY) ac-
tivator pioglitazone, known to regulate the expression of dif-
ferent genes addressing insulin resistance, inflammatory
changes, and vascular remodelling, could be a beneficial ap-
proach. PAH was induced in adult rats by a single subcutane-
ous injection of monocrotaline (MCT). Pioglitazone was
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administered for 2 weeks starting 3 weeks after MCT-injec-
tion. At day 35, hemodynamics, organ weights, and -indices
were measured. We performed morphological and molecular
characterization of the pulmonary vasculature, including anal-
ysis of the degree of muscularization, proliferation rates, and
medial wall thickness of the small pulmonary arteries.
Furthermore, markers of cardiac injury, collagen content,
and cardiomyocyte size were analyzed. Survival rates were
monitored throughout the experimental period. Pioglitazone
treatment improved survival, reduced PASP, muscularization
of small pulmonary arteries, and medial wall thickness.
Further, MCT-induced right ventricular hypertrophy and fi-
brosis were attenuated. This was accompanied with reduced
cardiac expression of brain natriuretic peptide, as well as de-
creased cardiomyocyte size. Finally, pulmonary macrophage
content and osteopontin gene expression were attenuated.
Based on the beneficial impact of pioglitazone, activation of
PPARY might be a promising treatment option in PAH.

Keywords Pulmonary hypertension - Rat - PPAR -
Monocrotaline - Right ventricle

Introduction

Pulmonary arterial hypertension (PAH) represents a progres-
sive disease with currently insufficient treatment options, ul-
timately leading to right heart failure and death. Preclinical
pharmacological treatment options have evolved in recent
years aiming to target molecular pathways involved in the
disease process. Numerous molecular abnormalities in differ-
ent organs have been described in the pathogenesis of PAH
(reviewed in (Paulin and Michelakis 2014)), but the prognosis
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of PAH is still unfavorable. Current treatment strategies focus
on vasodilation of the pulmonary vasculature and mainly tar-
get at lessening symptoms and improving quality of life.

PAH is characterized by elevated pulmonary vascular re-
sistance (PVR) due to pulmonary vasoconstriction, pulmo-
nary vascular remodelling, and thrombosis in situ. The under-
lying pathobiology of PAH is multifactorial (Rabinovitch
2008; Michelakis 2014; Rabinovitch et al. 2014). All layers
of the vessel wall are involved in the process of pulmonary
vascular remodelling. Thus, the composite of different cell
types of the pulmonary arterial wall (endothelial cells, smooth
muscle cells, and fibroblasts), as well as platelets and inflam-
matory cells, both in the vasculature and in the lung, may play
a significant role in PAH (Yuan and Rubin 2005; Michelakis
2014), which, in turn, also represent potential therapeutic cel-
lular targets.

There are several lines of evidence that patients with PAH
have reduced expression of apolipoprotein E (ApoE) and per-
oxisome proliferator-activated receptor-y (PPARY) in lung
tissue (Geraci et al. 2001; Ameshima et al. 2003). PPARy
agonistic treatment has primarily been shown to effectively
ameliorate symptoms and signs of insulin resistance
(Caglayan et al. 2005; Zaitone et al. 2015). PPARYy is a
ligand-activated-transcription factor of the nuclear receptor
superfamily, and PPARy might also exert beneficial impact
on pathways critically involved in the pathogenesis of PAH or
on relaxation of pulmonary arteries (Nisbet et al. 2010;
Kozlowska et al. 2013). In fact, studies demonstrated that
insulin-resistant ApoE-deficient mice developed PAH that
could be reversed by a PPARy agonist (Hansmann et al.
2007). These data demonstrated that ApoE may be a risk
factor for human PAH and that PPARy activation can reverse
PAH in animal models exhibiting metabolic disturbances.

Excessive pulmonary vascular remodelling is, in part, driv-
en by medial and intimal hypertrophy based on proliferation
of pulmonary arterial smooth muscle cells (PASMCs), which
further are characterized by reduced susceptibility to apoptosis
(Yuan and Rubin 2005). While current strategies to treat PAH
aim at pulmonary vasodilation, recent efforts have been un-
dertaken also targeting pulmonary vascular remodelling
(Schermuly et al. 2005).

In addition, PAH is a driving force for progressive remod-
elling of the right ventricle (RV) due to high pressure
afterload, which might result, eventually, in cardiomyocyte
enlargement, alteration in phosphorylation patterns of contrac-
tile proteins, cardiac fibrosis, and ventricular decompensation
associated with poor prognosis (Michelakis et al. 2008;
Walker et al. 2011; Michelakis 2014).

Finally, several lines of evidence suggest inflammatory
cells being activated in PAH, which facilitate or cause molec-
ular changes through paracrine signalling. It was shown that
PAH is, e.g., characterized by increased production of proin-
flammatory cytokines and perivascular inflammatory features
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(Lai et al. 2014; Paulin and Michelakis 2014). This also sug-
gests that anti-inflammatory approaches might be promising
to target PAH.

While most experimental studies have focused on preven-
tion of PAH development (Matsuda et al. 2005; Kim et al.
2010; Dickinson et al. 2014), here we sought to elucidate the
therapeutic impact of the PPARYy agonist pioglitazone in ani-
mals with established PAH. For this purpose, a model of in-
duced PAH by monocrotaline in Sprague-Dawley rats was
used to monitor the effect of pioglitazone on hemodynamics
in the pulmonary circulation, cardiac and pulmonary vascular
remodelling, and lung inflammation. The greater aims were (i)
demonstration of insulin-sensitizing PPARy as a molecular
target for treatment of PAH, and (ii) dissecting the mecha-
nisms of the beneficial effects of PPARYy treatment at different
cellular- and tissue components of PAH.

Materials and methods
Animals

Adult male Sprague-Dawley rats (250 to 300 g) were pur-
chased from Charles River (Charles River, Germany) and
maintained in a temperature-controlled room with a 12:12
light-dark cycle. All animal care and experiments were per-
formed in accordance with the German Laws for Animal
Protections and were approved by the local animal care
committee.

To induce PAH, monocrotaline (MCT, Sigma-Aldrich,
Taufkirchen, Germany) was subcutaneously injected
(60 mg/kg body weight, dissolved in 1 N HCI, and titrated
to pH 7.4 with 1 N NaOH). Control animals were injected
with the same volume of isotonic saline solution.

Twenty-one days after MCT-injection, a subset of rats was
randomized either to regular chow or switched to pioglitazone
treatment. Pioglitazone was administered via food pellets
(40 mg/kg chow diet; Ssniff, Soest, Germany) for a period
of 14 days. The mean daily drug dose of 2.5 mg/kg body
weight was based on recommendations of Takeda.
Pioglitazone was generously provided by Takeda (Takeda
Pharmaceutical Company Limited, Kanagawa, Japan).

Rats were subjected to hemodynamic measurements at day
35 and were sacrificed thereafter. Organs were isolated and
processed for immunohistochemical, histochemical/morpho-
metric, and gene expression analyses.

Measurement of the pulmonary artery systolic pressure

At day 35 after MCT-injection, all rats were anesthetized with
a pre-mixed combination of 100 mg/kg ketamine and 4 mg/kg
xylazine, tracheostomized, and artificially ventilated. Right
ventricular systolic pressure (RVSP), as a measure for PASP,
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was determined utilizing a fluid-filled pressure catheter,
inserted into the RV via the jugular vein. Systemic arterial
pressure (SAP) was monitored in the carotid artery utilizing
a 2 F Millar® microtip pressure catheter (Mil-SPR-302). The
catheter information was amplified by a PowerLab® amplifier
and converted to pressure curves using LabChart7® software
(AD Instruments, Sydney, Australia). Three to five tracings
from different time points were taken to determine the indi-
vidual PASP and SAP.

Assessment of right ventricular hypertrophy

Subsequent to hemodynamic measurements, the heart was
isolated, the RV was dissected from the LV and ventricular
septum (S), and wet weights were obtained separately. RV
hypertrophy was assessed by the ratio of the weight of RV
to the weight of the LV free wall plus S [RV/(LV +S)]
(Fulton’s index) (Mam et al. 2010).

Evaluation of ventricular fibrosis

Cardiomyocyte cross-sectional area and interstitial fractional
collagen content were determined in the RV and LV as mea-
sures of cardiac ventricle tissue remodelling. Three microme-
ter sections of the RV and LV were stained with hematoxylin
and eosin and Massons’ trichrome. Circumferences of 50
cardiomyocytes in each ventricle per animal were measured
on transversely cut myocardial fibers. Microscopic images
were analyzed in a blinded manner using Cell D Imaging
Software. Transverse sections of the ventricles were taken to
measure collagen content using Keyence software (Keyence,
Germany). The percentage of collagen area was calculated on
the entire slide for each rat.

Lung tissue preparation and morphometric analysis

Lungs were tracheally perfused with cold PBS and subse-
quently with 1 % paraformaldehyde, extracted and fixed in
4 % paraformaldehyde. Following dehydration, lungs were
embedded in paraffin. Tissue blocks were sectioned for stan-
dard histological stainings (hematoxylin and eosin) and im-
munohistochemistry. Staining for oc-actin (Sigma-Aldrich,
USA), applying standard immunohistochemical protocols,
was performed to quantify the degree of muscularization of
pulmonary arteries. Morphometric analyses were performed
using the Cell D Imaging Software (Olympus Soft Imaging
Solution, Germany). The degree of muscularization was quan-
tified by detection of «-actin positive parts of the vessel wall,
which was defined as follows: non-muscularized: <5 %, par-
tially muscularized 5-5 %, fully muscularized >75 %. The
medial thickness was assessed in vessels (diameter
<100 um) indexed to terminal bronchioles. Lumen area was
defined as the area within the lamina elastica interna, averaged

from the same representative vessels. Distorted arteries were
not used for the measurement. The percentage of medial wall
thickness was calculated by the formula: medial wall thick-
ness [%]: (2 x media thickness/external diameter) % 100.

Assessment of vascular proliferation and macrophage
infiltration

For analyses of vascular proliferation indices, paraffin-
embedded lung tissue sections were incubated with a mouse
monoclonal antibody (mAb) against proliferating cell nuclear
antigen (PCNA, 1:60, Dako, PC10) and biotinylated rabbit
anti-mouse IgG (1:500, Dako) as a secondary antibody.
Positive cells were stained using the Vectastain ABC Kit
PK-6100 and the peroxidase substrate kit DAB SK-4100
(both Vector). The tissues were counterstained with hematox-
ylin. Pictures were acquired at x40 magnification at room
temperature and cells were counted. Analyses are expressed
as PCNA-positive cells per total cell number of each artery.
For analyses of macrophage lung infiltration, the rat macro-
phage marker ED-2 (anti-CD 68, AbD Serotec, Germany) was
used, followed by standard immunohistochemical protocols.
For each animal, absolute numbers of macrophages/mm? were
counted in ten randomly chosen fields at x200 magnification
using Cell D Imaging Software.

Gene expression profiling

For quantitative real-time RT-PCR (qPCR), the lung, RV, and
LV were excised from all animal groups and shock-frozen,
followed by lysis in RLT buffer (Qiagen) and RNA extraction
applying the RNeasy Mini Kit (Qiagen). The High Capacity
RNA-to-cDNA Kit (Applied Biosystems) was used for cDNA
synthesis. Gene expression analysis by qPCR (SybrGreen®)
was done in duplicate or triplicate with an Mx3000P cycler
(Stratagene; Agilent Technologies, La Jolla, CA) and normal-
ized to HPRT. Primer sequences (all used at final concentra-
tion of 100 nM) were as follows (forward primer, reverse
primer, respectively):
hypoxanthine-guanine-phophoribosyl-transferase (HPRT):
CTCATGGACTGATTATGGACA-GGAC, GCAGGT
CAGCAAAGAACTTATAGCC; brain natriuretic peptide
(BNP): GAAGATAGACCGGATCGGCG, TCCCAGAG
CTGGGGAAAGAA; and osteopontin: CCAGCCA-
AGGACCAACTACA, TGGCTACAGCATCTGAGTGTT.

Statistical analysis

Data are expressed as means+SEM. For gene expression
analyses, group comparison was done by Dunn’s test. All
other data were analyzed by one-way ANOVA followed by
post hoc Student-Newman-Keuls (SNK) tests. Kaplan-Meier
statistics were used for survival analysis. The log-rank
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(Mantel-Cox) test was used to compare survival curves. A P
value of <0.05 was regarded as significant.

Results

Effects of MCT and PPARY activation on systemic blood
pressure, pulmonary hemodynamics, and survival

Rats were subjected either to a control group with saline in-
jection or a PAH-induction group with MCT-injection. The
PAH-induction group was further divided into a group receiv-
ing a control or a pioglitazone-enriched chow starting 21 days
after PAH-induction for additional 2 weeks.

Figure la depicts the Kaplan-Meier curve, demonstrating
that all control rats survived until day 35. Rats subjected to
MCT-injection developed not only severe PAH (below) but
were also characterized by a reduced survival during the
35 days of follow-up. While in the MCT-group, survival was
reduced by 55 %, in the pioglitazone group, survival rates
were reduced by 24 % within the experimental period. In
addition, no animal died within the 35 days follow-up in an
additional control group with pioglitazone without MCT-
injection (N=3, not shown).

At day 35, SAP [mmHg] and the PASP [mmHg] were
measured. While SAP was neither significantly altered by
MCT, nor by additional treatment with pioglitazone
(Fig. 1b), MCT-injection led to PAH characterized by a sig-
nificant increase of PASP from 28.6+2.3 mmHg to 74.9
+4.1 mmHg (Fig. 1c). The treatment approach with pioglita-
zone significantly reduced PASP to 61.4+4.5 mmHg, while
pioglitazone in a healthy control group without MCT-injection
did not change the PASP compared to the control group (32.9
+1.3 mmHg, N=3, not shown).

Taken together, MCT resulted in enhanced PASP accom-
panied with reduced survival, which was partially reverted by
pioglitazone.

Structural analyses of right ventricular hypertrophy
and muscularization rates

MCT-injection resulted in major pulmonary vascular remod-
elling indicated by a significantly increased medial wall thick-
ness. Figure 2a depicts representative specimens subjected to
hematoxylin-eosin or o-actin staining of the pulmonary tis-
sues derived from rats subjected to control treatment, MCT, or
MCT and pioglitazone. MCT-injection was followed by a
marked increase in vascular remodelling, evidenced by en-
hanced «-actin (Fig. 2a, middle), which was clearly reduced
in animals that were subjected to additional pioglitazone treat-
ment (Fig. 2a, right).

Muscularization of pulmonary arteries critically impacts
hemodynamics. We thus quantified the proportion of non-
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(N), partially (P), or fully (M) muscularized pulmonary arter-
ies, as percentage of total pulmonary artery cross section in
intraacinar vessels sized <100 pwm of each rat (Fig. 2b). While
MCT was demonstrated to enhance muscularization, partial
reversal was seen by additional pioglitazone treatment
(Fig. 2b). MCT-injection resulted in 56.6+10.1 % fully
muscularized arteries, compared to 5.0+2.4 % in the control
group. This increase in muscularization was accompanied by
virtual loss of non-muscularized arteries, whereas in the con-
trol group 72.4+6.3 % were non-muscularized. Pioglitazone
treatment reduced the amount of muscularized arteries. Fully
muscularized arteries were detected by 19.9+8.0 %, and par-
tially muscularized arteries were seen in 77.3+8.5 %, respec-
tively, whereas non-muscularized arteries were 2.8+ 1.6 % in
rats subjected to pioglitazone.

Besides muscularization proportions, medial wall thickness
and lumen area of pulmonary arteries were quantified. Medial
wall thickness was markedly increased in arteries sized
<100 pm in diameter from 10.2+1.7 % (control) to 26.1
+1.7 % in the MCT group (Fig. 2¢). In the pioglitazone group,
the increase of medial wall thickness was significantly re-
versed to 20.5+1.1 %, demonstrating the anti-remodelling
impact of pioglitazone on the pulmonary vasculature
(Fig. 2¢). Finally, lumen area of pulmonary arteries (measured
in um?) was significantly decreased in the MCT group from
1985.3+506.8 pm? to 1005.0+86.6 um? (P<0.05) and treat-
ment with pioglitazone resulted in an increase by 466.3 um?
(n.s. compared to the MCT group) (Fig. 2d).

Since MCT-injection resulted in vascular remodelling,
characterized by reduced lumen and enhanced medial wall
thickness, we next explored the proliferation rates within pul-
monary arteries. As shown in Fig. 3a, b, cell proliferation—
measured by immunohistochemical stainings against prolifer-
ating cell nuclear antigen (PCNA)—was significantly higher
in the MCT group (24.5+3.8 % positive cells) compared to
the control group (8.2+2.4 %) (P<0.01). The MCT-induced
increase was effectively reduced by pioglitazone treatment
(11.6+1.9 %; P<0.01 compared to MCT).

Thus, pulmonary hypertension, induced by MCT, is char-
acterized by vascular remodelling associated with enhanced
proliferation, which is significantly reduced in rats subjected
to pioglitazone.

Right and left ventricular remodelling

One major obstacle in pulmonary hypertension is the consec-
utive impact on structural RV and LV remodelling and/or fi-
brosis. Figure 4a depicts representative hematoxylin-eosin
stainings of all three animal groups. We measured the cross-
sectional area (CSA) of cardiomyocytes as one parameter of
ventricular remodelling. MCT lead to significantly enhanced
CSA in the RV from 187.9+11.6 um? to 448.2+48.1 yum>
(control group and MCT group, respectively, P<0.001)
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Fig. 1 Impact of pioglitazone on survival rates and hemodynamics in
MCT-induced pulmonary hypertension. a MCT or saline was injected at
day 0, pioglitazone treatment (2.5 mg/kg body weight) started 21 days
thereafter for the following 14 days. Survival rates of control, MCT-
treated, and MCT + pioglitazone-treated animals are shown (*P<0.05
control vs MCT; *P<0.05 MCT vs MCT + Pio) (control N=9; MCT

(Fig. 4b), while the CSA remained largely unchanged in LV
(Fig. 4c). Pioglitazone was capable to reduce the CSA in-
crease in the RV (235.4+18.0 um?; P<0.001 compared to
MCT) (Fig. 4b).

Quantitative PCR was applied to analyze differential gene
expression in animal groups in whole lung tissue. BNP is an
established target gene in heart failure and ventricular remod-
elling. BNP was significantly enhanced on transcript levels
(15.6+1.5-fold of control, P<0.001), and pioglitazone re-
duced ventricular BNP gene expression (11.4+1.0-fold of
control) (Fig. 4d).

The RV hypertrophy was further evaluated by postmor-
tem measurement of the weight of the RV, the LV, and the
septum (S) and is expressed as a ratio (RV/LV+S)
(Fulton’s index). Fulton’s index was 0.26+0.05 in control
animals. It was enhanced to 0.56+0.02 with MCT and
significantly reduced to 0.52+0.02 with pioglitazone
treatment (Fig. 4e). The absolute RV weight also in-
creased from 236.4+34.9 mg to 454.2+14.9 mg with
MCT and was reduced to 419.6+16.7 mg with MCT +
pioglitazone (not shown, LV+S 898.8+31.8 mg
(control); 795.6+£24.9 (MCT), and 807.2+25.5 (MCT+

N=22; MCT +Pio N=21). b Systemic arterial pressure (SAP; in mmHg)
(control N=5; MCT N=6; MCT + pioglitazone N=7). ¢ Pulmonary
artery systolic pressure (PASP) were determined as stated in the
“Materials and Methods” section (***P<0.001 control vs MCT;
#P<0.05 MCT vs MCT + pioglitazone) (control N=6; MCT N=6;
MCT + pioglitazone N=9)

pioglitazone), respectively). However, similar to the func-
tional impact of PPARYy activation on MCT-induced PAH
(Fig. 1c), RV hypertrophy was only moderately reversed
by pioglitazone treatment (Fig. 4e).

Right and left ventricular fibrosis

After we established a significant impact of MCT on car-
diomyocyte size and RV hypertrophy, with pioglitazone
partially capable to revert these changes, we next aimed
at evaluating fibrotic remodelling in both RV and LV. As
shown in Fig. 5a—c, fibrosis, measured by Massons’
trichrome histological staining, was significantly en-
hanced from 1.2+0.2 to 29.8+£5.4 % in rats subjected to
MCT-induced PAH, and pioglitazone was clearly effective
in reducing the area of fibrotic tissue in the RV to 10.8
+1.0 % (Fig. 5b). Interestingly, in contrast to unaltered
CSA (Fig. 4c), fibrosis was also enhanced in the LV from
0.4+0.4 to 21.4+3.4 % with MCT, with pioglitazone ca-
pable in reducing the amount of fibrosis rate (8.6 1.7 %)
as well (Fig. 5c¢).
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Pulmonary macrophage content

Besides pulmonary vascular remodelling, cardiac hypertrophy
and fibrosis, inflammatory signals, and macrophage invasion
have been shown to represent key features in pulmonary hy-
pertension. We thus evaluated the macrophage content in the
lungs of all three animal groups (Fig. 6a, b). The amount of
macrophages, determined as cells/mm?, in the lungs of MCT-
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treated rats was significantly higher than in the control group
(84.1+8.3 cells/mm? vs 4.2+0.2 cells/mm?, respectively,
P<0.001) (Fig. 6a, b). While pioglitazone treatment was
followed by >40 % reduction in macrophages, the amount
of macrophages, however, remained higher than in the control
group (47.3+4.9 cells/mm?) (P<0.01 compared to MCT).
One trigger of monocyte evasion and macrophage transfor-
mation in the lung tissue in pulmonary hypertension might be
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Fig. 3 Effect of pioglitazone on pulmonary smooth muscle cell
proliferation. a Shown are representative immunohistochemical
stainings of the lung tissues against proliferating cell nuclear antigen
(PCNA) of control-, MCT-, and MCT + Pioglitazone-treated animals
with insets for better visualization of positive cells. b Quantification of
PCNA-positive cells is shown (¥*P<0.01 Control vs MCT; #P<0.01
MCT vs MCT + Pioglitazone) (control N=8; MCT N=9; MCT +
Pioglitazone N=9)

enhanced content of osteopontin. Osteopontin is not only an
extracellular matrix protein, but also a chemoattractant for
monocytes in inflammatory tissue remodelling. When mea-
suring transcript levels in total lung tissue, osteopontin gene
expression was significantly higher in the MCT group (75.1
+9.6-fold of control, P<0.001), and pioglitazone treatment
effectively reduced osteopontin levels (50.5 +6.8-fold of con-
trol, P=0.067 compared to MCT) (Fig. 6¢).

Thus, besides beneficial hemodynamical and structural
changes in the lung and heart by pioglitazone, also inflamma-
tory signals were effectively reduced.

Discussion

In this study we demonstrate that in a model of MCT-induced
PAH development in adult male Sprague-Dawley rats,
PPARY activation by pioglitazone was effective in reducing
RV pressure, pulmonary artery remodelling, and proliferation.
Further, pioglitazone partially reverted MCT-induced upregu-
lation of BNP in the RV, as well as myocyte enlargement and
cardiac fibrotic remodelling. Besides anti-remodelling effects
of PPARY activation, pioglitazone was also capable in effec-
tively reducing PAH-associated lung inflammation, character-
ized by reduction of macrophage content and osteopontin

gene expression. Finally, survival was significantly improved
by pioglitazone within the experimental time frame. Taken
together, activation of PPARy with pioglitazone represents a
valid target to ameliorate MCT-induced PAH. To our knowl-
edge, this is the first report analyzing the effect of the PPARYy
activator pioglitazone in an established model of MCT-
induced pulmonary hypertension.

PAH represents a disease with limited therapeutic options
and a current life expectancy comparable to metastatic cancers
(Michelakis 2014). Clinical approaches are based on vasodi-
lation by endothelin receptor blockade, PDES inhibition, sGC
stimulation and activation of the prostacyclin pathway, as well
as symptomatic treatment. Later advances, both experimental-
ly and clinically, were based on targeting pulmonary vascular
remodelling by inhibiting the PDGF beta-receptor (Schermuly
et al. 2005) to mainly reduce vascular smooth muscle cell
proliferation. However, PAH-associated remodelling is be-
lieved to involve both vascular and heart remodelling process-
es and inflammatory changes in the lung (Ryan et al. 2015).
PPARY functions as a transcriptional regulator, particularly in
adipose tissue where it regulates mainly genes involved in
glucose and lipid metabolism (Lee et al. 2003). Even though
PPARY is abundantly expressed in adipose tissue, significant
expression has also been detected in cells within the vessel
wall (monocytes/macrophages, endothelial cells, and vascular
smooth muscle cells) (Hsueh et al. 2001). Identified as a ther-
apeutic target, PPARy agonists have initially been clinically
introduced as insulin-sensitizing treatment. In experimental
models, ApoE-deficiency was earlier been proven leading to
development of PAH with the PPARYy agonist rosiglitazone
reducing PAH-associated vascular remodelling (Hansmann
etal. 2007). These data demonstrated that ApoE may be a risk
factor for PAH and that PPARY activation can reverse PAH in
an animal model exhibiting metabolic disturbances. In addi-
tion, rosiglitazone was effective in pulmonary hypertension
models that were based on hypoxia-induced PAH (Crossno
et al. 2007; Nisbet et al. 2010). Here, we applied an MCT-
based model of PAH in rats for dissecting the impact of pio-
glitazone on vascular proliferation and remodelling, RV and
LV hypertrophy and fibrosis, PASP, and lung inflammation.
The MCT model is particularly informative in the context of
inflammation. In addition, pulmonary vasoconstriction seems
to be an important mechanistic component. MCT is believed
to cause direct endothelial cell injury with subsequent accu-
mulation of inflammatory mononuclear cells in the vascular
wall, which finally induces proliferation and migration of vas-
cular smooth muscle cells. In addition, a profound remodelling
of the heart with RV hypertrophy and dysfunction occurs in
contrast to other experimental models of PAH (Stenmark et al.
2009). We have particularly chosen this model, since we hy-
pothesized from our previous studies that pioglitazone attenu-
ates vascular and myocardial remodelling, as well as inflam-
mation, features which all are believed to contribute to PAH.
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MCT-induced PAH is an aggressive model with rapid pro-
gression towards death, with the animals suffering from severe
sickness. Survival in the MCT group was reduced by 55 % at
day 35 after MCT-injection. In this manuscript, we aimed to
model a disease state of established PAH with manifest end
organ damage. Established PAH is usually the clinical scenar-
i0 where a pharmacologic treatment is started in PAH patients.
Therefore, we were interested in testing pioglitazone under
these circumstances.

The novel finding in the present study is that pioglita-
zone is effectively ameliorating PASP, along with heart
remodelling and lung inflammation and improved surviv-
al, in an MCT-based model without metabolic disorders.
Moreover, in our study pioglitazone is capable in
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addressing multiple molecular abnormalities simulta-
neously, indicating a potential superordinate role interfer-
ing in the complex disease process of PAH.

We have analyzed the impact of pioglitazone on different
outcomes of pulmonary hypertension. It has to be stressed that
PASP was significantly lowered by pioglitazone treatment;
however, the MCT-induced increase was not fully abrogated.
Nonetheless, we cannot rule out that higher doses of pioglita-
zone than used in our study (2.5 mg/kg body weight) would
have been even more effective. A recent study applying pio-
glitazone in a flow-induced PAH-model also demonstrated
lowering but not blunting of increased PASP, which is in ac-
cordance with our data, even at doses of 20 mg/kg body
weight (Dickinson et al. 2014). Thus, it is more likely that



Naunyn-Schmiedeberg's Arch Pharmacol (2016) 389:369-379

377

Fig. 5 Effect of pioglitazone on A
fibrosis in MCT-induced
pulmonary hypertension. a
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other pathways in addition to PPARY signalling play a general
role in PAH-associated remodelling.

BNP represents the clinically most valuable biomarker of
chronic pressure overload and ventricular volume. In patients
with PAH, BNP has been demonstrated to correlate with
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Fig. 6 Impact of pioglitazone on lung inflammation in MCT-induced
pulmonary hypertension. a Shown are representative lung
immunohistochemical stainings with antibodies against CD68 for
detection of macrophages in each study group. Scale bars 100 pm. b
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PASP (Palazzuoli et al. 2015; ten Freyhaus et al. 2015). In line
with others, BNP gene expression was upregulated in MCT-
induced PAH in the RV (Dias-Neto et al. 2015), confirming
cardiac overload. This was effectively reversed by pioglita-
zone treatment. BNP expression has earlier been shown to
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group. Transcript levels were determined by quantitative real-time PCR
analysis, and were normalized to the expression of HPRT. The expression
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(control N=7; MCT N=10; MCT + Pioglitazone N=16)
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be increased after 21 days, but not as early as 1 or 7 days after
MCT-application (Dias-Neto et al. 2015). Here, we applied
pioglitazone in a treatment but not preventive approach, since
it was given 21 days after MCT-injection for a 14 day period.
Thus, in accordance with reduced PASP, pioglitazone lowered
RV overload which is reflected by downregulation of BNP
gene expression. Further, the MCT-induced increase in cardio-
myocyte hypertrophy, which was accompanied by enhanced
fibrosis, was significantly reduced by pioglitazone treatment.
While the diameter of cardiomyocytes was only enhanced in
the RV, higher fibrosis in PAH animals was detected in both
RV and LV. The increase in fibrosis but absence in enhanced
cardiomyocyte diameter in the LV suggests that other factors
are responsible for these fibrotic remodelling processes.
Nonetheless, pioglitazone effectively decreased fibrosis in
both ventricles, substantiating the beneficial impact of
PPARYy activation on multiple pathophysiological entities rel-
evant in PAH. The significant effect of pioglitazone on, e.g.,
RV remodelling is also reflected by lowered Fulton’s index.
Again, in line with others, the ratio of RV/[LV + septum] was
lowered (Dickinson et al. 2014), but not fully reversed by
pioglitazone pointing towards partially irreversible cardiac re-
modelling processes induced by MCT.

On a vascular level, MCT increased medial thickening in
small pulmonary arteries, as expected (Michelakis et al. 2008).
This increase was accompanied by both reduced lumen area
and enhanced vascular muscularization. These remodelling
processes, ultimately increasing vascular resistance, are par-
ticularly triggered by proliferation and migration of pulmo-
nary arterial smooth muscle cells (PASMCs). Indeed, en-
hanced proliferation of PASMCs within the vascular wall
were detected in MCT-induced PAH in small arteries sized
<100 pm, which was evidenced by PCNA staining. PPARYy
agonists have earlier been shown to reduce proliferation of
PASMC:s (Li et al. 2010). Conversely, deletion of PPARYy in
PASMCs causes vascular remodelling and increased
muscularization in PAH (Hansmann et al. 2008). Others could
show that rosiglitazone—given as a prevention approach—
was capable in reducing PASMC proliferation in hypoxia-
induced PAH models (Nisbet et al. 2010). Here, we demon-
strate that pioglitazone is effective in downregulating PASMC
proliferation in rats, even when administered at a time point,
when neointimal hyperplasia in small pulmonary arteries had
already occurred, stressing the impact of pioglitazone on al-
ready stimulated and ongoing vascular remodelling processes.

Finally, we evaluated the potential influence of pioglita-
zone on processes besides vascular and cardiac remodelling.
Thus, analyzing pulmonary inflammation by determining
abundance of macrophages in the lung, MCT-induced PAH
was associated with highly elevated content of CD68-positive
cells. Dissecting potential triggers for monocyte evasion and
macrophage transformation, we measured osteopontin gene
expression in the lung. Osteopontin represents a
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proinflammatory cytokine, exerting chemoattractant proper-
ties, which has been implicated in numerous tissue remodel-
ling processes including diabetic nephropathy (Tachibana
et al. 2012), cancer (Ota et al. 2014), LV hypertrophy (Hou
etal. 2014), and fibrosis (Caglayan et al. 2008). Further, it was
shown that PPARy-responsive region lies between —1000 bp
and —970 bp relative to the osteopontin promoter transcription
start site (Oyama et al. 2002). In line with increased levels of
macrophages in rats characterized by PAH, osteopontin gene
expression in the lung was significantly increased. Strikingly,
osteopontin transcripts were lowered associated with reduced
macrophages in the lung tissue in the animal group receiving
pioglitazone. This anti-inflammatory impact of pioglitazone is
also in accordance with observations of reduced cardiac and
adipose tissue inflammation in metabolic (Rangwala and
Lazar 2004; Matsuura et al. 2015) and non-metabolic animal
models (Gao et al. 2015).

To summarize, here, we show that the insulin-sensitizer
pioglitazone is an effective drug-reducing multiple patholog-
ical entities in MCT-induced PAH, including RV remodelling,
PASMC proliferation, pulmonary vascular thickening and
muscularization, and lung inflammation, even in the absence
of metabolic disturbances. Importantly, these beneficial effects
were detectable when pioglitazone was administered as a ther-
apeutic approach in an animal model with developed PAH,
also ultimately leading to enhanced survival.
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