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Hydroxysafflor yellow A
improves established
monocrotaline-induced
pulmonary arterial
hypertension in rats
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Abstract

Objective: To evaluate the beneficial effects of hydroxysafflor yellow A (HSYA) on monocrotaline

(MCT)-induced pulmonary arterial hypertension (PAH) in rats, and to investigate the main

pathophysiological mechanism of HSYA in preventing development of MCT-induced PAH.

Methods: Four groups (control, control with HSYA treatment, MCT-exposed, and MCT-exposed

with HSYA treatment) were evaluated at day 28 following MCT exposure. Haemodynamic

measurements, right ventricular hypertrophy, morphometry, inflammatory cytokines and oxidant

expression were assessed.

Results: HSYA significantly reduced haemodynamic changes, right ventricular hypertrophy and

morphometric changes induced by exposure to MCT. HYSA also suppressed MCT-induced

inflammation and oxidative stress in rat pulmonary tissue.

Conclusions: Experimental MCT-induced PAH may be reduced by HSYA treatment, and the

mechanism may involve suppression of inflammation and oxidative stress.
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Introduction

Pulmonary arterial hypertension (PAH) is a
progressive disease with a poor prognosis,

characterized by remodelling of the pulmon-
ary vasculature and increased arterial resist-
ance, resulting in right ventricular failure
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and death.1 Efforts to improve the prognosis
in patients with PAH have led to therapeutic
options in three pharmacological classes:
endothelin receptor antagonists, phospho-
diesterase type-5 inhibitors, and prosta-
noids, all of which have provided some
improvements, mainly in terms of symptom-
atic relief.2 Despite new therapy options,
there remains no cure for PAH and prog-
nosis is poor. Thus, there is a need for new
or alternative approaches to control PAH.3

Alternative approaches to treatment of dis-
eases in general, such as traditional Chinese
medicines, which have been used in China,
Japan, and other Asian countries for cen-
turies, are attracting increasing interest in
Western countries.4,5

Although the exact mechanism underlying
PAH is not fully understood, studies using
monocrotaline (MCT)-induced models of
PAH suggest that inflammatory status and
oxidative stress are the main contributors to
disease pathogenesis;6 pulmonary vascular
remodelling can be attenuated through inhib-
ition of pulmonary inflammatory cell prolif-
eration and leukocyte infiltration;7 and
alleviating oxidative stress can prevent pul-
monary vascular remodeling.8

Injectable Safflower extract is widely used
in Chinese medicine, particularly for the
treatment of cerebrovascular and cardiovas-
cular diseases,9 and has been approved as a
medicinal drug by the State Food and Drug
Administration since 2005.10 Hydroxysafflor
yellow A (HSYA), which is the main chem-
ical component of safflower, has been shown
to possess many pharmacological activities.
For example, HSYA has been demonstrated
to ameliorate proliferation of fibroblast cells
in vitro;11 antagonize binding of platelet
activating factor to its receptor; produce
antithrombotic effects; inhibit platelet
aggregation; and exhibit cardio-protective,
and neuro-protective effects in rat
models.12–15 Most importantly, many bene-
ficial effects of HSYA are considered to be
related to its antioxidant16 and anti-

inflammatory function.17 In a rat model of
alcohol-induced liver injury, HSYA appar-
ently decreased the levels of reactive oxygen
species and malondialdehyde (MDA) in
liver tissue, ameliorated the severity of
long-term alcohol-induced liver damage,
and improved the liver architecture.18

HSYA has also been shown to downregulate
levels of inflammatory mediators including
tumour necrosis factor (TNF)-a, interleukin
(IL)-1b and IL-6, thus exhibiting a beneficial
effect on a mouse model of acute pulmonary
injury.19 Whether HSYA could protect
against PAH remains unclear, however, the
present authors hypothesise that HSYA
might protect against PAH-associated pul-
monary vascular remodelling via inhibition
of inflammation and oxidative stress. Thus,
the purpose of the present study was to
investigate the protective effect of HSYA in
a MCT-induced PAH model.

Materials and methods

Study population and experimental design

Specific pathogen-free male Wistar rats
(aged 6 weeks; weight, 200–220 g) were
purchased from Silikejingda experimental
animals Corporation (Changsha, China).
Rats were housed in 10 polycarbonate
cages with wood sawdust bedding, under
climate-controlled conditions on a 12-h
light/12-h dark cycle. Each cage held 4–5
rats with free access to food and water.
Animals were allowed 1 week to adjust to
the new environment prior to start of the
experiment, then randomly divided, using a
computer generated randomization sched-
ule, into four groups: (1) control group
(n¼ 10) with no study treatment; (2)
MCTþHSYA group (n¼ 10) treated with
a single dose of 60mg/kg MCT subcutane-
ous (s.c.) injection, followed by 10mg/kg
HSYA intraperitoneal (i.p.) injection, once
daily; (3) MCT group (n¼ 10) treated with a
single dose of 60mg/kg MCT s.c. injection,
followed by equivalent HSYA volume of
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sterile saline i.p. injection, once daily; (4)
controlþHSYA group (n¼ 10) with no
MCT exposure and treated with 10mg/kg
HSYA i.p. injection, once daily. The num-
bers for each sample were determined by
analysis of variance20 based on the results of
pre-experiment. Researchers (XH, ZZ)
responsible for sample processing and ana-
lyses were blinded to the experimental
groups. HSYA was provided by
Huahuikaide Pharmaceutical Co., Ltd
(Shanxi, China) with> 95% purity, and
dissolved in 0.9% saline to a concentration
of 5mg/ml for injection. MCT (Sigma-
Aldrich Co, St. Louis, MO, USA) was
dissolved in 1N HCL, then the pH was
adjusted to 7.4 with 1N NaOH, as described
previously.21 To perform analyses at 28 days
followingMCT exposure, as described in the
following sections, all rats were anaesthe-
tized by pentobarbital and sacrificed.

The study was approved by the ethical
committee of Hunan Normal University,
Changsha, China. All animal experiment
protocols were performed under the Hunan
Provincial People’s Hospital institutional
guidelines of animal welfare.

Haemodynamic measurements

Haemodynamic measurements were per-
formed on all rats in the four groups. On
day 28 following MCT exposure, right ven-
tricular systolic pressure, mean pulmonary
arterial pressure, right ventricular end dia-
stolic pressure and heart rate (HR) were
recorded. Rats were anaesthetized with
40mg/kg sodium pentobarbital i.p. injec-
tion, and supplementary anaesthesia
(20mg/kg pentobarbital i.p. injection) was
added when necessary. Rats were placed on
a heater to keep body temperature constant
at 37�C. As described previously,22 a 3.5
French umbilical vessel catheter (Bound
Tree Medical, Chicago, IL, USA) angled
to 90� over the distal 1 cm and curved
slightly at the tip, was introduced into the

right external jugular vein. With the angle
directed anteriorly, the catheter was inserted
2.5 cm proximally, which placed the tip of
the catheter into the right atrium. The cath-
eter was then rotated 90� counter-
clockwise and inserted 1 cm further, which
placed the tip of the catheter into the right
ventricle. Finally, an additional 1.5 cm was
further advanced so that the tip of the
catheter was placed into the pulmonary
artery. Placement at each stage was con-
firmed by respective pressure contours.
Haemodynamic values were automatically
calculated using a Cardiomax III physio-
logical data acquisition system (Columbus
Instruments, Columbus, OH, USA).
Following haemodynamic measurements,
the thorax of each rat was opened, and the
heart was used to detect right ventricular
hypertrophy measurements, the left lung was
processed for histological evaluation and the
right lung was homogenized for analysis of
oxidative stress and inflammatory indices.

Right ventricular hypertrophy
measurements

On day 28 following MCT exposure, fol-
lowing haemodynamic measurements, the
hearts of all 40 rats were collected and right
ventricular hypertrophy was measured by
Fulton’s index as previously described.23

Hearts were isolated, flushed with 0.154M
saline, and dissected to separate the right
ventricle from the left ventricle plus septum.
As indices of right ventricle hypertrophy, the
ratios of right ventricle weight/left ventricle
plus septum weight were determined.

Morphometric analysis

Isolated left lungs, collected following
haemodynamic measurements, were
inflated, fixed with 10% formalin, dehy-
drated by alcohol gradient and then
embedded in paraffin using standard tech-
niques. Embedded tissues were

Han et al. 571



longitudinally cut into 4 mm-thick sections,
and stained with haematoxylin and eosin for
morphometric analysis. The slides were
evaluated by light microscopy at 400�mag-
nification, and the researchers (XH, ZZ)
who assessed the extent of vascular remo-
delling were blinded to the grouping. Ten
randomly chosen fields containing terminal
arterioles (50–150 mm external diameters)
from each slide were captured. The areas
bounded by external elastic lamina and the
internal elastic lamina of each vessel were
measured. The percent wall thickness of the
arterioles were calculated by the following
formulas as wall thickness (%)¼ 100� (1–
internal elastic lamina/external elastic
lamina). The degree of vascular muscular-
ization was evaluated by a scale of 1–3, of
which: 1¼ no muscularization, not
occluded; 2¼ partial muscularization, not
fully occluded; 3¼muscularization, fully
occluded, as described previously.24

Inflammatory status

Total RNA was extracted from the right
lung tissue of each rat, using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and
RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s
instructions. Total mRNA was reverse tran-
scribed into cDNA using a High Capacity
cDNA Reverse Transcription Kit (Applied
Biosystems, Haematologic Technologies,
USA) in a 20 ml reaction volume containing
total 1.0mg RNA, oligo(dT)15 primer,
dNTPs, and diethylpyrocarbonate H2O.
The reverse transcription reaction was per-
formed for 50min in a 42�C water bath, and
terminated by heating to 95�C for 5min. The
resultant cDNAwas used as the template for
amplification of IL-1b, TNF-a, and IL-6 by
semi-quantitative polymerase chain reaction
(PCR). The cDNA was also used to amplify
b-actin in separate tubes during each PCR
reaction as an internal control (GenBank
sequence ID, rat actin beta NM031144).

Each 25 ml reaction contained 200 ng of
cDNA template (in 2.0ml), and either IL-
1b, TNF-a, IL-6 or b-actin forward and
reverse primers (0.5 ml each), 2�PCR
Mastermix (12.5 ml; TianGen, Beijing,
China), and ddH2O (9.5 ml). The primer
sets used were as follows (based on
GenBank sequences): IL-1b forward 50-
TGA CCC ATG TGA GCT GAA AG-30

and reverse 50-AAC TAT GTC CCG ACC
ATT GC-30, yielding 367 base-pair (bp)
products; TNF-a forward 50-CAC CAT
GAG CAC GGA AAG CA-30 and reverse
50-GCA ATG ACT CCA AAG TAG ACC-
30, yielding 692 bp products; IL-6 forward
50-TCC TAC CCC AAC TTC CAA TGC
TC-30 and reverse 50-TTG GAT GGT CTT
GGTCCT TAGCC-30, yielding 79 bp prod-
ucts; and b-actin forward 50-ACC ACA
GCT GAG AGG GAA ATC G-30 and
reverse 50-AGA GGT CTT TAC GGA
TGT CAA CG-30, yielding 281 bp products,
respectively. The PCR conditions were as
follows, performed using a BioRad thermal
cycler (Hercules, CA, USA): IL-1b, 94�C for
4min followed by 35 cycles of 94�C for 30 s,
55�C for 30 s, and 72�C for 40 s; TNF-a,
95�C for 5min followed by 35 cycles of 95�C
for 30 s, 56�C for 30 s, and 72�C for 40 s; IL-
6, 94�C for 5min followed by 35 cycles of
95�C for 30 s, 54�C for 30 s, and 72�C for
40 s. The subsequent PCR products were
loaded into 1.5% agarose gels with 1%
ethidium bromide for electrophoresis, and
checked against a DNA ladder marker.
Images were captured using Image Master
VDS (Amersham Pharmacia Biotech, UK),
and densitometric analysis was performed
using Image Master 1D Elite software, ver-
sion 2.0.1 (Amersham Pharmacia Biotech).
Results are presented in relative terms as
arbitrary units (AU) normalized to b-actin.

Oxidative stress

Isolated pulmonary tissues from all rats
were homogenized in 1ml saline (0.154M).
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The homogenates were then centrifuged at
1000 g at 4�C for 15min, and the super-
natants were collected to detect the indices
reflecting oxidative stress. MDA concentra-
tion and superoxide dismutase (SOD) activ-
ity were determined using commercially
available kits (Thibabituric Acid reacting
substance production and Hydroxylamine
colorimetry kit, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China)
according to the manufacturer’s instruc-
tions. Tissue 8-hydroxydesoxyguanosine
(8-OHdG) levels were measured using an
enzyme-linked immunosorbent assay kit
(8-OHdG check; BlueGene Biotech Co.,
Ltd., Shanghai, China) according to the
manufacturer’s instructions. Protein con-
centration was measured using the
Bradford method (Bradford Protein
Assay Kit, Beijing Leagene Biotech
Co., Ltd., Beijing, China) according to
the manufacturer’s instructions, and the
results were expressed per weight of
protein.25,26

Statistical analyses

Data are presented as mean� SD, and SPSS
software, version 12.0 (SPSS, Chicago, IL,
USA) was used for data analyses. Between-
group differences in measurement data were
analysed by one-way analysis of variance.
Between-group differences in vascular muscu-
larization were analysed by �2-test. Two-
sided tests were used throughout, and a
P value <0.05 was considered statistically
significant.

Results

HSYA treatment alleviated haemodynamic
measurements and right ventricular
hypertrophy in MCT-induced PAH

Right ventricular systolic pressure and
mean pulmonary arterial pressure were sig-
nificantly increased in the MCT group

(97.86� 40.28mmHg and 24.89�
11.77mmHg, respectively) versus the con-
trol group (31.97� 14.25mmHg and
15.26� 9.17mmHg, respectively; P< 0.05;
Figure 1(A)). MCT-induced right ventricu-
lar systolic pressure and mean pulmonary
arterial pressure were significantly reduced
by HSYA treatment (62.31� 33.48mmHg
and 17.41� 9.28mmHg, respectively) versus
MCT alone (P< 0.05; Figure 1(A)).
Compared with the control group, right
ventricular systolic pressure remained sig-
nificantly higher in the MCTþHSYA
group (62.31� 33.48mmHg versus 31.97�
14.25mmHg, P< 0.05) and mean pulmon-
ary arterial pressure also remained signifi-
cantly higher in the MCTþHSYA
group (17.41� 9.28mmHg versus 15.26�
9.17mmHg, P> 0.05). There were no stat-
istically significant differences between
the control group and controlþHYSA
group in terms of right ventricular systolic
pressure and mean pulmonary arterial
pressure.

MCT significantly increased the right
ventricle weight/(left ventricle plus septum
weight) ratio versus the control group
(0.57� 0.17 versus 0.28� 0.09, respectively;
P< 0.01). The increase in right ventricle
weight/(left ventricle plus septum weight)
ratio was significantly lower in the
MCTþHYSA treated group (0.42� 0.11)
versus MCT alone (P< 0.05; Figure 1(B)).
Compared with the control group, right
ventricle weight/(left ventricle plus septum
weight) ratio remained higher in the
MCTþHSYA group (0.42� 0.11 versus
0.28� 0.09, P< 0.05). There was no statis-
tically significant difference in right ven-
tricular end diastolic pressure between the
four study groups.

There were no statistically significant
differences in HR between the control,
MCT, MCTþHSYA and controlþHSYA
groups (417.8� 45.1, 499.5� 50.2, 461.3�
39.7 and 410.5� 32.3 beats per min,
respectively).
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HSYA treatment alleviated pulmonary
vascular remodelling in MCT-induced PAH

Histological examination of pulmonary
tissue (Figure 2(A), control; (B), MCT
alone; (C), MCTþHSYA; and (D),
controlþHYSA) showed an increase in
thickness of the pulmonary artery wall in
tissue from rats treated with MCT, and the
lumen appeared stenosed or occluded

(Figure 2(B)). In addition, large numbers
of inflammatory cells were observed to have
infiltrated the pulmonary tissue in the MCT
treated group (Figure 2(B)). These patho-
logical changes appeared to be attenuated in
tissue from the MCTþHSYA group
(Figure 2(C)). Mean percent wall thickness
of pulmonary arterioles was significantly
increased in rats treated with MCT com-
pared with the control group
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Figure 1. Effects of hydroxysafflor yellow A (HSYA) treatment on monocrotaline (MCT)-induced

pulmonary arterial hypertension in rats, showing: (A) HSYA treatment effects on haemodynamic indices; and

(B) HSYA treatment effects on right ventricular hypertrophy. RVSP, right ventricular systolic pressure; mPAP,

mean pulmonary arterial pressure; RVEDP, right ventricular end diastolic pressure; RV/(LVþ S), right

ventricular weight to left ventricular plus septal weight ratio. Data presented as mean� SD; *P< 0.05 versus

control group; #P< 0.05 versus MCT group (one-way analysis of variance)
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(50.16� 18.39% versus 33.97� 9.74%,
respectively; P< 0.05; Figure 2(E)). In con-
trast, in the MCTþHSYA group, percent
wall thickness was significantly reduced
(39.85� 10.72%) compared with the MCT
group (P< 0.05), but the value remained
higher than control group (39.85� 10.72%
versus 33.97� 9.74%, P< 0.05). The effects
of HSYA on pulmonary vascular

remodelling were further demonstrated by
the percentage of non-muscularized, par-
tially muscularized and fully muscularized
arterioles (Figure 2(F)). MCT was asso-
ciated with increased levels of fully muscu-
larized arterioles (68.32� 22.59%)
compared with the control group
(8.17� 3.97%; P< 0.01). MCT was also
observed to cause a decrease in

Figure 2. Effects of hydroxysafflor yellow A (HSYA) treatment on monocrotaline (MCT)-induced pulmonary

arterial hypertension-related pulmonary vascular remodelling in rats, showing: (A–D) representative

photomicrographs of haematoxylin and eosin stained pulmonary arterioles in (A) control group, (B) MCT

group, (C) MCTþHSYA group and (D) controlþHSYA group; (E) HSYA attenuated the MCT-induced

increase in pulmonary arteriole wall thickness; and (F) HSYA attenuated MCT-induced vascular

muscularization in PAH by increasing nonmuscularization and decreasing full muscularization.

Nonmuscularization, arterioles not occluded; Partial muscularization, arterioles not fully occluded;

Full muscularization, arterioles fully occluded. Data presented as mean� SD; magnification� 400; scale

bars¼ 50mm; *P< 0.05 versus control group; #P< 0.05 versus MCT group (one-way analysis of variance or

�2-test)
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non-muscularized arterioles (11.69�
6.65%) compared with the control group
(74.36� 21.22%; P< 0.01). In the
MCTþHSYA group, the percentage of
fully muscularized arterioles was reduced
(48.07� 25.26%) and the percentage of non-
muscularized arterioles was increased
(37.9� 19.48%) versus the MCT group
(both P< 0.05). Compared with the control
group, the percentage of fully muscularized
arterioles remained higher in the
MCTþHSYA group (48.07� 25.26%
versus 8.17� 3.97%, P< 0.01) and the per-
centage of non-muscularized arterioles

remained lower (37.9� 19.48% versus
74.36� 21.22%, P< 0.05).

HSYA treatment suppressed inflammatory
status in MCT-induced PAH

Relative levels of IL-1b, IL-6 and TNF-a
mRNA were significantly increased in the
MCT group compared with the control
group (11.45� 6.85 versus 6.20� 2.42,
16.72� 9.92 versus 7.34� 3.07, and
6.49� 3.18 versus 3.16� 1.43, respectively;
all P< 0.05; Figure 3A–C). In the
MCTþHSYA group, relative levels of
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IL-1b, IL-6 and TNF-a was were signifi-
cantly reduced compared with the MCT
group (7.06� 3.31 versus 11.45� 6.85,
10.29� 4.83 versus 16.72� 9.92, and

4.66� 2.17 versus 6.49� 3.18, respectively;
all P< 0.05; Figure 3A–C). Compared with
the control group, values of IL-1b, IL-6 and
TNF-a mRNA in the MCTþHSYA group
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remained higher (IL-1b, 7.06� 3.31 versus
6.20� 2.42, P> 0.05; IL-6, 10.29� 4.83
versus 7.34� 3.07, P< 0.05; and TNF-a,
4.66� 2.17 versus 3.16� 1.43, P< 0.05,
respectively). There were no statistically
significant differences in IL-1b, IL-6 and
TNF-a mRNA levels in the controlþ
HYSA group versus the control group.

HSYA treatment decreased MDA and 8-
OHdG concentration and increased SOD
activity in MCT-induced PAH

Concentrations of MDA and 8-OHdG were
higher in the MCT group than in the control
group (MDA, 2.18� 1.05 versus 0.75�
0.48 nmol/mg protein, P< 0.05, Figure 4A;
and 8-OHdG, 71.67� 32.28 versus
37.33� 17.38 ng/g protein, P< 0.01,
Figure 4B). SOD activity was lower in the
MCT group compared with the control
group (40.25� 11.24 versus 67.57�
22.26U/mg protein, P< 0.05, Figure 4C).
MDA levels were lower in the
MCTþHSYA group (1.15� 0.92mmol/
mg protein), 8-OHdG concentrations were
lower in the MCTþHSYA group (45.65�
27.53 ng/g protein) and SOD activity was
increased in the MCTþHSYA group
(55.71� 15.30 u/mg protein) versus the
MCT group (all P< 0.05 versus MCT;
Figure 4). Compared with the control
group, concentrations of MDA and 8-
OHdG in theMCTþHSYAgroup remained
higher (MDA, 1.15� 0.92mmol/mg protein
versus 0.75� 0.48nmol/mg protein,P< 0.05;
8-OHdG, 45.65� 27.53 ng/g protein versus
37.33� 17.38 ng/g protein, P< 0.05) and
SOD activity remained lower (SOD, 55.71�
15.30u/mg protein versus 67.57�
22.26U/mg protein, P< 0.05, respectively).
No statistically significant difference was
observed between the control group and the
controlþHSYA group in terms of MDA, 8-
OHdG, and SOD (Figure 4).

Discussion

In the present study, the beneficial effects of
HSYA in aMCT-induced rat model of PAH
were investigated. HSYA was shown to
inhibit vascular remodelling, and thus
attenuate the development of MCT-induced
PAH. Morphometric analysis demonstrated
that HSYA decreased MCT-induced vascu-
lar wall thickness and the degree of muscu-
larization. Compared with the MCT
exposed group, haemodynamic measure-
ments including right ventricular systolic
pressure and mean pulmonary arterial pres-
sure were markedly decreased in the HYSA
treated group, and right ventricular hyper-
trophy was attenuated. The effects of HYSA
were also demonstrated to be accompanied
by suppression of inflammatory status and
oxidative stress in pulmonary tissue, shown
by reduced levels of IL-1b, IL-6 and TNF-a,
and alleviation of the oxidative stress indices
SOD, MDA, 8-OHdG.

The pathology of PAH is complicated,
and inflammatory status and oxidative stress
may play key roles in humans and in
experimental animal models. Infiltration of
inflammatory mediators contributes to the
development of oxidative stress,27 and the
increase of oxidants can induce either the
infiltration of inflammatory cells or inflam-
matory-cell release of cytokines.28,29

Interactions of the two components results
in cell proliferation and vascular remodel-
ling, and obliteration of the pulmonary
arterial lumen, eventually leading to
PAH.30 Thus, there remains a need to
develop strategies that simultaneously
target the two components leading to
PAH.31 Carthamus tinctorius L. (commonly
known as safflower) is well established as a
Chinese herbal medicine that contains
yellow and red pigments, and has long
been used clinically in the treatment of
cardiovascular and cerebrovascular dis-
eases.32 HSYA, one of the active ingredients
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concentration; and (C) upregulated superoxide dismutase (SOD) activity compared with MCT alone. Data

presented as mean� SD; *P< 0.05 versus control group; #P< 0.05 versus MCT exposed group (one-way

analysis of variance)
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of the yellow pigment of safflower, is a well-
known natural medicine with anti-
inFammatory and antioxidant activities.33

An investigation of the beneficial effects of
HSYA during acute pulmonary injury
induced by lipopolysaccharide in mice34

showed that treatment with HSYA could
significantly alleviate inflammatory status,
and suppress the increase of myeloperox-
idase activity in pulmonary tissue.
Furthermore, the physiological mechanisms
of HSYA in the treatment of cerebral ische-
mia disease have been shown,10 and the anti-
inflammatory and anti-oxidant effects of
HSYA have also been demonstrated. Thus,
HSYA was selected as a candidate drug in
the present study, to investigate the effects
on MCT-induced PAH. The present study
showed that HSYA alleviated the develop-
ment of MCT-induced PAH, and inflamma-
tory status and oxidative stress in tissues
from rats treated with MCT and HSYA
were decreased compared with exposure to
MCT alone.

Inflammation is a major contributor to
the development of PAH, therefore, sup-
pression of inflammatory process may be
beneficial in preventing the progress of
PAH.35,36 Cytokines play a role in almost
every step of the inflammatory process. In
particular, IL-1b and TNF-a have been
associated with the accumulation of extra-
cellular matrix proteins, and IL-6 has been
linked to the proliferation of smooth muscle
cells, which are all involved in pulmonary
vascular remodelling in various types of
PAH.37 One study concluded that inhibiting
the expression of IL-6 could prevent the
progression of muscularization and prolif-
erative arteriopathy in PAH.38 Another
study showed that suppression of TNF-a
could attenuate MCT-induced PAH.39

Blocking IL-1 signalling may also have
beneficial effects in the treatment of
PAH.40 These inflammatory cytokines
appear to be so pivotal that they could
serve as biomarkers of disease progression

or as therapeutic targets. A study into the
protective effects of HSYA on acute pul-
monary injury, found that HSYA normal-
ized the expression of inflammatory
cytokines, including TNF-a and IL-1b, and
significantly decreased the number of infil-
trating inflammatory cells.41 The anti-
inflammatory effect of HSYA was also
demonstrated in a study that showed inflam-
matory mediators, including IL-1b and
TNF-a, were significantly reduced in a
HSYA-treated group.42 The effect of
HSYA on PAH, however, was not reported.
In order to evaluate the role of inflammatory
status in the development of PAH, the
present study investigated IL-1�, IL-6, and
TNF-� expression in pulmonary tissue, and
demonstrated increased IL-1b, IL-6 and
TNF-a levels in pulmonary tissues from
MCT-treated rats, supporting the role of
inflammatory status in PAH pathogenesis.
In MCT plus HSYA-treated rats, the pre-
sent study found that cytokines significantly
decreased compared with MCT-treated rats,
and these effects were accompanied by
attenuated pulmonary vascular remodelling.
Inflammatory status in an MCT-induced
PAH model is not invariable, and comprises
an initial asymptomatic inflammatory
phase, followed by a less inflammatory
symptomatic phase just before the onset of
pulmonary vascular remodelling.43 The pre-
sent study showed the effectiveness of
HSYA therapy in MCT-induced PAH, and
the effect may relate to its immunosuppres-
sive function, however, the way in which
HSYA influences the entire inflammatory
stage remains unclear, and will be the sub-
ject of further investigation by the present
authors.

Suppression of oxidative stress is also
important in preventing the development of
PAH,44,45 and studies in rat models of
MCT-induced pulmonary hypertension
have shown that oxidative stress impairs
the pulmonary vascular endothelium and
leads to smooth muscle cell

580 Journal of International Medical Research 44(3)



proliferation.46,47 Another study demon-
strated that reduction of oxidative stress
biomarkers was associated with amelior-
ation of clinical symptoms in patients with
PAH.48 Thus, drugs with antioxidant effects
may be beneficial in the treatment of PAH.
8-OHdG is a product of DNA oxidative
damage caused by reactive oxygen species,49

and could be a new biomarker to assess
DNA oxidative damage and oxidative
stress. MDA is the ultimate product of
unsaturated lipid peroxidation,50 and meas-
urement of MDA in the blood can provide
information on cellular membrane injury
caused by excessive generation of free rad-
icals. SOD, an important antioxidant
enzyme that regulates oxidative tissue
damage, catalyses the dismutation of two
superoxide radicals to hydrogen peroxide
and oxygen.51 Thus, 8-OHdG, MDA and
SOD are the most frequently used bio-
markers of oxidative stress in clinical or
animal experiments.52–54 An investigation of
the protective effects of HSYA on cultured
rat cardiomyocytes exposed to anoxia/reox-
ygenation demonstrated that HSYA pro-
duced protective effects through increased
SOD activity and decreased MDA produc-
tion.16 In the present study, 8-OHdG and
MDA levels were found to be increased and
SOD activity was decreased in the pulmon-
ary tissue of MCT-induced PAH in rats.
Treatment with HSYA significantly
decreased the 8-OHdG and MDA content
and increased SOD activity compared with
MCT alone, suggesting that these factors
may contribute to the antioxidative effects of
HSYA.

The results of the present study are
limited by several factors. First, the sample
number is relatively small, and would need
to be increased in further studies. Secondly,
protein levels of inflammatory and oxidative
indices were not measured, and should be
investigated in future studies to support the
results of the present study, which showed
changes in mRNA levels. Thirdly, overall

inflammatory and oxidative stress were not
assessed during the development of MCT-
induced PAH, but only at one time point,
and HSYA treatment initiated at different
stages of PAH pathogenesis should be
investigated. Fourthly, the MCT-induced
PAH model may not be fully representative
of PAH in humans, and thus the effective-
ness of HSYA treatment should be evalu-
ated in other models of PAH with different
aetiologies.

In conclusion, the present study demon-
strated that HSYA treatment reduced
haemodynamic deterioration and pulmon-
ary vascular remodelling in MCT-induced
PAH. HSYA may have potential as a sup-
plementary treatment in PAH through
attenuation of disease pathogenesis. The
present findings provide new insight into
the potential role of reducing inflammation
and oxidation in the treatment of PAH.
Further studies are required to examine the
effects of HSYA in treating established
PAH, in addition to attenuating PAH
pathogenesis. Moreover, clinical studies are
required to explore the effectiveness of
HSYA in patients with PAH.
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