












muscle actin, SM22-α and its transcriptional regulators snail and
slug after 72 h. Similarly, α-smooth muscle actin protein immuno-
fluorescence was also upregulated. In contrast, the endothelial
markers CD31, VE-cadherin and vascular endothelial growth
factor receptor were downregulated, supporting a change in pheno-
type (figure 5A–F). Sepiapterin pretreatment dose-dependently
inhibited the upregulation of mesenchymal markers and downregu-
lation of endothelial markers induced by both TGF-β1 and ET-1
(figure 5A–F). In other experiments, sepiapterin dose-dependently
inhibited intracellular reactive oxygen species formation following
TGF-β1 or ET-1 stimulation (figure 6A,B). Furthermore, sepiap-
terin suppressed TGF-β1- and ET-1-induced Smad3 phosphoryl-
ation. The antioxidant N-acetyl-ι-cysteine also suppressed Smad3
phosphorylation (figure 6C). ET-1-induced Smad3 phosphoryl-
ation was inhibited by blocking active TGF-β1 in the supernatant
with the monoclonal antibody (mAb)-TGF-β1 (figure 6D). As
observed for sepiapterin, N-acetyl-ι-cysteine and SIS3, an inhibitor
of Smad3, inhibited the increase in levels of mesenchymal markers
and decrease in endothelial markers induced by TGF-β1 and ET-1
(figure 6E–H). TGF-β1 and ET-1 decreased eNOS expression and
NOx in cell supernatants (figure 7A–C), which were inhibited by
sepiapterin and N-acetyl-ι-cysteine. iNOS expression was upregu-
lated in endothelial cells following TGF-β1 and ET-1 stimulation
and inhibited by sepiapterin and N-acetyl-ι-cysteine. TGF-β1 and
ET-1 also suppressed GTP cyclohydrolase 1 expression but did not
affect sepiapterin reductase (figure 7A,B), and sepiapterin and
N-acetyl-ι-cysteine prevented GTP cyclohydrolase 1 downregula-
tion. The addition of mAb-TGF-β1 rescued ET-1-induced eNOS
and GTP cyclohydrolase 1 downregulation and normalised
iNOS expression. Moreover, extracellular nitrotyrosine levels were

increased in response to TGF-β1 and ET-1 while culture super-
natant levels of BH4, as well as BH4/BH2, were downregulated
(figure 7D–F). Sepiapterin administration suppressed nitrotyrosine
levels and increased BH4 and BH4/BH2 to near control values
(figure 7D–F).

Sepiapterin inhibits the endothelial-to-mesenchymal
transition in vivo
Pulmonary artery sections immunostained with α-smooth muscle
actin and VE-cadherin showed an endothelial layer marked with
VE-cadherin in control rats and with α-smooth muscle actin and
VE-cadherin in bleomycin-treated rats. Oral administration of
sepiapterin to bleomycin-treated rats showed an endothelial layer
marked by VE-cadherin, suggesting inhibition of endothelial-to-
mesenchymal transition in vivo (figure 8). In contrast to normal
human pulmonary arteries, those from patients with IPF showed
immunostaining with CD31 and collagen type I or with
α-smooth muscle actin and VE-cadherin in endothelial cells, as
well as in the intima, suggesting a role for endothelial-to-
mesenchymal transition in pulmonary remodelling.

DISCUSSION
In this study we provide new evidence of the role of the BH4
system in pulmonary hypertension-associated IPF. BH4, the
cofactor of NOS, was decreased in plasma from patients with
IPF, contributing to uncoupled NOS activity and an increase in
oxidative stress and nitrotyrosine expression. Because pulmon-
ary artery sepiapterin reductase levels were not affected in IPF,
oral administration of sepiapterin increased levels of BH4 coup-
ling NOS to produce NO but not peroxynitrite, thereby

Figure 5 Sepiapterin inhibits endothelial-to-mesenchymal transition in human pulmonary artery endothelial cells (HPAECs). HPAECs were isolated
from normal lungs. Cells were incubated with sepiapterin (SP; 1–100 mM) for 30 min before stimulation with (A–C) transforming growth factor β1
(TGF-β1; 5 ng/mL) or (D–F) endothelin 1 (ET-1; 100 nM) for 72 h. Total RNA was isolated for real-time PCR analysis. TGF-β1 and ET-1 upregulated
mRNA expression of mesenchymal markers α-smooth muscle actin (α-SMA), SM22-α, slug and snail and downregulated mRNA expression of the
vascular endothelial markers CD31, vascular endothelial (VE)-cadherin and vascular endothelial growth factor receptor (VEGFR). (D, E) The addition
of mAb-TGF-β1 effectively inhibited the ET-1-induced increase in mesenchymal marker expression and the decrease in vascular endothelial marker
expression. (C, F) Phase contrast images and immunofluorescence staining of α-SMA-FITC and DAPI (blue indicates nuclei). Representative images
are shown. Scale bar=5 mm. Data are expressed as ratios to GAPDH mRNA normalised to the solvent control group. Results are expressed as means
±SE of 3–5 (four cell control population) experiments per condition. Two-way analysis of variance followed by post hoc Bonferroni tests. *p<0.05 vs
solvent controls; #p<0.05 vs stimulus.
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decreasing pulmonary hypertension and lung fibrosis in
bleomycin-treated rats. Furthermore, endothelial-to-mesenchy-
mal transition as a source of fibroblasts was inhibited by sepiap-
terin in vitro and in vivo. These results provide support for a
new therapeutic strategy to attenuate pulmonary hypertension
in IPF through the administration of sepiapterin.

The study of NO in IPF lungs is not novel. More than a
decade ago Saleh et al10 reported that the lungs of patients with
IPF express high levels of iNOS and nitrotyrosine, a product of
peroxynitrite, and that eNOS expression was almost absent in
the endothelium of pulmonary arteries of patients with IPF, thus
contributing to the increased oxidative stress found in IPF.
Comparable results were observed in this study. However, oxida-
tive stress in patients with IPF is reportedly not restricted to
lung tissue and is also found in serum.17 We identified high
levels of nitrotyrosine in the plasma of patients with IPF, which
suggests uncoupled NOS activity. In contrast to eNOS, expres-
sion of iNOS leads to a 1000-fold increase in levels of NO
which mediates defence and pathological processes.18 When
iNOS is uncoupled, NO formation is decreased in favour of O2

−

with which NO reacts rapidly to form peroxynitrite, thus con-
tributing to oxidation. We observed a reduction in plasma BH4
in patients with IPF, which confirmed uncoupled NOS activity.
Furthermore, the levels of the BH4 oxidation product BH2
were upregulated. Because BH2 lacks NOS cofactor activity and
competes with BH4 for binding to NOS, a decreased ratio of
BH4/BH2 is an acceptable measure of uncoupled NOS.19 Low

levels of BH4 may result from oxidative degradation to BH2 or
by defects in enzymatic de novo synthesis. A combination of the
two processes was observed in the patients with IPF recruited in
this study as the expression of the de novo synthesis enzyme
GTP cyclohydrolase 1 was downregulated in pulmonary arteries
without changes in sepiapterin reductase.

Unlike the many studies of NOS, there is little evidence of
the role of GTP cyclohydrolase 1 and sepiapterin reductase in
pulmonary hypertension and no evidence of pulmonary hyper-
tension secondary to IPF. Mice deficient in GTP cyclohydrolase
1/BH4 have pulmonary hypertension without systemic hyper-
tension,20 and a spontaneously hypertensive rat model exhibits
decreased GTP cyclohydrolase 1/BH4 and increased sepiapterin
reductase expression in the aorta.21 In contrast, the administra-
tion of sepiapterin restored pulmonary artery endothelial func-
tion of fetal lambs with persistent pulmonary hypertension.22 In
a similar way, a sepiapterin-based strategy improves post-
myocardial infarction fibrosis and left ventricular remodelling
by activating the BH4 synthesis ‘salvage pathway’ and increasing
bioavailable NO predominantly derived from iNOS.12

Sepiapterin may be a more preferable pharmacological tool
than BH4 to investigate the role of NOS uncoupling on pul-
monary hypertension and IPF progression because it is a stable
precursor of BH4 and is more membrane-permeable than
BH4.23 We have shown here that sepiapterin reductase expres-
sion is not altered in pulmonary arteries from patients with IPF,
suggesting that the BH4 synthesis ‘salvage pathway’ remains

Figure 6 Sepiapterin inhibition of endothelial-to-mesenchymal transition is mediated by a reduction in reactive oxygen species levels and
phosphorylation of Smad3. Human pulmonary artery endothelial cells were incubated with sepiapterin (SP; 1–100 mM), the antioxidant
N-acetyl-ι-cysteine (NAC; 1 mM) or the inhibitor of Samd3 (SIS3; 10 mM) for 30 min before stimulation with transforming growth factor β1 (TGF-β1;
5 ng/mL) or endothelin 1 (ET-1; 100 nM) stimulation for (A, B) 30 min, (C, D) 60 min, or (E–H) 72 h. (A, B) Reactive oxygen species were determined
by means of DCF fluorescence intensity (in relative fluorescence units (RFU) after TGF-β1 or ET-1 stimulation in the presence or absence of SP. (C, D)
TGF-β1 or ET-1 increased the phosphorylation of Smad3 that was inhibited by SP, NAC and mAb-TGF-β1. Phospho-Smad3 and protein levels were
expressed as ratios to total Smad3 and normalised to the control group. Representative western blot images are shown (n=4). (E–H) NAC and SIS3
inhibited (E, F) TGF-β1-induced and (G, H) ET-1-induced upregulation of mesenchymal markers and downregulation of endothelial markers. Data in
(E–H) are expressed as ratios to GAPDH mRNA levels and normalised to the solvent control group. Results are expressed as means±SE of n=3–5
(four-cell control population) experiments per condition. Two-way analysis of variance followed by post hoc Bonferroni tests. *p<0.05 vs solvent
controls; #p<0.05 vs stimulus.
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activated and susceptible to stimulation by exogenous adminis-
tration of sepiapterin. Recent studies have shown the
importance of sepiapterin reductase expression for
sepiapterin-inducing BH4 levels.24 Based on these observations,
we assessed the beneficial effects of oral sepiapterin in a
bleomycin-induced pulmonary fibrosis model, an appropriate
model of pulmonary hypertension associated with pulmonary
fibrosis.25 As observed in humans with IPF, comparable sepiap-
terin reductase expression was observed in control and
bleomycin-instilled rats while GTP cyclohydrolase 1 and eNOS
were downregulated in pulmonary arteries. In contrast, iNOS
expression was upregulated, as measured by plasma nitrotyro-
sine and NOx, suggesting uncoupled NOS. This was confirmed
by the reduction in BH4 plasma levels. Supporting the hypoth-
esis that the ‘salvage pathway’ remains activated in pulmonary
fibrosis, oral administration of sepiapterin improved pulmonary
artery remodelling and hypertension, RV hypertrophy, lung
fibrosis extension and rat survival. These events occurred con-
currently with coupled NOS function through an increase in
BH4/BH2 and a reduction of plasma nitrotyrosine levels, which
support similar findings in a mouse model of myocardial

infarction.12 However, despite the frequent use of the bleo-
mycin model of pulmonary fibrosis, it has significant limitations
in its ability to mimic human IPF since many treatments success-
ful in the bleomycin model were not transferable to human IPF.

To explore possible mechanisms associated with sepiapterin
treatment, we studied key molecules related to both pulmonary
hypertension and pulmonary fibrosis such as TGF-β1 and ET-1.
TGF-β1 and ET-1 share pathological activities in pulmonary
hypertension and IPF, such as increasing the profibrotic markers
collagen type I or CTGF or inducing fibroblast/myofibroblast
transformation. Thus, both TGF-β1 and ET-1 are implicated in
the cellular processes of epithelial-to-mesenchymal transi-
tion,26 27 endothelial-to-mesenchymal transition,28 29 fibroblast
and smooth muscle proliferation and myofibroblast transform-
ation,5 and in vascular and lung tissue remodelling of patients
with IPF. Notably, oral sepiapterin administration inhibited
TGF-β1 and ET-1 expression, suggesting an important role in
cellular fibroblast-like transformation. Particularly important is
the role of NO in cellular transformation. Inhaled NO attenu-
ated extracellular matrix accumulation and the number of lung
myofibroblasts and improved endothelial function in patients

Figure 7 Sepiapterin (SP) improves tetrahydrobiopterin (BH4) bioavailability during endothelial-to-mesenchymal transition. Human pulmonary
artery endothelial cells (HPAECs) were incubated with SP (100 mM), N-acetyl-ι-cysteine (NAC; 1 mM), mAb-TGF-β1 (4 mg/mL) or with the IgG
isotype control for 30 min and stimulated with (A) transforming growth factor β1 (TGF-β1) or (B) endothelin 1 (ET-1) for 72 h. (A, B) Expression of
the sepiapterin reductase (SPR), GTP cyclohydrolase 1 (GCH-1), endothelial nitric oxide synthase (eNOS) and inducible nitric oxide synthase (iNOS)
genes in HPAECs. Data are expressed as ratios to GAPDH mRNA levels. Culture supernatant levels of (C) nitrites+nitrates (NOx), (D) nitrotyrosine, (E)
BH4 and (F) BH4/BH2 were determined after 72 h of stimulation with TGF-β1 or ET-1 in the presence or absence of SP. Results are expressed as
means±SE of n=3–4 (four-cell control population) experiments per condition. Two-way analysis of variance followed by post hoc Bonferroni tests.
*p<0.05 vs solvent controls; #p<0.05 vs stimulus.
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Figure 8 Endothelial-to-mesenchymal transition occurs in fibrotic lungs in vivo. Photomicrographs of representative histological sections from (A)
pulmonary rat tissue of the control, bleomycin (BL; 3.75 U/kg intratracheally at day 1) and bleomycin plus sepiapterin (BL + SP; 10 mg/kg twice daily
orally) groups or (B) pulmonary human tissue from normal lungs (n=6) or idiopathic pulmonary fibrosis (IPF) lungs (n=10). Tissue sections were
immunostained with CD31, vascular endothelial (VE)-cadherin, collagen type I or α-smooth muscle actin (α-SMA) antibodies followed by anti-mouse
rhodamine or anti-rabbit-FITC secondary antibodies and 4’,6-diamidino-2-phenylindole (DAPI) to stain nuclei. Representative images are shown.
White arrows indicate pulmonary artery endothelial cells. IgG isotype controls were negative. Scale bar=30 mm (panel A) or 150 mm (panel B).
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with IPF with pulmonary hypertension.3 In addition,
TGF-β1-induced alveolar epithelial-to-mesenchymal transition
was mediated by downregulation of eNOS/NO and inhibited by
increasing NO. In a similar way, chronic eNOS inhibition
induces endothelial-to-mesenchymal transition in kidney endo-
thelial cells.30 Recent data demonstrated that, in vivo, pulmon-
ary capillary endothelial cells, through endothelial-to-
mesenchymal transition, might serve as a source of fibroblasts in
pulmonary fibrosis.4 The activity of sepiapterin as an
endothelial-to-mesenchymal transition inhibitor may therefore
explain its inhibitory effects on pulmonary artery remodelling
and lung fibrosis. In this study, TGF-β1 and ET-1 induced
endothelial-to-mesenchymal transition in human pulmonary
artery endothelial cells. Endothelial-to-mesenchymal transition
induced by TGF-β1 was mediated by increased Smad3 phosphor-
ylation and intracellular reactive oxygen species generation, which
confirms previous observations.31 32 ET-1-induced endothelial-to-
mesenchymal transition was provoked by the release of TGF-β1
and its autocrine action, similar to the mechanism underlying
ET-1-mediated alveolar epithelial-to-mesenchymal transition.26 As
reported previously, TGF-β1 and ET-1 decreased the expression of
eNOS30 33 but increased the expression of iNOS, which is consist-
ent with a change in phenotype.34 However, nitrotyrosine levels
were upregulated in human pulmonary artery endothelial cells,
suggesting uncoupled NOS during the endothelial-to-
mesenchymal transition process. These results were corroborated
by those showing that GTP cyclohydrolase 1 expression and BH4
levels were also reduced after TGF-β1 and ET-1 stimulation. As
observed in human pulmonary artery endothelial cells from
patients with IPF and in lung endothelial cells from
bleomycin-induced pulmonary fibrosis, the expression of sepiap-
terin reductase was not modified. Thus, administration of sepiap-
terin to human pulmonary artery endothelial cells cultures
inhibited TGF-β1 and ET-1-induced endothelial-to-mesenchymal
transition by coupling NOS, decreasing reactive oxygen species
and inhibiting phosphorylation of Smad3.

In summary, our findings provide new evidence of the participa-
tion of the BH4 system in pulmonary hypertension associated
with IPF. Targeting the BH4 synthesis ‘salvage pathway’ by sepiap-
terin administration may be a new therapeutic strategy to attenuate
pulmonary hypertension in IPF and inhibit IPF progression.
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