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Abstract
Background and objective: Remodelling of pulmonary arteries (PA) contributes to
the progression of pulmonary hypertension (PH). Periostin, a matricellular protein,
has been reported to be involved in the development of PH. We examined the role of
periostin in the pathogenesis of PH using different types of experimental PH.
Methods: PH was induced by vascular endothelial growth factor receptor antagonist
(Sugen5416) plus hypoxic exposure (SuHx) and venous injection of monocrotaline-
pyrrole (MCT-P) in wild-type (WT) and periostin�/� mice. Pulmonary haemodynamics,
PA remodelling, expression of chemokines and fibroblast growth factor (FGF)-2, accumu-
lation of macrophages to small PA and the right ventricle (RV) were examined in PH-
induced WT and periostin�/� mice. Additionally, the role of periostin in the migration of
macrophages, human PA smooth muscle (HPASMCs) and endothelial cells (HPMVECs)
was investigated.
Results: In PH induced by SuHx and MCT-P, PH and accumulation of M2 macro-
phage to small PA were attenuated in periostin�/� mice. PA remodelling post-SuHx
treatment was also mild in periostin�/� mice compared to WT mice. Expression of
macrophage-associated chemokines and FGF-2 in lung tissue, and accumulation of
CD68-positive cells in the RV were less in SuHx periostin�/� than in SuHx WT mice.
Periostin secretion in HPASMCs and HPMVECs was enhanced by transforming
growth factor-β. Periostin also augmented macrophage, HPASMCs and HPMVECs
migration. Separately, serum periostin levels were significantly elevated in patients
with PH compared to healthy controls.
Conclusion: Periostin is involved in the development of different types of experimen-
tal PH, and may also contribute to the pathogenesis of human PH.
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INTRODUCTION

The pathogenesis of pulmonary arterial hypertension (PAH)
involves abnormal vasoconstriction and vascular remodelling
in pulmonary arteries (PA), and the remodelling of PA plays

an important role in the development of advanced PAH. Sev-
eral vasodilators have been developed for PAH1; however, there
are no drugs targeting vascular remodelling; investigation of
the mechanisms responsible for vascular remodelling in PAH
is essential for drug development.
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Periostin, an extracellular matrix protein, is involved in the
fibrosis of diseased tissues and plays a role in the pathogenesis
of various diseases.2 It has been reported that periostin regu-
lates macrophage, vascular endothelial cell and smooth muscle
cell functions.3,4 Although several groups have demonstrated
the contribution of periostin to the progression of pulmonary
hypertension (PH),4–6 its exact role is still not well understood.
Therefore, we examined the role of periostin in the progres-
sion of PH using different types of experimental PH models.

METHODS

Experimental PH models

The PH mouse model was established using Sugen 5416 (vas-
cular endothelial growth factor receptor-1,-2 inhibitor) and
chronic hypoxic exposure (10% O2) for up to 3 weeks (SuHx),
and intravenous monocrotaline-pyrrole (MCT-P) as previously
described7,8 (Figure S1A in the Supporting information).
Haemodynamic measurements

Right heart catheterization of mice was performed as
described in Appendix S1 in the Supporting Information.

Histology and immunohistochemistry of the
lung and RV

Formalin-fixed paraffin-embedded inflated left lungs and right
ventricles (RV) were used for staining. Lung tissue sections
were stained with Elastica van Gieson stain (EVG). Immuno-
histochemical staining of the lung and RV was performed as
described in Appendix S1 in the Supporting Information.

Assessment of periostin and macrophage
accumulation in peri-small PA

Right lungs were stored for mRNA analysis, while left lungs
were inflated with Optimal Cutting Temperature Com-
pound (Sakura Finetek Japan, Tokyo, Japan) to be processed
for immunohistochemistry for frozen sections as described
in Appendix S1 in the Supporting Information.9

Quantitative real-time PCR

We examined wild-type (WT) normoxia and SuHx (3 days,
7 days, 3 weeks), periostin�/� normoxia and SuHx (3 days,
7 days, 3 weeks) mice. Quantitative real-time PCR was per-
formed as described in Appendix S1 and Table S2 in the
Supporting Information.

Cell culture

Primary human pulmonary microvascular endothelial cells
(HPMVECs) and primary human pulmonary arterial

smooth muscle cells (HPASMCs) were obtained from Lonza
(Basel, Switzerland). U937 and RAW 264.7, human and
mouse cell lines, respectively, were obtained from KAC Co.,
Ltd (Kyoto, Japan).

Reagents

Information regarding reagents used in the present study is
provided in Appendix S1 in the Supporting Information.

ELISA

Plasma periostin levels and the concentrations of periostin
in culture supernatants were measured using a sandwich
ELISA and a custom-made anti-periostin monoclonal anti-
body (clone numbers SS19A and SS19C for plasma, clone
numbers SS18A and SS17B for medium) as described in the
Supporting Information.10

Chemotaxis assay

HPASMCs, HPMVECs, U937 pre-treated with PMA10 and
RAW264.7 cell chemotaxis were assessed using the 48-well
micro chemotaxis chambers (Neuroprobe, Inc., Gaithers-
burg, MD, USA), as previously described.11

Serum periostin levels in patients with PH

Serum periostin levels were assessed using blood samples
from PH patients and healthy volunteers. PH was defined as
mean pulmonary arterial pressure (MPAP) greater than
20 mm Hg on right heart catheterization. Detailed patient
information is presented in Table S1 in the Supporting
Information.

Statistical analysis

Data are presented as means � SD. Statistical analyses
were performed using one-way ANOVA (Tukey’s multiple
comparisons test, Dunnett’s multiple comparisons test

SUMMARY AT A GLANCE

We demonstrated that periostin was involved in the
development of different types of experimental pul-
monary hypertension (PH). M2 macrophage and
fibroblast growth factor-2 signalling appeared to
contribute to the periostin-related progression of
PH. In addition, the levels of serum periostin were
significantly higher in patients with PH.
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and Dunn’s multiple comparisons test), two-way ANOVA
(Sidak’s multiple comparisons test), log-rank (Mantel–
Cox) test and t-test (Prism 8; GraphPad Software, La
Jolla, CA, USA). Differences were considered significant
at p <0.05.

RESULTS

Periostin contributes to the development of PH
in different mouse models

RV systolic pressure (RVSP) and RV/left ventricle (LV)
+ septum weight ratio (RV/LV + S) in SuHx and MCT-P
WT mice were significantly increased compared to normoxic
mice; however, RVSP and RV/LV + S in periostin�/� PH-
induced mice were significantly lower than that in SuHx and
MCT-P WT mice (Figure 1A,B).

Next, we evaluated the muscularization of the small PA
using the EVG and α-smooth muscle actin (SMA) staining of
small PA in normoxic WT, SuHx WT and SuHx periostin�/�

mice (Figure 1C). The number of small PA with full
muscularization was significantly higher in SuHx WT mice
compared to normoxic WT mice, and the muscularization of
small PA with PH induction was significantly decreased in
SuHx periostin�/� mice. Expression of periostin in the whole
lung homogenate and remodelled small PA were increased in
SuHx WT mice (Figure S1B,C in the Supporting Information).

Expression of macrophage-related chemokine
and phenotype markers in lung tissues of
SuHx mice

The expression levels of CCL2 (MCP1) and CCL4 (MIP-1β),
chemokines involved in macrophage migration in whole
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F I G U R E 1 Pulmonary haemodynamics and muscularization of small pulmonary arteries in pulmonary arterial hypertension mice, induced with
Sugen5416 and chronic hypoxia (SuHx) and monocrotaline pyrrole (MCT-P). Effect of periostin gene knockout on RVSP, RV hypertrophy (RV/[LV + S]) in
SuHx wild-type (WT) and periostin�/� (PN�/�) mice (A), and in MCT-P WT mice and MCT-P periostin�/� mice (B); RVSP, right ventricular systolic
pressure; RV/(LV + S), right ventricle/(left ventricle + septum) weight ratio. Data are presented as means � SD (n = 6 or 7 per group). Statistical
comparisons were conducted using one-way ANOVA followed by Tukey’s multiple comparisons test versus WT normoxia or WT SuHx and are represented
above each plot. *p <0.05, ***p <0.001.****p <0.0001. (C) Representative photomicrographs of Elastica van Gieson staining and quantitative analysis of the
pulmonary small vessels muscularization in WT normoxia, WT SuHx and periostin�/� SuHx groups; 50–100 pulmonary vessels (with an outer diameter of
less than 50 μm) per section were analysed, blinded to the tissue source. Scale bar = 50 μm. Data are presented as means � SD (n = 6 per group) and
statistical comparisons were performed using two-way ANOVA followed by Sidak’s multiple comparisons test. **p <0.01, ****p <0.0001 versus respective WT
normoxia groups; ††p <0.01, ††††p <0.0001 versus respective WT SuHx groups
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lung tissue, were significantly higher in WT than in
periostin�/� mice 3 days after SuHx treatment, and the
expression of CCL7 (MCP3) had a similar pattern. Chemo-
kine expression gradually decreased by day 7 after SuHx
treatment (Figure 2A).

Using whole lung tissue, we evaluated the mRNA
levels of inducible nitric oxide synthase (iNOS) and
found in inflammatory zone-1 (Fizz1), markers of M1
and M2 macrophages, respectively. While the expres-
sion of iNOS was higher in SuHx WT mice than in
normoxic WT mice 1-week post-SuHx treatment, the
levels of iNOS were similar in SuHx WT and
periostin�/� mice. At the same time, Fizz1 levels were
significantly higher in SuHx WT mice than in normoxic
WT mice at 1 week time point, while Fizz1 levels were
significantly lower in SuHx periostin�/� compared to
SuHx WT mice (Figure 2B).

M1 and M2 macrophage accumulation in peri-
small PA of SuHx and MCT-P-treated mice

To investigate the accumulation and phenotypes of macro-
phages around small PA, lung tissues were stained for CD68,
a macrophage and white blood cell marker, and CD206, an
M2 macrophage marker. The numbers of CD68- and
CD206-positive macrophages in the peri-small PA were sig-
nificantly increased in SuHx WT mice compared to normoxic
WT mice at 2 weeks after SuHx treatment, the time point
before PH would even be established. Increased M2 macro-
phage was reduced in SuHx periostin�/� mice at the same
time point (Figure 3A). The accumulation of M2 macro-
phages was similarly observed in MCT-P WT mice and sig-
nificantly decreased in MCT-P periostin�/� mice (Figure S2B
in the Supporting Information). Cells positive for CD11c, an
M1 macrophage marker, did not accumulate in small PA in
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F I G U R E 2 mRNA expression of macrophage markers and chemokines associated with macrophage migration to pulmonary arteries in SuHx wild-type
(WT) and periostin�/� mice. (A) mRNA levels of CCL2, CCL4 and CCL7 in whole lung tissue of WT and periostin�/� normoxia mice, SuHx WT and
periostin�/� mice. RNA was extracted from lung tissue 3 or 7 days after SuHx treatment and applied to quantitative real-time (RT) PCR. Data are presented
as fold changes relative to the 18S ribosomal mRNA level; PN�/�, periostin�/�. Results are presented as means � SD from five to 12 samples. Statistical
comparisons were conducted using multiple groups ANOVA followed by Tukey’s multiple comparisons test. *p <0.05, **p <0.01, ****p <0.0001. (B) The
mRNA expression levels of macrophage markers in lung tissues from WT and periostin�/� SuHx mice. RNA was extracted from lung tissue 1 or 3 weeks
after SuHx treatment and quantitative RT-PCR was performed to assess the mRNA levels of inducible nitric oxide synthase (iNOS) (M1 macrophage) and
Fizz1 (M2 macrophage) marker genes. Data are presented as fold changes relative to the 18S ribosomal mRNA levels. Results are presented as means � SD
from five to 11 samples. Statistical comparisons of multiple groups were conducted using ANOVA followed by Tukey’s multiple comparisons test. *p <0.05,
**p <0.01, ****p <0.0001
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both WT and periostin�/� mice with PH-induced SuHx and
MCT-P (Figure S2A,C in the Supporting Information).

Macrophage accumulation in RV of SuHx mice

Expression of CD68-positive cells in the RV of SuHx WT
mice was significantly higher than in normoxic WT mice,
and its expression was also significantly decreased in SuHx
periostin�/� mice (Figure 3B).

Periostin expression and its effect on HPMVEC,
HPASMC and macrophage migration

Periostin concentrations in culture supernatants were
corrected for cell number. In HPASMCs, periostin con-
centration was significantly higher after stimulation with

transforming growth factor (TGF)-β2, but not in response
to PDGF-BB or TNF-α (Figure S3A in the Supporting
Information). In HPMVECs, periostin concentration was
also significantly increased in response to TGF-β2, but
not to IL-1β or TNF-α (Figure S3B in the Supporting
Information).

Chemotaxis assays showed that periostin increased the
migration of HPASMCs and HPMVECs in a concentration-
dependent manner. Next, we examined cell migration in
macrophages. First, we induced the differentiation of U937
into macrophages using phorbol 12-myristate 13-acetate
(PMA) as previously described.11 The migration of PMA-
induced U937 and RAW264.7 macrophages was also
enhanced by periostin in a dose-dependent manner
(Figure 4A). To identify cell surface receptors that bind to
periostin, we used anti-CD51 (anti-αV receptor) and anti-
CD11b (anti-αM receptor) antibodies to block cell migra-
tion. The migration of HPASMCs was significantly
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F I G U R E 3 Localization of CD68- and CD206-positive macrophages to pulmonary arteries (PAs) and CD68-positive cells to right ventricle (RV) in
SuHx wild-type (WT) and periostin�/� mice. (A) Representative fluorescence immunostaining of peri-PAs from WT normoxia (Nx), WT SuHx and
periostin�/� SuHx mice 2 weeks post-stimulation with Sugen5416 and hypoxic exposure. Lung sections were stained with anti-CD31 Ab, anti-CD68 Ab and
anti-CD206 Ab (M2 macrophage marker), and counterstained with DAPI. Representative immunofluorescence images are shown (white, CD31; green, CD68;
red, CD206; blue, DAPI, yellow, co-localization of CD68 with CD206); scale bar 50 μm. The percentage of CD68+ and CD206+ double-positive cells was
calculated as the ratio of yellow cells to blue (DAPI) cells. Results are presented as means � SD from 10 to 12 vessels per group. Statistical comparisons were
conducted using ANOVA followed by Tukey’s multiple comparisons test. ***p <0.001; †††p <0.001; ‡p <0.05. (B) Representative sections of RV tissue from
WT SuHx and periostin�/� SuHx mice analysed by CD68 immunostaining. Sections of RV tissue were stained with anti-CD68 Ab. The number of
CD68-positive cells (pointed by black arrows) per five high-power fields (5 HPF) was calculated. Results are presented as means � SD from six to nine
samples. Scale bar = 100 μm. Statistical comparisons of multiple groups were conducted using ANOVA followed by Tukey’s multiple comparisons test.
***p <0.001
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attenuated by anti-CD51 antibody, but not by anti-CD11b
antibody (Figure 4B).

Expression of inflammatory cytokines and
FGF-2 in SuHx mice

We assessed the mRNA levels of inflammatory cytokines
involved in the pathogenesis of PAH (Figure 5A), as well
as chemokines involved in neutrophil migration (CXCL1,
CXCL2) (Figure 5B), in whole lung tissues. The expression
levels of IL-6, CXCL1 and CXCL2 were significantly higher
in SuHx WT mice at day 3 time point than in normoxic
WT mice; however, SuHx periostin�/� mice had signifi-
cantly lower expression levels of these inflammatory
markers.

We also examined the mRNA of fibroblast growth factor
(FGF)-2 in lung tissue of SuHx mice. Expression of FGF-2 was
higher in SuHx WT mice than in normoxic WT mice at 3 days
and 3 weeks after the treatment with SuHx. Augmented expres-
sion of FGF-2 in WT mice at 3 weeks after SuHx treatment
was significantly attenuated in periostin�/� mice (Figure 5C).

Serum periostin levels in patients with or
without PH

Serum periostin concentrations in patients with PH
(MPAP > 20 mm Hg, n = 49, see Table S1 in the
Supporting Information) were significantly increased
compared to healthy controls (n = 10). Higher serum
levels of periostin in patients with interstitial pneumoni-
tis12,13 and systemic scleroderma14 have been demon-
strated. Therefore, we excluded patients with these
diseases from analysis. Nevertheless, serum periostin
concentrations were significantly higher in patients with
PH than in healthy controls (Figure 6A). Receiver oper-
ating characteristic curve analysis identified a serum
periostin cut-off threshold of 149.4 ng/ml as the best fit
for a significant predictive performance (as assessed by
area under the curve of 0.71; p = 0.04; Figure 6B) that
maximized specificity and sensitivity for mortality. Using
this cut-off threshold to dichotomize the periostin vari-
able, the overall survival of the periostin-high group was
significantly worse than that of the periostin-low group
(Figure 6C).
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F I G U R E 4 Regulation of migration by periostin in human pulmonary arterial smooth muscle cells (HPASMCs), human pulmonary microvascular
endothelial cells (HPMVECs) and human and mice macrophages. (A) Dose-dependent effects of periostin on chemotaxis in HPASMCs, HPMVECs,
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using multiple groups ANOVA followed by Dunnett’s multiple comparisons test, Dunn’s multiple comparisons test or Tukey’s multiple comparisons
test. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001; ††p <0.01
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DISCUSSION

In the present study, we demonstrated the contribution of
periostin to the development of PH and M2 macrophage
recruitment in different types of experimental PH induced
by SuHx and MCT-P. In addition, we also showed that peri-
ostin may regulate the expression of FGF-2 signalling during
the progression of PH induced by SuHx.

Periostin promotes fibrosis in diseased tissues, and also
regulates cellular functions by binding to integrin αvβ3 and
αvβ5 receptors.15,16 Periostin contributes to the development
of various respiratory diseases,17 including interstitial pneu-
monitis12,18 and bronchial asthma.19–23 Several reports also
suggest that periostin contributes to the pathogenesis of
PH. Periostin was expressed in the remodelled PA of rat24

and human PH.5 Several inflammatory cytokine and growth
factors including TGF-β, TNF-α, IL-1β, IL-6, leukotriene B4
and pletelet-derived growth factor (PDGF) were shown to
be important indicators for the progression of PA
remodelling in PAH.25–27 In the present study, TGF-β

mostly contributes to the production of periostin from
HPMVECs and HPASMCs, the finding consistent with pre-
vious reports.6,28 Recently, Nie et al. showed that periostin
regulated the function of PA endothelial cells and revealed
an important role of an hypoxic inducible factor (HIF)-1α-
dependent pathway in the periostin-related progression of
PH.4 Here, using a chemotaxis assay, we demonstrated that
periostin induced the migration of HPMVECs and
HPASMCs via integrin αv receptors. Previous reports
showed the contribution of FGF-2 in the development of
PH.29–31 We also demonstrated that increased expression of
FGF-2 in lung tissue of SuHx WT mice was significantly
reduced in periostin�/� WT mice at 3 weeks after the treat-
ment with SuHx. This result suggests that periostin may be
involved in the progression of PH through increased FGF-2
signalling that follows early macrophage accumulation.

Lower chemokine production and the accumulation of
macrophages due to the deletion of periostin has been
reported in pulmonary fibrosis18 and atherosclerotic
plaques.3 It is well known that peri-PA inflammatory cells
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F I G U R E 5 Expression of inflammatory cytokines and neutrophil-associated chemokines in whole lung tissue of SuHx wild-type (WT) and periostin�/�

mice. mRNA levels of (A) IL-6, TNF-α, IL-1β and (B) CXCL1, CXCL2 and (C) Fibroblast growth factor-2 in whole lung tissue from SuHx WT and
periostin�/� (PN�/�) mice. RNA was extracted from lung tissue 3 or 7 days or 3 weeks after SuHx treatment and quantitative real-time PCR was performed.
Data are presented as fold changes relative to the 18S ribosomal mRNA level; PN�/�, periostin�/�. Results are presented as means � SD from five to
12 samples. Statistical comparisons of multiple groups were conducted using ANOVA followed by Tukey’s multiple comparisons test. *p <0.05, **p <0.01,
***p <0.001, ****p <0.0001
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play an important role in the progression of vascular
remodelling in PAH.25,32–34 A recent report showed that
deletion of macrophages by intrabronchial clodronate acid
attenuated the PH progression and PA remodelling in SuHx
mice, indicating that macrophages play an important role in
the development of PH.35 We demonstrated that the expres-
sion of chemokines associated with macrophage migration
was elevated 3 days post-SuHx treatment in WT mice, and
this increase was significantly inhibited in periostin�/� mice.
The accumulation of macrophages in the peri-PA was the
highest at 2 weeks after SuHx and MCT-P treatment, and
the majority of these cells were M2 macrophages. Previous
reports showed that smooth muscle cell proliferation was
augmented via M2 macrophage-induced CCL2 signalling,33

whereas the mRNA levels of iNOS, an M1 macrophage
marker, were not different between WT and periostin�/� mice
after SuHx treatment. These results suggest that the contribu-
tion of M2 macrophages could be greater than that of M1 mac-
rophages in periostin-induced PA remodelling in
PH. Furthermore, involvement of periostin in cardiac fibrosis
has been demonstrated in monocrotaline-induced PH rats.36–38

The present study showed that increased accumulation of
CD68-positive cells, including macrophage, in RV of SuHx
WT mice was significantly reduced in SuHx periostin�/� mice.
This result indicates that periostin may also contribute to the
RV fibrosis via macrophage recruitment.

Our results also suggest that periostin may be involved
in neutrophil-mediated inflammation, as elevated CXCL1
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multiple comparisons test. *p <0.05, **p <0.01, ***p <0.001 versus control. (B) Receiver operating characteristic curve for best-fit value of serum periostin level
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and CXCL2 mRNA levels in SuHx WT mice were attenu-
ated in SuHx periostin�/� mice. Furthermore, the lung tis-
sue expression of IL-6 was already at its peak on day 3 post-
SuHx treatment, suggesting that periostin was affecting
other cells, rather than macrophages. These results indicated
that periostin was involved in the regulation of several
inflammatory pathways, in addition to macrophages.

We observed that serum periostin levels in PAH/PH
patients, excluding interstitial pneumonitis and systemic
scleroderma patients, were still higher than in healthy con-
trols. In addition, patients with serum periostin levels higher
than 149.4 ng/ml at diagnosis had a significantly poorer
prognosis. On the other hand, the clinical assessment of the
present study was retrospectively performed and the sample
size was also insufficient. Additionally, the control group is
not properly matched to the PH patient group. Thus, the
present clinical data should be considered as just pilot data.

There were several limitations in our present study. First,
the role of M2 macrophages in the enhancement of FGF-2
signalling is unclear. Second, confirmation of protein
expression of cytokines and chemokines was insufficient.
Third, the mechanism of progression of myocardial fibrosis
induced by periostin is still uncertain. Fourth, clinical data
in this study will require further validation and generaliz-
ability to confirm the efficacy of periostin as a biomarker for
PH prognosis.

In conclusion, we revealed that lack of periostin attenu-
ated the development of different types of PH induced by
SuHx and MCT-P. Early recruitment of M2 macrophage
and subsequent enhancement of FGF-2 signalling may con-
tribute to the progression of these experimental PH models.
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