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Implications of periostin in the
development of subarachnoid
hemorrhage-induced brain injuries

Target of research in subarachnoid hemorrhage (SAH): The
outcome of aneurysmal SAH remains poor despite advances in
the diagnosis and treatment. Although many factors related to
patients, aneurysms, and institutions, as well as physiological
parameters and medical complications were reported as prog-
nostic factors, the most important determinant of poor outcome
is the devastating effect of acute SAH on the brain causing early
brain injury (EBI) (Suzuki, 2015). In acute SAH, the brain faces
numerous deleterious conditions, including transient global
ischemia induced by elevated intracranial pressure, mechanical
stress, intracerebral hemorrhage due to an aneurysmal rupture,
acute hydrocephalus, early cerebral infarction, seizure, direct
effects of subarachnoid blood, and iatrogenic causes. EBI is a
concept to explain acute pathophysiological events that occur
in brain before onset of cerebral vasospasm within the first 72
hours of SAH, and consists of the pathophysiological mecha-
nisms responsible for any type of brain insults other than iatro-
genic brain injury (Suzuki, 2015). Recent experimental studies
emphasize that EBI may be more important than cerebral vaso-
spasm, a classically important determinant of poor outcome, in
post-SAH outcome.

Mechanisms of EBI: The molecular mechanisms of EBI are
very complex, though EBI finally induces the major pathologi-
cal conditions, blood-brain barrier (BBB) disruption and apop-
totic neuronal death through inflammation and microcircula-
tory disturbance. Major trigger factors of EBI after SAH are as
follows: elevated intracranial pressure and subsequent transient
global ischemia, mechanical stress due to aneurysmal rupture,
and subarachnoid blood degradation products including heme
and fibrinogen. Although these factors can stimulate diverse
cells and extracellular matrices (ECMs) with activating proin-
flammatory mediators and multiple signaling pathways, mito-
gen-activated protein kinase (MAPK) pathway was found to
play a crucial role in EBI, and matrix metalloproteinase (MMP)-
9 was identified as one of the important downstream candidates
relating to BBB permeability and neuronal apoptosis (Suzuki
and Kawakita, 2016; Liu et al., 2017). In addition, our recent
studies manifested that tenascin-C (TNC), which is a represen-
tative of matricellular proteins, strongly mediates deleterious
effects of SAH and is involved in post-SAH brain injury at sev-
eral different levels (Suzuki and Kawakita, 2016). Meanwhile,
BBB is mainly composed of microvascular endothelial cells with
tight junctions, and astrocytes play a fundamental role in brain
hemostasis regulating the entry of intravascular molecules into
brain. Degradation of zonula occludens-1 (ZO-1) and occludin,
which are members of tight junction proteins, was reported to
cause tight junction opening and BBB permeability in the early
stage of SAH (Suzuki and Kawakita, 2016; Liu et al., 2017). BBB
disruption causes brain edema as well as greater influx of blood-
borne cells and substances into brain parenchyma, thus exacer-
bating neuroinflammation and brain injuries.

Periostin mediates various pathological conditions: Perios-

tin (originally named osteoblast-specific factor 2) is a 90-kDa
N-glycoprotein that modulates cell matrix interactions and

1982

cell functions in the ECM (Dong et al., 2017), and belongs to
matricellular proteins (Liu et al., 2017). Though periostin was
originally found as a molecule differentially expressed in os-
teoblasts and fibroblasts, recent studies showed that periostin
plays pivotal roles in cell survival under hypoxic conditions,
migration of cancer cells, and proliferation of cardiomyocytes
after acute myocardial infarction (Liu et al., 2014). In addition,
expression levels of periostin are generally low in most adult tis-
sues, however, at sites of injury and inflammation or in tumors
within adult organisms, periostin is highly secreted by stromal
cells, which are stimulated by transforming growth factor (TG-
F)-B and other local and systemic cytokines or growth factors
that are produced by epithelial cells and other cells (Liu et al.,
2014). Clinically, blood concentrations of periostin are mark-
edly high in brachial asthma, chronic obstructive pulmonary
disease, cancers, idiopathic pulmonary fibrosis, atopic derma-
titis and acute myocardial infarction (Izuhara et al., 2016). As
to the central nervous system, recently we found that periostin
was upregulated in cerebral cortex after experimental SAH in
mice and responsible for EBI through activating downstream
signaling pathways and interacting with TNC (Liu et al., 2017).
In patients with severe traumatic brain injury, increased serum
periostin concentrations clearly reflected trauma severity and
mortality following traumatic brain injury (Dong et al., 2017).
However, there are contradictory findings about periostin’s ef-
fects. In spinal cord injury in mice, periostin promoted scar for-
mation and improved functional outcome through the interac-
tion between pericytes and infiltrating monocytes/macrophages
(Yokota et al. 2017), and astroglial-derived periostin played an
essential role in axonal regeneration by signaling through focal
adhesion kinase (FAK) and Akt (Shih et al., 2014). Periostin
was also identified as a neurite outgrowth-promoting factor,
which significantly enhances neural stem cell proliferation and
differentiation after hypoxia-ischemia in neonate rodent models
(Dong et al,, 2017). In addition, periostin revealed neuropro-
tective effects and accelerated neurite outgrowth after transient
middle cerebral artery occlusion in mice (Shimamura et al.,
2014). The seemingly conflicting findings of periostin may be
due to the presence of its splicing variants. Intracerebroventric-
ular injections of periostin splicing variant, lacking exon 17,
exhibited neuroprotective effects after transient middle cerebral
artery occlusion in mice (Shimamura et al., 2014), while neu-
tralizing full-length periostin prevented post-SAH EBI in mice
(Liu et al., 2017).

Molecular mechanisms of periostin: Periostin contains an
amino-terminal cysteine-rich EMI domain in its N-terminal
portion, four tandemly lined fasciclin I domains in the middle,
and an alternative splicing domain in its C-terminal portion
(Dong et al., 2017). The drosophilia protein, fasciclin I, is known
to be involved in neural cell-cell adhesion, and periostin seems
to be expressed as multiple spliced isoforms with different
C-terminal regions under circumstances related to pathological
fibrogenesis (Shih et al., 2014; Shimamura et al., 2014). Though
up to 9 splicing variants have been identified, the function of
the different splicing variants is not fully understood (Izuhara et
al,, 2016). At present, clinically important or well-known vari-
ants are as follows: periostin-1, a full length form containing
23 exons; periostin-2, which lacks exon 17; periostin-3, which
lacks exon 21; and periostin-4, which lacks exon 17 and 21 (Shi-
mamura et al., 2014; Izuhara et al., 2016). In tumor microenvi-
ronment, secreted periostin can bind to a,f; and a,f; integrins
to activate various downstream signaling pathways, including
phosphatidylinositol 3-kinase/Akt and FAK signaling (Liu et
al., 2014). Activation of these signaling cascades can promote
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Figure 1 Possible mechanisms of periostin-induced brain injuries after subarachnoid hemorrhage (SAH).

After SAH, periostin and tenascin-C, both of which are matricellular proteins, are induced. Fascilin I (FAS1) domain of periostin binds to tena-
scin-C, regulating the expression each other. Periostin and tenascin-C activate mitogen-activated protein kinases (MAPKs) via integrins and other
receptors, causing blood-brain barrier disruption, neuronal apoptosis and cerebral vasospasm. Activated MAPKs also induce periostin and tena-
scin-C, forming a positive feedback mechanism to aggravate post-SAH brain injuries via MAPK pathway. MMP-9: Matrix metalloproteinase-9.

tumor cell survival, migration, invasion and angiogenesis (Liu
et al., 2014). Periostin-2 lacking exon 17, but not periostin-1,
inhibited neuronal cell death, and stimulated neurite outgrowth
with activating Akt in cerebral ischemia mice (Shimamura et
al., 2014). Periostin continued to be expressed up to 28 days
after cerebral ischemia in various cells, such as reactive astro-
cytes/microglia, fibroblasts and neuronal progenitor cells, and
the expression pattern was dependent on the slicing variants,
associated with pathophysiology in post-ischemic inflammation
and neurogenesis (Shimamura et al., 2014). As to inflammation,
periostin was recognized as an inflammatory effector in brachi-
al asthma, and periostin which is secreted by brachial epitheli-
um cells and inflammatory cells in response to interleukin (IL)-
4 and IL-13 has autocrine effects to upregulate the expression
of TGF-P and type 1 collagen through integrins and MMP-2/9
production (Izuhara et al., 2016). Periostin can also regulate
inflammatory responses either by changing the biophysical
and biochemical properties of the ECM or by binding to its
integrin receptors to initiate intracellular signaling cascades:
periostin directly interacts with type 1 collagen and fibronectin
through its EMI domain, and with TNC and bone morphoge-
netic protein 1 through its fasciclin I domains (Liu et al., 2014).
In addition, periostin is upregulated dramatically in the wall of
abdominal aortic aneurysm, which is characterized by chronic
inflammation, and periostin and FAK axis form a vicious cycle
to sustain inflammatory responses by activating extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase, mono-
cyte chemoattractant protein-1 and MMPs secretion in vitro (Liu
etal., 2014).

Possible role of periostin in post-SAH brain injury: Liu et
al. (2017) elucidated that anti-full-length periostin antibody,
which was administrated intracerebroventricularly 30 minutes

after experimental SAH, showed neuroprotective effects with
improving neurological scores and brain edema in mice endo-
vascular perforation model of SAH. Anti-full-length periostin
antibody suppressed post-SAH periostin induction in brain
capillary endothelial cells and neurons, as well as immunoglob-
ulin G extravasation, associated with the inhibition of post-
SAH induction of TNC, activation of p38, ERK1/2, and MMP-9
and the resultant ZO-1 degradation in the cerebral cortex, while
recombinant full-length periostin administration exacerbated
brain edema and TNC induction in SAH brain (Liu et al., 2017).
In addition, TNC knockout mice significantly suppressed post-
SAH neurobehavioral impairments and periostin induction (Liu
et al,, 2017). These results suggested that full-length periostin,
strongly interacting with TNC, may contribute to post-SAH
BBB disruption and neurobehavioral impairments via MAPK
pathway (Figure 1), and that neutralizing full-length periostin
may become a novel therapeutic target for EBI.

Established deleterious effects of TNC on brain after SAH:
TNC belongs to the ECM proteins as with periostin, is com-
posed of 14 epidermal growth factor-like repeats and a series of
fibronectin type III repeats, and forms a typical disulfide-linked
hexamer, in which six flexible arms emanate from a central
globular particle (Suzuki and Kawakita, 2016). Experimental
studies revealed that TNC was upregulated in both cerebral
artery and brain parenchyma after experimental SAH in rats
(Suzuki and Kawakita, 2016). Platelet-derived growth factor
(PDGF) is a well-known potent inducer of TNC, and imatinib
mesylate, which is a selective inhibitor of the tyrosine kinases
of PDGF receptors, prevented post-SAH upregulation of TNC,
cerebral vasospasm, neuronal apoptosis and neurological im-
pairments associated with inactivation of MAPK (Suzuki and
Kawakita, 2016). In contrast, a cisternal injection of recombi-
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nant TNC aggravated cerebral vasospasm, neuronal apoptosis
and neurological impairments in imatinib mesylate-treated
experimental SAH rats (Suzuki and Kawakita, 2016). PDGF-in-
duced TNC may have positive feedback mechanisms on TNC
upregulation by TNC receptor-mediated MAPK activation,
PDGEF receptor upregulation via MAPK activation, and PDGF
receptor activation via crosstalk signaling between TNC recep-
tors and PDGF receptors, leading to more MAPK activation
and therefore internally augmenting cerebral vasospasm, neuro-
nal apoptosis and neurological impairments in SAH rats (Suzuki
and Kawakita, 2016). Recent studies also demonstrated that
TNC knockout mice attenuated both neurological impairments
and BBB disruption associated with an inhibition of MMP-9
induction and the consequent preservation of the tight junction
protein ZO-1 (Suzuki and Kawakita, 2016), and prevented cere-
bral vasospasm development via suppressing inflammation and
inactivating MAPK pathway after experimental SAH (Fujimoto
etal., 2017).

Foresight into the future of periostin and other matricellular
proteins: Our recent study demonstrated that full length of
periostin is induced in SAH brain, and that neutralization of
full-length periostin attenuates the induction of TNC, and pre-
vents the development of BBB disruption and neurobehavioral
impairments after SAH (Liu et al., 2017). However, it remains
undetermined whether some splicing variants of periostin are
developed after SAH, and how splicing variants of periostin
function if they are induced post-SAH. As splicing variants of
periostin may have opposite functions, the time course of each
variant of periostin induction and the relationships among
splicing variants of periostin are also interesting. In addition,
the role of periostin in cerebral vasospasm and neural apoptosis
remains unclear.

As to strong interaction between periostin and TNC, the
four tandem repeats of fascilin I domain of periostin is identi-
fied as the direct binding region for TNC, correlating with the
C-terminal region cleavage of periostin (Liu et al., 2014, 2017).
In addition, periostin and TNC may form a positive feedback
mechanism to aggravate post-SAH EBI via MAPK pathway (Liu
et al,, 2017). On the other hand, osteopontin (OPN), another
matricellular protein, shows the conflicting effects against TNC
in the setting of SAH: that is, OPN induced the protective path-
ways including MAPK phosphatase-1, an endogenous MAPK
inhibitor, via binding to L-arginyl-glycyl-L-asparate-dependent
integrins in both cerebral vasospasm and BBB disruption after
SAH (Suzuki and Kawakita, 2016). Thus, further studies focus-
ing on not only the role of periostin in cerebral vasospasm and
neuronal apoptosis but also the interactions between periostin
and other matricellular proteins are needed in the future.
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