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Periostin is essential for cardiac healing
after acute myocardial infarction

Masashi Shimazaki,' Kazuto Nakamura,? Isao Kii,' Takeshi Kashima,’
Norio Amizuka,* Mingi Li,* Mitsuru Saito,’ Keiichi Fukuda,®
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Acute myocardial infarction (AMI) is a common and lethal heart disease, and the recruit-
ment of fibroblastic cells to the infarct region is essential for the cardiac healing process.
Although stiffness of the extracellular matrix in the infarct myocardium is associated
with cardiac healing, the molecular mechanism of cardiac healing is not fully understood.
We show that periostin, which is a matricellular protein, is important for the cardiac healing
process after AMI. The expression of periostin protein was abundant in the infarct border
of human and mouse hearts with AMI. We generated periostin /- mice and found no
morphologically abnormal cardiomyocyte phenotypes; however, after AMI, cardiac healing
was impaired in these mice, resulting in cardiac rupture as a consequence of reduced
myocardial stiffness caused by a reduced number of a smooth muscle actin-positive cells,
impaired collagen fibril formation, and decreased phosphorylation of FAK. These pheno-
types were rescued by gene transfer of a spliced form of periostin. Moreover, the inhibition
of FAK or av-integrin, which blocked the periostin-promoted cell migration, revealed that
av-integrin, FAK, and Akt are involved in periostin signaling, Our novel findings show the
effects of periostin on recruitment of activated fibroblasts through FAK-integrin signaling

and on their collagen fibril formation specific to healing after AMI.

Periostin, which is an exmracellular mamx (ECM)
molecule of the fasciclin family, acts in cell adhe-
sion, migration, and growth in vitro (1-6), In
the heart, periostin 15 expressed at very carly
stages of embryogenesis; however, it is not de-
tected in the normal adult myocardium, except
in the valves (7, 8) and in the case of vanious heart
dhseases (9-12).

The early cardiac healing process after acute
myocardial infarction (AMI) can be divided into
two successive phases: the inflammatory phase
and the scar formation phase. In the inflamma-
tory phase. monocytes and lymphocytes infiltrate
into the necrotic myocardium, whereas in the
scar formation phase, activated mterstitial or
circulating fibroblasts increase their motliey
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and migrate nto the lesion. The acuvatuon of
TGF is important for regulation of this latter
process. Myofibroblasts expressing « smooth
muscle actin (@SMA) induced by TGFB are
specialized fibroblasts that share characteristics
with smooth muscle cells (SMCs). They play an
important role in wound healing by synthesiz-
g ECM and exertng strong contraction forces
to minimize wound areas (13-16). Regarding the
inflammatory phase, recent knockout mouse
studies indicated a positive association of n-
flammatory factors with cardiac rupture or di-
lanion (17-23). However, in the scar formation
phase, molecular analysis has been scant, except
in respect to TGFB. To answer two important
questions for both cardiologists and basic scien-
tists who are interested in pathological myocar-
dial healing, 1.e.. “what regulates formation of
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the scar phase of an ischemic injury?" and “what is the nature
of the factors responsible for the venmecular healing process at-
ter AMIZ,” we focused on peniostin, which is a TGFB-respond-
ing factor (1).

RESULTS AND DISCUSSION

To assess the importance of periostin in the cardiac healing
process, we examined the expression of human periosun pro-
tewn in the myocardial tissue of the left ventnicle (LV). No ex-
pression of it was observed in the normal myocardium (Fig. 1 A),
whereas immunoreactivity indicating peniostin was detected in
Azan-stained myocardial fibrous areas from a patient with AMI
(Fig. 1, B and C), thus suggesting that periosun expression was
induced in the infarct regions after AML. In the fibrous area,
strong immunoreactivity of penostin was observed around car-
diac fibrablasts expressing av-integrin, which s reported to be
a receptor for penosan (Fig, 1 C) (2, 6). Next, we examined
the expression of penostn in mice after AMI caused by left

A

antenor descending artery (LAD) ligation (24). Penostin pro-
tein was not observed up to day 2, but became detectable at
day 3 in the arcas showing inflammatory infiltranon (Fig. 1 D)

This expression in the infarct LV mncreased sigmficandly ar day 4,
and was sull present at day 28 (Fig. 1 D and not depicted)

To idenufy the cells producing peniosan, we performed RNA
in siu hybndization to detect penostin mRINA in the infarce LV
wall of muce. Periostin mRNA was mainly expressed in fibroblasts
in both the infarct and noninfarct regions after AMI (Fig. | E),
To confirm the periostin expression in cardiac fibroblasts,
we performed RT-PCR analysis on purified cardiac cells, and
these results showed the expression to be mainly in cardiac
fibroblasts, but not in cardiomyocytes (Fig. S1. available at
hetp://www jem.org/cgi/ content/ full /jem.20071297/DC1).
Furthermore, these fibroblasts were positve for av-integrin, as
indicated by Aow cytometry using cultured cardiac cells (Fig. 51).
The mRINA of Big-h3, another fasciclin family member, which 1s
also expressed in the embryonic heart (25), was not observed in
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Figure 1. Periostin expression is induced after myocardial ischemia. (A-C) Derection of periostin in myocardium from human patients. LV tissue
from a patient with alcoholic cirrhosis (A) and from a patient with AMI [B and C). As seen by immunostaining, periostin protein was detected (8, right} in
the myocardial area, which was shown 1o be fibrous by Azan staining (8, left]. Arrowheads in B indicate endocardium. (C) Comparison of the expression
pattern between periostin (left) and av-integrin (right] in the fibrous area. [D-F) Periostin is up-regulated after AMIin mice. (D) Immunastaining of
periostin after AMI, (E) Expression of periostin (top) and B ig-h3 mRNA (battam) in the infarct LV wall of mice was analyzed by in situ hybrigization

The dashed red line shaws the infarct border, (F) Expression of spliced variant forms of periostin at various times after AMI. Periostin AbAe is indicated by

the asterisk, Bars: [A) 25 wm; (B) 2 mm; (C-E) 50 wm
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the same regions (Fig. 1 E), thus suggesung the AMI-induced ex-
pression of fascichin family molecules to be speafic to penostin.

Because we previously reported that several penostin tran-
scripts exist in human and mouse, caused by alternative splic-
ing at a 3’ site (1), we examined the expression of the splice
vanants in a nme course expenment by RT-PCR analysis using
three combinations of specific pnmers (Fig. | F). We observed
four different isoforms, i.e., Ab (delenon of b domain), Ae
(delenion of ¢ domain), AbAe (deletion of b and e domains),
and Full (full-length), and we found that the pattern of splic-
ing depended on the time after AML. Interestingly, one specific
sphced form, AbAe (Fig. 1 F, astensk), was dominantly found as
the lowest electrophorenic band in the ininal stages (3, 4, and 5 d
after AMI), indicating the involvement of AbAe periostin in
the carly healing stage of damaged nssues. By 28 d, all 4 150-
forms were equally expressed. We also confirmed the expression
of these 1soforms at the protein level, and found the proteolync
modification of periostin dunng infarce healing (Fig. S1).

To investgate the role of periostin in AMI, we generated
peniostin™ '~ mice combined with Cre recombination (Fig. 2 A
and Fig. $2, available at hup://www.jem.org/cg/content/
full/jem.20071297/DC1). The embryogenesis of perostin™ ~
mice was apparently normal; and after the birth, the mice ap-
peared to be healthy. The observation of penostn 1n the de-
veloping heart prompted us to thoroughly investgate the heart
structure and function in the periostin™ ~ mice: however, no
cardiomyocyte abnormalities were found in the myocardium,
valve function. pulsation. or blood pressure in the 10-wk-old
mice (Fig. 52 and not depicted), which is consistent with no
signiticant expression in the adult myocardium. We then sub-
jected penostin  mice to AMI by LAD ligation. There was
no significant difference 1n body weight or heart rate among

“,and © " an the normal control condinon or after the
AMI (Fig. S2, Table S1, and nor depicted); moreover, there
was no difference in infarct size between the periostin™ * and
"~ muce after AMI (Table S1). However, the survival rate of
penvstin™ — mice after AMI was significantly lower than that
* muce (17,58 vs, 53.76% at day 10; P < 0.0001; Fig. 2 B),
whereas this rate of penostin™ ~ muce (35%) atter AMI was similar
to that of *'* mice. The incidence of mortality in periostin
nmuce, mainly caused by cardiac rupture, which occurred wichin
7 d, was signiticantly higher (P < 0.001) than that of *'* mice:
62/91 (68.1%) in =~ versus 25/80 (31.3%) m * © (Fig, 3 C),
whereas this frequency of © mice 6/20 (304%) was similar to
that of © * mice. Thereafter, these survival rates reached a pla-
teau from 8 d up to 4 wk after AMI (unpublished dara). To test
whether the increased rate of cardiac rupture was caused by
abnormal LV wall suffness, we analyzed the rupture threshold
stiffness of the LVs of periostin™ ~ and = * mice 4 d after AMI
by conducting an LV distending pressure/rupture threshold
study (18). Myocardial tearing was tound at the infarct border
in all the ruptured LVs, and the mean of the maximum rup-
ture pressure was significantly lower in periostin™ ~ muce than
in " " mice atter AMI (3127 £ 32 mmHgin v 37453 &
38 mmHg in "7 P = 0.0008; n = 3), and the mean passive
stiffness was also sigmificantly lower in mice than in * ° mice

of *
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after AMI (30,26 = 2. 13 mmHg/ 100 plin =~ vs. 65.08 £ 255
mmHg/ 100 ulin * ", P=0001; n=35; Fig. 2 C). In contrast,
no sigmticant difference was observed berween = °
nﬂnl“".!ffl mice .Ind Pt_’f‘h‘\'"" .

control
control noninfarct mice
(maximum rupture pressure was 344.0 £ 6,93 mmHg n ~ ~ w,
552.7 £ 786 mmHg in *'7; P = 0.4546; n = 5; mean passive
stiffness was 87.07 £ 4.41 mmHg/ 100 yl in =~ vs, B8.83 =
3.4 mmHg/ 100 ulin = *; P = 0.3985; n = 5). These biome-
chanical data indicate that both rupture threshold and passive
suffness n the LV of the penostin™ ™ infarcted mice were signifi-
cantly lower than those of the * ™ mice after AMI, suggesting that
the penoain™ ~ infarct LV wall was more susceptible to cardiac
rupture by mechamcal stress. Although penostn deficiency
did not affect heart structure, the circulatory system, or cardiac
performance under physiological conditions, penosun induced
in the infarct myocardium appears to play a pivortal role in the
healing process after AMI.

To confirm the histomorphological stiffness of the wall in
penostin™ ~ mice just escaping from rupture, we performed
echocardiography 7 d after AMI, in addition to 1 d for heart
tissue evaluation and 28 d for the analysis of chronic cardiac
pathophysiology after AMI (Fig. 2 12 and Table S1). Echo-
cardiographic measurements made 7 d after AMI showed de-
creases in left ventricular end-diastolic dimension (LVEDD)
and left ventricular end-systolic dimension (LVESD) in pen-
ostin~ — mace (n = 10), as compared with these parameters
“mice (= 15; LVEDD and LVESD values for™ ~ were
89.0 and 84 4%, respectively, of those for * °). These resules
demonstrate thar the absence of penostn attenuated venmcular
remodeling after AMI. To further examine tissue stffness
histologically, we performed toluidine blue staining, immuno-
fiuorescence analysis using anti=collagen 1, ~fibronectin, and
-vimentin antibodies, and transmission electron microscopic
(TEM) observaton of sections prepared from periostin® * and

“ muce 3 d after AMI. The results showed a lower number of
cardiac fibroblasts, along with sparser pencellular ECM densicy
in the penostin™ ~ puice than i the *° mice (Fig. 2, E and F);
indeed, the number of vimentin-positive cardiac fibroblasts
was decreased in the infarct region of periostin ™~ mice 5 d at-
ter AMI (7,635 £ 148 cells/mm? in *'* vs. 5,913 £ 297 cells/
mm*in "~ n=6; P <0.02; Fig. 2 C). Furthermore, reduced
collagen | and fibronectin immunoreactivity was observed in
the infarct border of the ~ '~ mice (Fig. 2 F and Fig. S3, available
at hup:/ /www jem.org/ cgn/ content/ full /jem. 2007 1297/DC1),
and the collagen tiber cross-sectional area (CSA) in the in-
tarct border of penostin =~ mce was sigmificantly smaller and
more uniform than that of *** mice 5 d after AMI (CSA of
1,014.642 £ 17.546 nm? for the ="~ and 2,233,780 + 25731
nm? for the © “: n = 6; P < 0.001, respectively; Fig. 2 G).
To confirm whether periostin deficiency affected the bio-
chemical property of collagen after AMI, we evaluated the
amount of collagen (hydroxyproline concentranion, percentage
of tissue dry weight) and nonreducible mature cross-links
(mol pyndinoline per mol collagen) i the infarct zone 4 d after
AMI. We detected a significant decrease in the collagen cross-
linking in the penostin™ ~ mice, compared with the * ~ mice

for *
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Figure 2. Cardiac rupture after AMI is caused by periostin disruption, (A] Schema of the targeting strategy deletes the first exon of periostin locus
(B) Decreased survival of periostin™ '~ mice (n = 91) compared with the survival of ='* mice (n = 80) after AML ™, P < 0.000
was more reduced in periostin®'~ mice than in *'* mice after AMI (left]. Mean passive stiffness was also significant!

mice after AMI [right). Open columns, filled columns, = P < 0.005, compared with ** mice. (D) Loss of periostin
AMI, as shown by echocardiography. Open columns, filled columns, * P < 005 compared with ** mice. (E} Hist

et LV wall stiffness

ological analysis of n
from periostin™'* and ~'~ mice stained with toluidine biue 5 d after AMI, shawing a lower number of cardiac fibrablasts and lower ECM density in
[right]) The number of vimentin-positive cells. *, P < 0,02, comparad with ** mice. [F) Images of the infarct border stained with anti-collagen | (left), and
TEM images of infarct border, sho

wing evidence of smaller and less abun

ollagen in tissues from periostin™'~ mice 5 d after AMI compared with the

A distribution of

collagen of the *'* infarct heart. Bar, 50 um. (G} C

rollagen fibrils in the infarct border of *'* and mice, measured from TEM images

Ta
|H) Biochemical analysis of the collager amount and cross-linking, =, P < 0.05, ™, P < 0.01, compared with * = [I] The number of aSMA-paositive

cells in the infarct area was reducad in periostin

mice §d after AML [r ght} The number of aSMA-positive cells
Error bars represent the mean + the SEM. Bars, 200 um

ed with ul
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+ 11461 1n n=4,vs. 6433 0919 " ", n=7,
P 1043; Fig. 2 H). Moreover, the periostin™ ~ infarce LV
nssue exhibited 32.9% less collagen content compared with
the ** dssue (7.832 £ 2.241% in ", n =4, vs. 14795 %
1.363% 1 =", n = 7; P =0.0283; Fig. 2 H). In normal heart
tissues from mice of either genotype, the collagen amount
was under the detection level by our methods (unpublished
data), indicaung that the detected collagen was newly pro-
duced after AML In conclusion, we observed the alterations
of collagen structure in the periostin™ ~ muce; they were smaller
and more uniform, with the decreased amount and cross-linking
of collagen effectng lower suffness. These results suggest that
periostin expression contributed significantly to the amount or
cross-linking of newly synthesized collagen, which 1s essennal
for the normal mechanical properties of collagen-containing
ussues after ML These findings indicate that impaired colla-
gen fiber formation occurred n periostin®~ mice after AML
Interestingly, although the total activity of myeloperoxidase
and the numbers of Mac-3—poutive inlammarory cells, ki67-
positive proliferating cells, and active caspase-3-positive
apoptotic cells in the infarct border were not significantly dif-
ferent between *'" and '~ mice (not depicted). we observed
a lower number of aSMA-positive cells in the infarct area
of perivstin™ ™ mice 3 d after AMI (1,792 £ 193 cells/mm?
m "7y, 738 £ 75 cells/mm? in ~ T, P<001; n=6;Fig. 21).

{1.5355
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However, the number of cells positive for SM1, which 1s
a specific marker of SMCs, was not significantly different,
and almost all of the aSMA-positive cells were SM1 nega-
tive (unpublished data). These results indicate that not the
inflammatory cell recruitment, burt rather the recruitment
of cardiac fibroblasts in the infarct region, was impaired in
these animals.

To determine whether the impaired cardiac healing in
response to AMI could be restored by penosun directly, we per-
formed a rescue expeniment by using AbAe, which 1s the man
periostin isoform detected early after AMI. The periostin™ ~
mice were treated with a recombinant adenovirus expressing
peniostin (Ad-AbAe) or with a control adenovirus (Ad-nls;
nuclear localizatnion signal-LacZ). In the control experiment,
the Ad-nls-LacZ transfer was detected in the infarct border
at 4 d after AMI by whole-mount X-gal staining, proving
the expenmental feasibility (Fig. 3 A). In perostin™ ~ mice
infected with Ad-Abde, we first confirmed expression of
transterred periostun in the infarcr tissue by immunoblot and
immunofluorescence analyses (Fig. 3 B and Fig. $4, available ar
hetp://www jem.org/cgi/content/ full /jem 20071297/DC1),
and then observed an increase in the area reacuve with ant-
«SMA antibody compared with that area of the control Ad-nls-
LacZ-infected periostin mice (397 £ 107 cells/mm?® in
Ad-nls-LacZ-infected

mice vs, 1,535 + 197 cells/mm?*

Figure 3. Adenovirus-mediated periostin AbAe gene transfer prevents cardiac rupture in the periostin™/~ mice. (A) Whole-mount X-gal staining
4 d after AMI showed strong expression in the border of the Ad-nis-lacZ-infected myocardial infarct (arrowheads) The arrow indicates the ligated

partion, (B) Western blot analysis for Ad-AbAe-infected periostin
in the periostin
|D] Compared with the Ad-nls-LacZ-infected periostin

Bars, 200 um

IEM VOL 205, Februgry 18, 2008

infaret LV. (C) Infection with Ad-AbAe reversed the high incidence of cardiac rupture
mice to a lower level, comparable to the incidence in the *-

mice. *, P<0.02; *, P < 0.001, compared with control Ad-treated mice

hearts, the Ad-AbAe-infected hearts increased the number of aSMA-positive cells 5 d after
AMI. [right) the number of aSMA-positive cells. ™, P < 0.01, compared with the mack Infection of the

mice. Error bars represent the mean + the SEM
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