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Secreted frizzled related protein 2 (Sfrp2) is known as an inhibitor
for the Wnt signaling. In recent studies, Sfrp2 has been reported to
inhibit the activity of Xenopus homolog of mammalian Tolloid-like
1 metalloproteinase. Bone morphogenic protein 1 (Bmp1)/Tolloid-
like metalloproteinase plays a key role in the regulation of colla-
gen biosynthesis and maturation after tissue injury. Here, we
showed both endogenous Sfrp2 and Bmp1 protein expressions
were up-regulated in rat heart after myocardial infarction (MI).
We hypothesize that Sfrp2 could inhibit mammalian Bmp1 activity
and, hence, the exogenous administration of Sfrp2 after MI would
inhibit the deposition of mature collagen and improve heart func-
tion. Using recombinant proteins, we demonstrated that Sfrp2,
but not Sfrp1 or Sfrp3, inhibited Bmp1 activity in vitro as measured
by a fluorogenic peptide based procollagen C-proteinase activity
assay. We also demonstrated that Sfrp2 at high concentration
inhibited human and rat type I procollagen processing by Bmp1
in vitro. We further showed that exogenously added Sfrp2
inhibited type I procollagen maturation in primary cardiac fibro-
blasts. Two days after direct injection into the rat infarcted myo-
cardium, Sfrp2 inhibited MI-induced type I collagen deposition. As
early as 2 wk after injection, Sfrp2 significantly reduced left ven-
tricular (LV) fibrosis as shown by trichrome staining. Four weeks
after injection, Sfrp2 prevented the anterior wall thinning and
significantly improved cardiac function as revealed by histological
analysis and echocardiographic measurement. Our study demon-
strates Sfrp2 at therapeutic doses can inhibit fibrosis and improve
LV function at a later stage after MI.

Myocardial infarction and postinfarction heart failure are the
major cause of mortality and morbidity in the United States.

Recently, stem- and progenitor-based cell therapy has shown
promise in the treatment of myocardial infarction, yet the un-
derlyingmechanism remains elusive.We reported that intracardiac
implantation of genetically modified mesenchymal stem cell over-
expressing Akt (Akt-MSC) dramatically reduced infarct size and
restored cardiac function in rodent hearts after coronary artery li-
gation (1).Wepostulated that thebeneficial effects ofAkt-MSCare
paracrine in nature (2, 3) and identified Sfrp2 as a key factor re-
leased by Akt-MSC–mediating myocardial survival and repair (4).
Sfrps are secreted proteins that structurally resemble the Wnt

frizzled receptors and serve as modulators of Wnt signaling (5).
Recent studies demonstrated that the Secreted Frizzled (Sizzled)
protein (sfrp related protein in Xenopus and zebrafish) played an
important role in dorsal-ventral patterning by stabilizing Chordin
through the inhibition of the Tolloid-family metalloproteinase in
Xenopus (Xolloid-related, Xlr) (6) and Zebrafish (Tolloid-like 1,
Tll1) (7). Interestingly, Lee et al. (6) showed that recombinant
mammalian Sfrp2 could also inhibit Chordin cleavage by inhib-
iting Xlr, a Xenopus homolog of mammalian Tolloid (mTLD)-
like 1. These studies raised the possibility that Sfrps might have
important biological functions other than regulation of Wnt
signaling (8).
Bmp1/ TLD-like metalloproteinase belongs to a subgroup of

astacin family and plays a key role in the regulation of ECM
formation and activation of transforming growth factor β (TGF-β)

(9). Four mammalian Bmp1/TLD-like proteases have been
identified: Bmp-1, mammalian Tolloid like, mTll-1, and mTll-2.
These proteases have procollagen C-proteinase (PCP) activities
that are responsible for the cleavage of C-propeptides from pro-
collagen precursors to produce mature collagen fibrils. In this
work, we showed that Sfrp2, but not Sfrp1 or Sfrp3, inhibited
recombinant Bmp1 activity in vitro. Exogenous Sfrp2 inhibited
the type I procollagen maturation in primary cardiac fibroblast
culture medium. Most importantly, we demonstrated that in-
jection of Sfrp2 protein into the infarct area of rat left ventricle 2
d after permanent coronary artery ligation inhibited MI-induced
fibrosis measured as early as 2 wk after injection. Injection of
Sfrp2 also prevented anterior wall thinning and significantly im-
proved cardiac function 4 wk later when remodeling was com-
plete. Taken together, we showed that Sfrp2 at therapeutic dosage
has a strong antifibrotic effect. It can prevent post-MI collagen
deposition and improve cardiac function.

Results
Up-Regulation of Bmp1, Collagens, and TGF-β in the Rat Left Ventricle
After MI. Type I and III collagens are the major forms of collagen
fibrils deposited in scar tissues after acute myocardial infarction
(10).We first examined the type I and III collagen expression in rat
left ventricles at the different time points after acute MI (Fig. 1 A
and B). Newly synthesized type I and type III collagens were
strongly up-regulated in infarcted area at day 3 and maintained
high levels of expression thereafter. These fibrillar collagens are
synthesized by myofibroblasts as procollagen precursors, with N
and C propeptides that must be removed before the triple helical
part of the mature monomers can assemble into the fibrils. We
next examined the protein levels of Bmp1 metalloproteinase,
which is responsible for the removal of C-propeptide. Consistent
with its role in procollagen maturation, Bmp1 was strongly up-
regulated in infarcted area at day 3 after MI (Fig. 1C).
A previous study reported that Bmp1 was also involved in col-

lagen biosynthesis other than maturation through the activation of
TGF-β (11). Indeed, mature TGFβ was significantly up-regulated
at day 3 in infarct area and maintained at a high expression level
thereafter (Fig. 1D). Mature TGF-β was also up-regulated in the
noninfarct area at the later stages after MI.

Up-Regulation of Sfrp2 Protein in Infarct Area After MI and Inhibition
of PCP Activity by Recombinant Sfrp2. A previous study showed that
Sfrp2 inhibited the activity of Xenopus homolog of mammalian
Tolloid-like 1 (Tll1) metalloproteinase (6). To explore the role of
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Sfrp2 in the regulation of mammalian Bmp1 function after MI, we
first examined the endogenous Sfrp2 protein level in left ventric-
ular (LV) tissues. Similar to Bmp1, Sfrp2 expression was signifi-
cantly up-regulated in infarct area after MI peaking at day 3.
However, its expression decreased afterward and became un-
detectable 14 d after MI (Fig. 2A). It is believed that Bmp1, its
alternative spliced form mTLD, and mTll1 were responsible for
the majority of PCP activities in animal tissues. Indeed, we found
that Bmp1 protein expressionwas up-regulated 3 d afterMI, a time
point when Type I procollagen expression were dramatically up-
regulated. To test whether Sfrp2 has any effects on PCP activity,
we assayed the PCP activities in tissue extracts from left ventricles
3 d after MI with the addition of recombinant Sfrp2. We found that
Sfrp2 had strong inhibitory effects on the PCP activities (Fig. 2B).
These observations raised the possibility that the inhibitory effect of
exogenous Sfrp2 on the PCP activity in MI tissues extracts was due
to its inhibition of Bmp1 protein activity.

Inhibition of Bmp1 Activity in Vitro by Recombinant Sfrp2. To further
prove the direct inhibition of Bmp1 activity by Sfrp2, we performed
the PCP activity assay by using recombinant human Bmp1 proteins

and a syntheticflurogenic peptide as substrate (7). As shown in Fig.
3A, Sfrp2 exhibited dose-dependent inhibition on Bmp1 activity.
Moreover, to test the specificity of this inhibitory effect, we com-
pared the effect of Sfrp1, Sfrp2, and Sfrp3 on Bmp1 activity. Sfrp1
and Sfrp2 protein are phylogenetically and closely related, whereas
Sfrp3 belongs to a separate subgroup. Only Sfrp2 significantly
inhibited Bmp1 activity, whereas Sfrp1 and Sfrp3 showed no
effects or even slightly enhanced Bmp1 activity (Fig. 3B). Bmp1
has multiple substrates in vivo that are involved in collagen mat-
uration and biosynthesis. To test the effects of Sfrp2 on Bmp1
activity with its native substrate, we used purified human type I
procollagen to perform the in vitro Bmp1 cleavage assay. We
found that at low concentration (10–20 nM) Sfrp2 enhancedBmp1
activity as revealed by increasing the formation of mature α1 and
α2 subunits of type I collagen (Fig. 3 C–E).
However, at high concentration (100–200 nM) Sfrp2 inhibited

Bmp1 activity, mainly on the formation of α1 subunit of type I
collagen. Previous studies demonstrated that Sizzled protein can
interact with zebrafish Bmp1a and Tll1 or Xenopus Xlr (6, 7). To
test whether Sfrp2 can directly interact with mammalian Bmp1,
we performed a coimmunoprecipitation assay. Recombinant
human Bmp1 protein could be pulled down by anti-FLAG aga-
rose beads binding with Sfrp2-FLAG proteins (Fig. 3F). These
data suggested that Sfrp2 can specifically regulate mammalian
Bmp1 activity through direct interaction with Bmp1 protein.

Inhibition of Procollagen Maturation by Sfrp2 in Conditioned Medium
from Primary Culture of Cardiac Fibroblasts. Cardiac fibroblasts are
the major source of collagen deposition and play a key role in the
scar formation after MI (12). Bmp1 expression has been detected
in primary culture of cardiac fibroblast, and PCP activity has been
shown to increase in response to collagen-inducing reagents (13).
To test whether Sfrp2 has any effects on procollagenmaturation in
cardiac fibroblasts, we first used conditioned medium from these
cells as substrate to perform in vitro Bmp1 cleavage assay. Again,
Sfrp2 increased the levels of Bmp1-induced mature collagen α1 at
low concentrations, whereas it showed inhibitory effects on Bmp1
activity at high concentrations (100 nM) (Fig. 4A). We next added
Sfrp2 directly into the culture medium of cardiac fibroblasts to
mimic the in vivo situation. We demonstrated that exogenous
Sfrp2 increased the ascorbic acid induced soluble type I pro-
collagen content in the culture medium in a dose-dependent
manner, whereas it had no effects on type III procollagen matu-
ration (Fig. 4B). Interestingly, Sfrp2 did not show any effects on
the total type I collagen level in cytosol fraction (Fig. 4C), sug-
gesting that Sfrp2 did not directly interfere with the synthesis or
secretion of collagen. These results further demonstrated that
Sfrp2 at high concentration acted as a Bmp1 inhibitor.

Inhibition of MI-Induced Fibrosis by Sfrp2 in Vivo. Because we al-
ready showed that Sfrp2, Bmp1, and type I collagen expression
were significantly up-regulated in infarct areas 3 d after MI and
Sfrp2 could inhibit Bmp1 activity and collagen maturation in
vitro, we decided to test whether exogenously added Sfrp2 can
interfere with collagen maturation in vivo. Two days after per-
manent left anterior descending (LAD) ligation, recombinant
Sfrp2 proteins were injected directly into the infarct areas. Two
days after injection, left ventricle heart tissues were collected and
type I collagen expressions were assayed by Western blot anal-
ysis. We demonstrated that Sfrp2 showed strong inhibition of
type I collagen deposition in infarct tissues in a dose-dependent
manner (Fig. 5A). The inhibitory effects were highly repro-
ducible when Sfrp2 was injected at a single dose of 4 μg of
protein per heart (Fig. 5B). Exogenous Sfrp2 (with a C-terminal
6×His tag) was still detectable in these tissue extracts 6 d after
acute MI (Fig. S3). In addition, we performed trichrome staining
on heart sections and analyzed collagen fibril deposition and
area of fibrosis 1 and 2 wk after Sfrp2 injection. There was
a trend toward less area of fibrosis in the Sfrp2-treated animals 1
wk after treatment (≈35% reduction), as compared with PBS
controls, but the differences did not reach statistical significance

Fig. 1. Bmp1, type I collagen, and TGF-β expression after permanent ligation
of rat LAD. Tissue lysates from rat left ventricleswere collectedatdifferent time
points after LAD ligation. Protein samples were subjected to Western blot
analysis and probed with rabbit anti-type I collagen antibody (A), rabbit anti-
type III antibody (B), mouse anti-Bmp1 antibody (C), and mouse anti-TGF-β
antibody (D). Data shown are representative results from two independent
experiments. See Fig. S1 for quantified data.

Fig. 2. Sfrp2 expression after MI and inhibition of PCP activity in LV tissue
lysates. (A) Tissue lysates from rat left ventricles were collected at different
time points after LAD ligation. Protein samples were subjected to Western
blot analysis and probed with goat anti-Sfrp2 antibody. Data shown are
representative results from two independent experiments. See Fig. S2 for
quantified data. (B) Rat hearts were subjected to permanent ligation, and
proteins were extracted from left ventricles 3 d after MI with 10 vol of ex-
traction buffer (25 mMHepes and 0.01% Brij35 at pH 7.5). PCP activities were
assayed with or without the incubation with recombinant Sfrp2 protein (100
nM). Sfrp2 inhibited the PCP activity in the left ventricle extracts. Values are
mean ± SD (n = 4).
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(Fig. 5C). However, significant differences in area of fibrosis
between PBS- and Sfrp2-treated animals were observed 2 wk
after intramyocardial injection (Fig. 5 C–E; ≈66% reduction).

Prevention of Anterior Wall Thinning and Improvement of LV Function
After MI by Sfrp2. Fibrosis and remodeling usually are complete 1
mo after acute MI in rodent model. To test the long-term effects
of Sfrp2 on the LV remodeling and function after MI, we per-
formed permanent LAD ligation and injected 4 μg per heart of
Sfrp2 into the infarct area 2 d after surgery. Three and four weeks
after acute MI, we performed echocardiographic analysis followed
by trichrome staining on heart sections from the same animals.
Consistent with 2-wk data on fibrosis, injection of Sfrp2 protein
significantly reduced area of fibrosis in LV in these animals (Fig.

6A; ≈50% reduction). Interestingly, the ratio of the anterior to
posterior wall thickness was significantly decreased 4 wk after MI
in PBS-treated animals but not in Sfrp2-treated animals (Fig. 6B).
Consistent with this observation, LV function was improved 4 wk
after Sfrp2 treatment as revealed by increasing fraction shortening
(FS) and mean velocity of fiber shortening (mVcfc) corrected by
heart rate (Table S1). These data demonstrated Sfrp2 at thera-
peutic dose acted as an inhibitor of fibrosis and remodeling and
improved LV function after MI.

Discussion
Fibroblasts are the major contributors to the interstitial fibrosis
that control the production and degradation of ECM components,
especially collagen networks. Up-regulated interstitial collagens

Fig. 3. Sfrp2 inhibits Bmp1 activity in vitro. (A) Bmp1 activity assay was performed by using recombinant Bmp1 protein (10 ng/μL) together with different
amounts of recombinant Sfrp2 protein. Sfrp2 can dose-dependently inhibit Bmp1 activity. Values aremean± SD (n = 3). (B) Bmp1 activity assays were performed
by using recombinant Bmp1 protein (10 ng/μL) together with recombinant Sfrp1, 2, and 3 proteins (100 nM). Values are mean ± SD (n = 3). Only Sfrp2 showed
inhibitory effect on Bmp1 activity (P < 0.01). (C) Bmp1 cleavage assay was performed with purified human type I procollagen as substrate. Four hundred
nanograms of procollagenwas incubatedwith 15 ng Bmp1with or without different concentration of Sfrp2. At low concentrations, (10–20nM) Sfrp2 enhanced
Bmp1 activity, whereas at high concentrations (100–200 nM), Sfrp2 inhibited Bmp1 activity. (D and E) show the quantitation of intensity of α1 (I) and α2 (I) band
in C. Similar results were obtained from three independent experiments. (F) Physical interaction between Bmp1 and Sfrp2. HEK 293 cells were transfected with
Sfrp2-FLAG expression vectors. Cell lysates were collected and incubated with anti-FLAG–conjugated agarose beads. After washing, beads were incubated with
different amounts of recombinant Bmp1 protein followed by extractionwith SDS sample buffer. Supernatants after centrifugationwere subjected to SDS/PAGE
and Western blots were probed with an anti-Bmp1 or anti-FLAG antibody. Results showed the Sfrp2-FLAG can pull down Bmp1 protein.
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account for the reduction of capillary density and oxygen diffusion,
reduced contractility of myocytes, and increased structural rigidity
of the left ventricle (14). Bmp1/TLD-like metalloproteinases are
obviously the interesting therapeutic targets for the modulation of
fibrosis, because they play key roles in collagen maturation and
deposition. However, only a few physiological inhibitors or specific
chemical antagonists of these proteinases have been described so
far (9), and no such agents were reported to prevent fibrosis in the
process of cardiac remodeling in vivo.
Recent studies in Zebrafish and Xenopus revealed the un-

expected role of Sfrps in the regulation of Bmp1/TLD-like pro-
teinase activity. Among these Sfrps, Sfrp2 was shown to inhibit
Chordin cleavage by inhibiting Xlr, a Xenopus homolog mTll-1.
Interestingly, our recent study identified the Sfrp2 as the key factor
released byAkt-MSCmediating cardiac protection afterMI.Based
on this information, we decided to explore the putativemodulatory
effects of Sfrp2 on the mammalian Bmp1 activity. We hypothesize
that (i)Bmp1/TLD-likeproteinase is involved in the cardiacfibrosis
after MI; (ii) Sfrp2 can inhibit Bmp1 activity and, as a result, ad-
ministration of Sfrp2 can inhibit after MI collagen maturation and
fibrosis. Indeed, our data demonstrated that the endogenous ex-
pressionofBmp1/TLD-like proteinase (Fig. 1) was significantly up-
regulated at day 3 after MI, the same time point when type I and
type III procollagen and TGF-β were also up-regulated. This ob-
servation is consistent with the role of Bmp1 as a key player in
procollagen biosynthesis and maturation. We also examined en-
dogenous Sfrp2 protein expression in response to acuteMI. Unlike
Bmp1 and TGF-β, Sfrp2 protein expression level was strongly up-

regulated at the early stage of MI (day 1 through day 3 after acute
MI) and became undetectable at the later stage when procollagen
matured. To test whether Sfrp2 can be an inhibitor of Bmp1, we
performed a series of in vitro and in vivo experiments. (i) Indeed,
we found that Sfrp2 at high concentration (100 nM) specifically
inhibited PCP activity, Bmp1 activity, and collagen maturation in
vitro (Figs. 2 and 3), and the underlying mechanism might be the
competitive inhibition of the binding of collagen substrate with
Bmp1 protein (Fig. 3). (ii) Using conditioned medium from pri-
mary cardiac fibroblasts as substrate, we showed that Sfrp2 inhibi-
ted procollagenmaturation in an in vitro Bmp1 cleavage assay (Fig.
4). We also demonstrated that exogenous Sfrp2 increased the sol-
uble type I procollagen accumulation in the culture medium in
a dose-dependantmanner but hadnoeffect on collagen synthesis in
the total cell lysates (Fig. 4). Because Bmp1 was expressed in cul-
tured cardiac fibroblasts (13), the effects of Sfrp2 on collagen
maturation were most likely through inhibiting Bmp1 activity. (iii)
We provided in vivo evidences showing that intramyocardial in-
jection of Sfrp2 inhibited MI-induced fibrosis in a dose-dependent
manner (Fig. 5). We observed an overall reduction of type I col-
lagen deposition in Sfrp2-injected tissues. Interstitial fibrosis was
reduced in the infarct area starting from 2 wk after Sfrp2 injection.
Most importantly, we demonstrated significant reduction of LV
wall thinning and improvement of LV function 1 mo after thera-
peutic administration of Sfrp2 (Fig. 6 and Table S1). Taken to-
gether, our results strongly suggested that the antifibrosis effect of
exogenously administrated Sfrp2 is due to its inhibition of Bmp1
activity.However, as Sfrp2hasmultiple physiological functions, our
datadidnotprove the specificityof Sfrp2 inBmp1 inhibition in vivo.
Early apoptotic events after acute cardiac MI have significant

impact on the late fibrosis process. Our previous study on Akt-
MSC mediating myocardial survival and repair suggested that
Sfrp2 may protect cardiomyocytes from apoptosis after acute MI
via the inhibition of Wnt signaling (15). Indeed, endogenous Sfrp2
was strongly up-regulated 1 d after acute MI, consistent with its
role as an antiapoptotic factor in the early stage ofMI. In this study,
to distinguish the antiapoptotic and antifibrotic functions of Sfrp2,
we chose to inject Sfrp2 into the infarct myocardium 2 d after MI
that was beyond the acute phase of cardiomyocyte apoptosis (at
this stage TUNEL-positive cells are localized mainly at the border
zone but not in the infarct area; Fig. S4) so that we could examine
more directly its in vivo effect on fibrosis. The positive results from
Sfrp2 injection on the reduction of fibrosis and restore of LV
function suggest Sfrp2 exerts its antifibrotic effects independent
from its antiapoptotic action on cardiomyocytes.
We observed exogenous Sfrp2 increased the accumulation of

procollagen in the culture medium of cardiac fibroblasts, whereas
Sfrp2 injection resulted in an overall reduction of collagens in the
myocardium in vivo.One possible explanation is that a high dose of
Sfrp2 may inhibit the proliferation or activation of cardiac fibro-
blasts, thereby reducing the overall level of collagen production.
However, we find that Sfrp2 at high doses can actually stimulate
the proliferation of cardiac fibroblasts in vitro and does not up-
regulate the expression of alpha smooth muscle actin, a marker of
myofibroblast (Fig. S5). These observations suggest that reduction
of collagen in Sfrp2-treated heart tissues is not the result of a de-
creased number of activated cardiac fibroblasts. Another expla-
nation for the in vivo Sfrp2 effects might be that Sfrp2 regulates
overall level of collagen production through the regulation of
Bmp1 activity. Bmp1 has multifaceted biological functions. Be-
sides its role in procollagen C-peptide removal, Bmp1 is also in-
volved in cross-linking of collagen fibrils via Lysyl oxidase (LOX)
maturation and collagen biosynthesis via TGF-β activation. Bmp1
can activate theLOXby removing theN-terminal peptide from the
preenzyme of LOX. Accordingly, inhibition of Bmp1 by Sfrp2 may
also reduce the collagen fibril formation through the direct in-
hibition of collagen cross-linking. Bmp1 could also indirectly ac-
tivate TGF-β (11), which plays a key role in the development of
cardiac remodeling (16). Because TGF-β is a strong inducer of
collagen biosynthesis, inhibition of its activity will reduce the
overall collagen deposition in infarct area.

Fig. 4. Inhibition of procollagen processing by Sfrp2 in the culture medium
of primary cardiac fibroblast cells. (A) Cardiac fibroblasts were isolated from
rat left ventricles and cultured in 35-mm culture dishes. Cells were stimulated
with ascorbic acid for 48 h, and culture medium was collected. Conditioned
medium (40 μL) was incubatedwith 15 ng of Bmp1with andwithout different
concentration of Sfrp2 protein. Samples were subjected to SDS/PAGE fol-
lowed byWestern blot analysis. Blots were probed with an anti-collagen type
I antibody. Sfrp2 increased α1 level at low concentrations (20 nM) but showed
the inhibitory effects on Bmp1 activity at high concentrations (100 nM). (B)
Cardiacfibroblasts were stimulatedwith ascorbic acid together with different
concentration of exogenous Sfrp2. Forty-eight hours later, conditionmedium
and total cell lysates (C) were collected and samples were subjected to SDS/
PAGE followed by Western blot analysis. Sfrp2 could increase the soluble
precollagen level in the culturemedium in a dose-dependentmanner and had
no effects on the total collagen level in cytosol.
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Recently Kobayashi et al. published a study on the role of
Sfrp2 in fibrosis associated with MI (17). In Sfrp2-null mice
subjected to MI, they observed reduced fibrosis as compared
with wild-type mice. In contrast to Kobayashi’s observation and
consistent with our results, Alfaro et al. recently demonstrated
that peri-infarct intramyocardial injection of genetically modified
MSC overexpressing Sfrp2 resulted in enhanced engraftment,
vascular density, reduced infarct size and remodeling, and in-
creased cardiac function after myocardial injury in mice (18).
The discrepancy between the results of Kobayashi et al. vs. those
ofAlfaro et al. and our laboratorymay be explained by the apparent
biphasic effect of Sfrp2 on Bmp1. Kobayashi et al. showed that at
physiologic doses (10–20 nM), Sfrp2 increased Bmp1 activity as
measured by an in vitro procollagen cleavage assay. By using their
recently published protocol to assay Bmp1 activity (19), we were
able to demonstrate that at a low concentration (10–20 nM), Sfrp2
enhancedBmp1 activity, whereas in concentrations of 100–200 nM,
Sfrp2 inhibitedBmp1activity. Similar effectswereobservedbyusing
conditioned medium from cardiac fibroblasts as substrate. Endog-
enous Sfrp2 was up-regulated at an early stage after MI [>80-fold
increase according to Kobayashi et al. (17)] and became un-
detectable at later stage. If the physiologic concentration of Sfrp2 is
≈10–20nM, then the concentration of Sfrp2 at early stage after MI

should be much higher than 100–200 nM. Based on our data, Sfrp2
should inhibit Bmp1 activity at this concentration range. Therefore,
effects of Sfrp2 at the early stage afterMImight be explained by the
integration of both its antiapoptosis and antifibrosis function. De-
letion of Sfrp2 will enhance the tissue apoptosis, thereby offset the
potential fibrosis consequence. At a later stage afterMI, expression
level of Sfrp2 dramatically decreased andmost likely returned to its
physiologic concentration, at which Sfrp2 will enhance Bmp1 ac-
tivity. Deletion of Sfrp2 will only reduce fibrosis at this stage be-
cause apoptosis is no longer a major event. Our hypothesis on the
biphasic function of Sfrp2 in vivo seems to be supported by
Kobayshi et al.’s data on Sfrp2- null mice. Reduced fibrosis and
functional recovery in these mice after acute MI can only be ob-
served at later stage (2 wk) but not at early stage (1 wk) after sur-
gery. At the molecular level, we detected a high level of type I
procollagen at the early stage of MI when Sfrp2 expression was
high, whereas a low level of procollagen was observed at a later
stage when Sfrp2 was undetectable. The beneficial effects of Akt-
MSC and Sfrp2- MSC on MI hearts can also be explained by the
inhibitory effects of overexpressing Sfrp2 on Bmp1. MSCs over-
expressing either Akt or Sfrp2 can secrete high concentrations of
Sfrp2 (100-fold increase in Akt-MSC cells; ref. 4), reaching a level
that can inhibit Bmp1 activity.

Fig. 5. Sfrp2 Inhibited collagenmaturationandfibrosis in vivo. Recombinant Sfrp2proteinwas injected to the infarct areas in rat left ventricles2 dafter permanent
ligation of LAD. Two days after injection, protein extracts from left ventricles were subjected to SDS/PAGE, and Western blots were probed with an anti-collagen
type I antibody. Intramyocardial injection of Sfrp2 could reduce the type I collagen processing in a dose-dependant manner (A), and reproducible results were
obtained at thedose of 4 μg per heart (B;n = 3). See Fig. S2 for quantifieddata. One and 2wk after injection of 4 μg per heart Sfrp2, heart tissueswere collected and
paraffin-embedded sections were subjected to trichrome staining. Area of fibrosis within the left ventricles from rats injected with Sfrp2 was reduced compared
with PBS-injected tissues 2 wk after injection (C; mean ± SE, P < 0.05, n = 3 or 4). Representative left ventricle sections were shown in D and E.
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In summary, our findings shed light on the biological function
of Sfrp2 and describe a physiologically active agent can directly
target the collagen maturation in the infarct heart tissue. Sfrp2 is
the key paracrine factor secreted by Akt-MSC. Elucidation of
biological function of Sfrp2 will enable the further understanding
of the stem cell biology in the treatment of heart failure. Clini-
cally, Sfrp2 has the intriguing potential to be a novel antifibrosis
agent for the prevention of heart failure.

Materials and Methods
See SI Materials and Methods for details.

Rat Acute MI Model and Protein Injection. Ligation of the LAD coronary artery
was performed in 6-wk-old Sprague–Dawley male rats as described (3). Av-
erage initial MI size is ≈50%. For protein injection, animals were randomized
into three groups: sham-operated animals, control animals that received PBS
injection, and animals that received recombinant Sfrp2 proteins (R&D Sys-
tems). Two days after acute MI, different doses of proteins suspended in PBS

or an equivalent volume of PBS alone were injected in five different sites at
the infarct area.

Primary Culture of Cardiac Fibroblasts. Adult rat cardiac fibroblasts were
isolated by collagenase-trypsin digestion of rat heart. For the collagen assay,
cells were treated with ascorbic acid (10 μg/mL; Sigma) for 48 h with or
without the addition of different concentrations of recombinant Sfrp2.
Culture mediums were collected and cells were lysed with RIPA buffer.
Proteins were separated by SDS/PAGE followed by Western blot analysis
probed with a rabbit anti-type I collagen antibody (Abcam).

In Vitro PCP Activity Assay. A fluorogenic peptide substrate-based (Mca-Tyr-
Val-Ala-Asp-Ala-Pro-Lys-(Dnp)-OH) in vitro PCP activity assay was performed
according to the instructions by the manufacturer (R&D Systems).

Purification of Type I Procollagen and Assay for Bmp1 Cleavage Activity. Hu-
man type I procollagen was purified as described (20), and procollagen
cleavage assay was performed as described in Huang et al. (19). In some of
the cleavage experiments, condition medium from primary human dermal
or rat cardiac fibroblasts culture were used instead of purified procollagen.

Histological Analysis of Myocardial Fibrosis and Remodeling. One, 2, 3, and
4 wk after protein injection, rat heart sections were stained with Masson’s
trichrome stain (Sigma) for the visualization of interstitial collagen de-
position. Collagen-positive areas were calculated by using Image J software
(NIH). Percent fibrosis was expressed as the ratio of fibrotic area to total LV
area. The wall-thinning index was calculated as the ratio of anterior-to-
posterior wall thickness.

Echocardiography. Transthoracic 2-dimensional and M-mode echocardiog-
raphy was performed 3 and 4 wk after MI in anesthetized rats.

Statistical Analysis. Results are shown as means ± SD. Unpaired t test was
used to compare the differences in fibrosis and LV function in left ventricles
between the PBS- and Sfrp2-treated animals. P < 0.05 was considered to be
statistical significance.
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Fig. 6. Sfrp2 prevented anterior wall thinning after MI. Recombinant Sfrp2
protein was injected to the infarct areas in rat left ventricles 2 d after per-
manent ligation of LAD. Three and 4 wk after injection, heart tissues were
collected and paraffin-embedded sections were subjected to trichrome stain-
ing. Area of fibrosis within the left ventricles from rats injected with Sfrp2 was
reduced compared with PBS-injected tissues (A; values are mean ± SD). The
radio of the anterior to posterior wall thickness (AWT/PWT) was significantly
decreased in PBS-treated animals 4 wk after MI (B; values are mean ± SD).
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