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Wnt signaling has diverse actions in cardiovascular develop-
ment and disease processes. Secreted frizzled-related protein 5
(Sfrp5) has been shown to function as an extracellular inhibitor
of non-canonical Wnt signaling that is expressed at relatively
high levels in white adipose tissue. The aim of this study was to
investigate the role of Sfrp5 in the heart under ischemic stress.
Sfrp5 KO and WT mice were subjected to ischemia/reperfusion
(I/R). Although Sfrp5-KO mice exhibited no detectable pheno-
type when compared with WT control at baseline, they dis-
played larger infarct sizes, enhanced cardiac myocyte apoptosis,
and diminished cardiac function following I/R. The ischemic
lesions of Sfrp5-KO mice had greater infiltration of Wnt5a-pos-
itive macrophages and greater inflammatory cytokine and
chemokine gene expression when compared with WT mice. In
bone marrow-derived macrophages, Wnt5a promoted JNK acti-
vation and increased inflammatory gene expression, whereas
treatment with Sfrp5 blocked these effects. These results indi-
cate that Sfrp5 functions to antagonize inflammatory responses
after I/R in the heart, possibly through a mechanism involving
non-canonical Wnt5a/JNK signaling.

Inflammation is widely recognized to be involved in the
pathogenesis, severity, and outcome of ischemic heart disease
(1). Obesity is thought to contribute to cardiovascular disor-
ders, at least in part, through the systemic release of pro-inflam-
matory adipokines by dysfunctional white adipose tissue
(WAT)2 (2, 3). Inflammation has complex roles in both adapt-
ive healing process following infarction as well as in the mal-

adaptive processes that contribute to heart failure (4 –7), and
the acute healing and eventual outcome of ischemic myocardial
injury are dependent upon the appropriately choreographed
regulation of numerous pro- and anti-inflammatory modula-
tors. In this regard, immune modulators produced by adipose
tissue can either facilitate or impair the myocardial healing pro-
cess, depending on the status of adipose tissue function and the
composition of its inflammatory secretome (3, 8, 9). Thus, a
better understanding of the links between obesity-mediated
inflammatory processes and post-infarct remodeling of the
heart is warranted.

At the cellular level, inflammatory processes are tightly
orchestrated by secreted signaling molecules that bind to spe-
cific cell surface receptors and activate intracellular signaling
pathways. Signaling by Wnt ligands is a major regulator of sev-
eral biological processes, but its roles in modulating inflamma-
tory responses are relatively understudied. The 19 Wnt family
proteins contain cysteine-rich domains and activate signaling
by binding to one or more of the 10 frizzled family receptors
(10). Wnt signaling can be classified as canonical or a non-
canonical (10, 11). Canonical Wnt signaling involves activation
of the �-catenin signaling pathway. Non-canonical Wnt signal-
ing involves other pathways including planar cell polarity and
Ca2� pathways (10, 12, 13). Wnt3a is the prototypical ligand
that induces canonical signaling, whereas Wnt5a has mostly
been associated with non-canonical signaling. Canonical and
non-canonical Wnt signaling pathways are generally thought to
functionally oppose each other. It is reported that both canon-
ical and non-canonical Wnt signaling pathways play an impor-
tant role in cardiac development and myocyte differentiation
(12, 14), and in the adult, have been reported to be involved in
maladaptive hypertrophy (15–17).

Both canonical and non-canonical Wnt signaling pathways
can be regulated by several endogenous antagonists, including
Wnt inhibitory factor (WIF), Cerberus (CER), and Dickkopf
(Dkk) (18). Secreted frizzled-related proteins (Sfrps) represent
a family of decoy receptors that negatively modulate Wnt sig-
naling (19 –22). Sfrps have cysteine-rich domain domains (22,
23), and the antagonistic effect of Sfrps on signaling is thought
to be mediated by the ability to bind either Wnt ligands and/or
the frizzled receptors (10, 18, 22).

Accumulating evidence implicates the participation of Sfrps
in ischemic cardiovascular diseases. It is reported that Sfrp2
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activates mesenchymal stem cells and promotes cardiac repair
following myocardial infarction via inhibition of bone morpho-
genic protein (BMP) and canonical Wnt signaling (24, 25).
Sfrp1 has also been shown to have a protective role in post-
infarct left ventricular (LV) remodeling (26). Furthermore, the
combined blockade of Wnt/frizzled signaling by Wnt3a/Wnt5a
homologues suppresses development of heart failure following
myocardial infarction (27). Although these studies provide
compelling evidence for the importance of Sfrp/Wnt signaling
in cardiac development and disease, the role of this signaling
pathway in the context of inflammatory cardio-metabolic dis-
ease has not been investigated.

We and other groups have reported that Sfrp5 is highly
expressed in WAT and is involved in obesity and metabolic
function (28 –33). Most of these reports are consistent with the
interpretation that Sfrp5 has an anti-inflammatory effect and
that it exerts these effects through the suppression of non-ca-
nonical Wnt5a/JNK signaling pathway. To date, nothing has
been reported about the role of Sfrp5 in ischemic heart disease.
Here, we investigate whether Sfrp5 affects the inflammatory
response of the heart to acute ischemic injury. Specifically, we
tested the effects of Sfrp5 on myocardial infarct size, apoptotic
activity, and inflammatory responses following ischemia reper-
fusion (I/R) injury. We also tested the effects of Sfrp5 on mouse
bone marrow-derived macrophage (BMDM) phenotype in
vitro. Our observations indicate that Sfrp5 is cardio-protective
in the context of I/R injury. This protection is associated with
the inhibition of Wnt5a/JNK-dependent anti-inflammatory
actions of Sfrp5.

Experimental Procedures

Materials—Antibodies against phospho-JNK (Thr-172),
JNK, phospho-GSK-3�, total GSK-3�, and GAPDH were pur-
chased from Cell Signaling Technology. Galectin3 (also known
as Mac2) antibody was obtained from Santa Cruz Biotechnol-
ogy. Wnt5a antibody was obtained from R&D Systems. Recom-
binant Sfrp5, TNF�, Wnt5a, and Wnt3a proteins (expressed in
Chinese hamster ovary cells, endotoxin level is �1.0 enzyme
units per 1 �g of the protein by the Limulus amebocyte lysate
method) were obtained from R&D Systems. SP600125, which is
a JNK inhibitor, tunicamycin, and hydrogen peroxide were pur-
chased from Sigma-Aldrich. DMEM and RPMI 1640 medium
were purchased from Life Technologies.

Mouse Lines—Sfrp5-deficient mice are viable and fertile and
do not display overt abnormalities at baseline. Mice lacking
Sfrp5 were backcrossed and maintained on the C57BL/6 back-
ground (Charles River Laboratories). Sfrp5�/� (Sfrp5-KO)
mice were generated by replacing the first protein coding exon
with the PGKneobpAloxA cassette as described previously (34).
Sfrp5-KO mice and littermate WT C57BL/6 mice were used.
All experiments were performed in adherence with the
National Institutes of Health Guidelines on the Use of Labora-
tory Animals, and were approved by the Institutional Animal
Care and Use Committee at Boston University.

I/R Injury Model—Ten-to-twelve-week-old male WT and
Sfrp5-KO mice underwent I/R injury as described previously
(9). Following anesthetization (pentobarbital 50 mg/kg intra-
peritoneal) and intubation, a suture was ligated around the

proximal left coronary artery using a snare occluder. Ischemia
followed by reperfusion was accomplished by tightening the
snare occluder for 30 min and then loosening it. Myocardial
reperfusion was confirmed by changes in ECG as well as by
changes in the appearance of the heart from pale to bright red.
The suture was left in place, and the chest was closed. During
the surgical procedure, ECG and the rectal temperature were
monitored, and the rectal temperature was maintained at 37 �
0.5 °C. Twenty-four hours after reperfusion, the chest was re-
opened and the suture was re-tied. Evans Blue dye was injected
at the aortic root to determine the area at risk (AAR). The heart
was then excised and incubated with 1.5% 2,3,5-triphenyltetra-
zolium chloride for 10 min at 37 °C to determine the infarction
area (IA). LV area, AAR, and IA were determined by comput-
erized planimetry using ImageJ.

Echocardiography—To measure LV systolic function and
chamber dimensions, echocardiography was performed with a
Vevo 770 machine using a probe 707B (30 MHz). Mice were
anesthetized with 1–2% isoflurane and placed on the heating
pad (37 °C) during observation. The heart was first visualized in
long/short axis views followed by M-mode analysis of the short
axis. The symmetrical short axis images were obtained at the
level of papillary muscles. Diastolic intraventricular septum,
diastolic posterior wall thickness (PWd), LV end diastolic
diameter (LVEDD), and LV end systolic diameter (LVESD)
were assessed from M-mode images. %LV fractional shortening
(%FS) was calculated by the following equation: %FS � LVESD/
(LVEDD � LVESD) � 100. At least three measurements were
obtained and averaged for every data point from each mouse.

Immunohistochemistry and Immunofluorescence—Myocar-
dial tissues from WT or Sfrp5-KO mice were fixed by 4% para-
formaldehyde overnight. Fixed tissues were replaced sucrose
solution before embedding by OCT compound. Cryostat sec-
tions were cut at a thickness of 5 �m. Endogenous peroxidase
activity was blocked with 0.3% H2O2 in PBS for 10 min at room
temperature, and nonspecific binding sites were blocked with
3% horse serum in PBS for 1 h at room temperature. Samples
were incubated with goat polyclonal Wnt5a antibody (R&D
Systems; 1:100) overnight at 4 °C, followed by incubation with
biotin-conjugated secondary antibody and horseradish peroxi-
dase-avidin. After incubation, a VECTASTAIN Elite ABC kit
(Vector Laboratories) was used according to the manufactu-
rer’s instructions. For immunofluorescence, tissues were
blocked with BSA and then incubated with Wnt5a (R&D Sys-
tems) antibody and Mac2 (Santa Cruz Biotechnology) anti-
body, followed by incubation with anti-goat IgG conjugated
with Alexa Fluor 488 (Life Technologies) for detection of
Wnt5a and anti-rabbit IgG conjugated with Alexa Fluor 594
(Life Technologies) for detection of Mac2. DAPI was used for
nuclear staining. Images were recorded using a Zeiss LSM 710-
Live Duo scan confocal microscope.

Western Blot Analysis—Tissue samples were homogenized in
radioimmunoprecipitation assay buffer (Thermo Scientific)
with protease and phosphatase inhibitor mixture (Thermo Sci-
entific). Protein concentration was determined by the BCA
method (Thermo Scientific). Equal amounts of protein (10 –50
�g) were separated in denaturing SDS 10% polyacrylamide gels
and transferred to PVDF membranes. After blocking with 5%
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nonfat dried skim milk or BSA in TBS containing 0.1%
Tween-20 at room temperature for 1 h, the membranes were
incubated with the primary antibodies(1:100 –1:1000) at 4 °C
overnight, followed by incubation with the secondary antibody
conjugated with HRP (1:2500 –1:10000) at room temperature
for 1 h. Proteins were visualized using the ECL Plus Western
blotting detection kit (Amersham Biosciences).

RNA Isolation and Quantitative Real-time PCR—Total RNA
was prepared from mouse tissues and cultured cells by using an
RNeasy mini or micro kit (Qiagen), respectively. cDNA was
synthesized from 500 ng of total RNA using the QuantiTect
reverse transcription kit (Qiagen). Quantitative Real-Time PCR
(qRT-PCR) was carried out on a ViiA7 (Applied Biosystems)
using SYBR Green real-time PCR master mix (Applied Biosys-
tems). The �-� Ct method using 36B4 or GAPDH RNA and
sham/control as the reference and calibrator, respectively, was
employed for relative quantification of gene expression.

Cell Culture—Primary cultures of neonatal rat ventricular
myocytes (NRVMs) were prepared as described previously (9).
NRVMs were incubated in DMEM supplemented with 10%
FBS for 18 h after preparation. Assays were performed after
24 – 48 h of serum deprivation. A GasPak system (BD Biosci-
ences) was used to create hypoxic conditions. BMDMs were
obtained by in vitro differentiation of mouse bone marrow pro-
genitors. Bone marrow cells were aseptically flushed from
femurs and tibias of mice through a 27-gauge needle. Cells were
then plated and cultured in RPMI 1640 containing 2 mM gluta-
mine, 25 mM HEPES, 10% heat-inactivated FBS (low endotoxin
level), and 10 ng/ml M-CSF (R&D Systems). Assays were per-
formed at day 5 after plating and induction of BMDM differen-
tiation by M-CSF treatment. Mouse 3T3-L1 cells (ATCC) were
maintained in DMEM with 10% FBS and differentiated into
adipocytes by treatment with DMEM supplemented with 5
�g/ml insulin, 0.5 mM 1-methyl-3-isobutyl-xanthine, and 1 �M

dexamethasone (35). At day 7 after differentiation, 3T3-L1 adi-
pocytes were treated with tunicamycin, H2O2, TNF�, or vehicle
for 24 h.

TUNEL Staining—TUNEL staining for both hearts after I/R
and cultured NRVMs after hypoxia/reoxygenation (H/R) with
or without pretreatment (Wnt5a, Sfrp5, or SP600125), was per-
formed using an in situ cell death detection kit (Roche Applied
Science). For heart tissues, specimens were fixed by 4% parafor-
maldehyde in PBS overnight at 4 °C, permeabilized with 0.1%
Triton X-100, and then incubated with anti-sarcomeric actinin
antibody (Sigma; clone EA53, 1:100) for 60 min followed by
incubation with Alexa Fluor 594-conjugated anti-mouse IgG
antibody (Life Technologies). Specimens were then incubated
with TUNEL staining solution for 1 h according to the manufa-
cturer’s protocol. For NRVMs, equal numbers of cells were
exposed to 12 h of hypoxia followed by 24 h of reoxygenation,
and then treated as described above with the 4% paraformalde-
hyde fixation for 15 min at room temperature. DAPI was used
for nuclear staining. TUNEL-positive cardiomyocytes were
counted in randomly selected three fields of the slide.

Statistical Analysis—Data are presented as mean � S.E.
Analyses were performed using StatView software. To compare
three or more groups, a one- or two-way analysis of variance
was performed with post hoc Student’s t tests. For echocardio-

graphic analysis, a two-way repeated measured analysis of vari-
ance was performed with Bonferroni post hoc tests. A value of
p � 0.05 was considered statistically significant.

Results

Characterization of Sfrp5 Gene Expression—Consistent with
prior studies (28, 36), Sfrp5 transcript expression is enriched in
adipose tissue, particularly in epididymal and pericardial
depots, whereas expression in subcutaneous WAT and brown
adipose tissue was much lower (Fig. 1A). Sfrp5 mRNA expres-
sion in the myocardium is low when compared with epididymal
WAT (Fig. 1B). In contrast to Sfrp5, levels of Sfrp1, Sfrp3, and
Sfrp4 were low or undetectable in epididymal WAT, whereas
Sfrp2 showed modest expression (Fig. 1C). Deficiency of Sfrp5
did not detectably affect the expression of other Sfrp family
members (Fig. 1C).

WT and Sfrp5-KO mice were subjected to 30 min of left
anterior descending artery ligation followed by 24 h of reperfu-
sion. Myocardial I/R in WT mice led to a marked reduction in
Sfrp5 transcript expression in epididymal and pericardial fat
(Fig. 2). The expression of other adipokines, adiponectin and
C1q/TNF-related protein 9 (CTRP9), which have cardiovascu-
lar- and metabolic-protective activities (8, 9, 37– 41), was also
examined in the myocardial I/R model. Like Sfrp5, the CTRP9
transcript was down-regulated following ischemic myocardial
injury in both pericardial and epididymal fat depots (Fig. 2).
Ischemic myocardial injury also led to the down-regulation of

FIGURE 1. Tissue-specific expression of Sfrp5. Total RNA was extracted from
adipose tissue, and cDNA was obtained by reverse transcription. Quantifica-
tion was carried out by qRT-PCR. A, Sfrp5 mRNA in adipose tissue depots from
WT mice (n � 4 each). BAT, brown adipose tissue. BAT, brown adipose tissue.
B, expression of Sfrp5 mRNA in epididymal adipose tissue and heart of WT
mice. (n � 4 each). **, p � 0.05. C, basal expression of Sfrp1, Sfrp2, Sfrp3, Sfrp4,
and Sfrp5 mRNA in Sfrp5-KO mice and WT controls. (n � 4 each). **, p � 0.05.
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adiponectin transcript in the pericardial adipose tissue, but this
down-regulation was not detected in epididymal WAT. Sfrp5
deficiency did not have any detectable effect on the transcript
levels of adiponectin or CTRP9 at baseline or in response to
myocardial injury in either adipose tissue depot (Fig. 2). Simi-
larly, Sfrp deficiency did not have any detectable effect on the
expression of TNF-�, IL-1�, or IL-6 transcripts at baseline or in
response to myocardial injury in either pericardial or epididy-
mal adipose tissue (data not shown).

Studies were performed in cultured adipocytes to better
define the regulation of Sfrp5. The time course of Sfrp5 tran-
script induction was similar to that of adiponectin during the
differentiation of 3T3-L1 adipocytes (Fig. 3). Sfrp5 expression
was down-regulated under conditions of endoplasmic reticu-
lum stress, conferred by treatment with tunicamycin, reactive
oxygen species stress, conferred by treatment of H2O2, and by
incubation with TNF� in differentiated 3T3-L1 adipocytes.
These conditions also led to the down-regulation of adiponec-
tin in cultured adipocytes.

Increased Myocardial Infarct Size and Myocyte Apoptosis in
Sfrp5-KO Mice after Ischemia/Reperfusion Injury—Sfrp5-KO
mice are viable and fertile and do not display obvious morpho-

logical abnormalities when they are fed a normal diet (28, 34,
42). Body weight and echocardiographic data at baseline in
8 –10-week-old male mice did not differ between WT and
Sfrp5-KO mice (Table 1). To evaluate the functional role of
Sfrp5 in the heart under conditions of transient ischemia, we
induced myocardial I/R injury in both WT and Sfrp5-KO mice.
All mice survived the surgical induction of I/R injury. Repre-
sentative photographs of myocardial tissues stained with Evans
blue dye, to delineate AAR, and 2,3,5-triphenyltetrazolium
chloride, to delineate IA, in WT and Sfrp5-KO mice are shown
in Fig. 4A. The ratio of AAR to left ventricular area (AAR/LV)
was statistically equivalent between WT and Sfrp5-KO mice
(52.2 � 2.5% versus 52.1 � 2.1%) (Fig. 4B). In contrast, the ratios
of IA to AAR (IA/AAR) and IA to left ventricular area (IA/LV)
in Sfrp5-KO mice were statistically higher when compared with
those of WT mice (IA/AAR; 28.6 � 2.3% versus 39.1 � 2.9%,
IA/LV; 15.3 � 1.7% versus 20.6 � 1.9%). Thus, Sfrp5 deficiency
leads to greater infarct size following I/R injury.

Hearts were also assessed echocardiographically at baseline
and at 1, 14, and 28 days after I/R injury (Fig. 4C). At 1 day after
ischemic injury, the reperfused hearts showed a trend toward
functional deterioration, but this was not statistically signifi-

FIGURE 2. Modulation of adipokine expression following myocardial I/R injury. Total RNA was extracted from epididymal WAT and pericardial adipose
tissue (AT) following sham and I/R injury, and obtained cDNA by reverse transcription reaction. Quantification was carried out by qRT-PCR. Expression of Sfrp5,
adiponectin, and CTRP9 mRNA in the indicated adipose tissue depot following sham operation and I/R injury was determined (n � 4 each). *, p � 0.05.
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cant. At 14 and 28 days after I/R, the deterioration in the per-
centage of fractional shortening (%FS) was greater in the
Sfrp5-KO mice than WT mice, consistent with the greater
infarct size.

To investigate the extent of apoptotic cell death in the heart
following I/R injury, TUNEL staining was performed on the
excised hearts of the WT and Sfrp5-KO experimental groups at
the 24-h reperfusion time point. Representative photographs of
TUNEL-positive, �-sarcomeric actin-positive cardiac myocyte
nuclei in the ischemic portions of the LV are shown in Fig. 5A.
Quantitative analysis showed abundant TUNEL-positive cells
in the ischemic LV of both Sfrp5-KO and WT mice, with a
significantly higher proportion of positive cells in the hearts of
the Sfrp5-KO strain (Fig. 5B). In contrast, TUNEL-positive cells
were not detected in the hearts of sham-treated mice.

To analyze the involvement of Sfrp5 in greater detail, cul-
tured NRVMs were exposed to hypoxia/reoxygenation, to sim-

ulate I/R, in the presence and absence of Sfrp5 and Wnt5a, one
of its cognate Wnt ligands (28, 43). Myocyte apoptosis was
assessed by TUNEL staining (Fig. 5C). Hypoxia/reoxygenation
led to a modest increase in TUNEL-positive NRVMs, but treat-
ment with recombinant Wnt5a protein led to a marked
increase in the frequency of TUNEL-positive nuclei. The inclu-
sion of recombinant Sfrp5 completely reversed the Wnt5a-in-
duced increase in NRVM apoptosis. Sfrp5 alone had no effect
on the frequency of TUNEL-positive NRVMs, ostensibly
because cardiac myocytes do not express Wnt5a.

JNK, a component of planar cell polarity, is activated by non-
canonical Wnt signaling in multiple systems (28, 44, 45) includ-
ing cardiac myocytes (Ref. 46 and data not shown). To evaluate
the role of JNK in mediating Wnt5a-induced myocyte apopto-
sis, cultured NRVMs were treated with recombinant Wnt5a
under conditions of hypoxia/reoxygenation. The Wnt5a-in-
duced increase in myocyte apoptosis was abrogated by pre-
treatment with the JNK inhibitor SP600125 (Fig. 5D). SP600125
was as effective as recombinant Sfrp5 in inhibiting apoptosis,
returning it to baseline levels.

Enhanced Accumulation of Wnt5a-positive Macrophages in
the Ischemic Myocardium of Sfrp5-KO Mice—Because it has
been reported that Sfrp5 antagonizes Wnt5a-mediated signal-
ing in other systems (28, 43), we analyzed the presence of
Wnt5a-positive cells in the infarcted heart. Immunohisto-
chemical analysis showed that Wnt5a-positive cells are present
in the damaged myocardium, and Wnt5a-positive cells largely
co-localized with a subset of cells that were positive for Mac2, a
marker for macrophages (Fig. 6A). Quantitative analyses
revealed a marked increase in Wnt5a-positive as well as Mac2-
positive cells in the ischemic myocardium (Fig. 6B). Notably,
the number of Wnt5a-positive and Mac2-positive cells present
in the ischemic myocardium was greater in the Sfrp5-KO
mouse than in WT mice. The Wnt5a-positive cells did not co-
localize with CD31, a vascular endothelial cell marker, nor with
Fsp1 (fibroblast-specific protein 1; also known as S100A), a
fibroblast marker (data not shown). No signal for Wnt5a or
Mac2 could be detected in sham-treated hearts (Fig. 6B).

Sfrp5/Wnt5a-mediated Modulation of Macrophage Signal-
ing—Accumulating evidence suggests that Wnt5a can function
as an immune system modulator that acts in an autocrine man-
ner (45, 47–50). Thus, we evaluated the effects of Wnt5a and
Sfrp5 on murine BMDMs in vitro. Stimulation with LPS led to a
5-fold increase in Wnt5a transcript expression (Fig. 7A). More-
over, Wnt5a mRNA was elevated more than 2-fold after stim-
ulation with exogenous Wnt5a (Fig. 7A). LPS treatment also led
to an up-regulation of Wnt5a protein levels (Fig. 7B). These
results suggest that Wnt5a is up-regulated upon macrophage
activation, consistent with a recent study (47). Next, we evalu-
ated effects of Wnt5a stimulation on cellular signaling in
BMDMs. JNK phosphorylation was activated after stimulation
with exogenous Wnt5a in a time-dependent manner (Fig. 7C).
Notably, treatment with Sfrp5 led to the inhibition of Wnt5a-
enhanced JNK phosphorylation in a dose-dependent manner
(Fig. 7D). In contrast, stimulation with Wnt3a, a canonical Wnt,
activated GSK-3�, which is downstream of canonical Wnt sig-
naling, but did not activate JNK (Fig. 7E).

FIGURE 3. Regulation of Sfrp5 expression in cultured 3T3-L1 adipocytes.
Left panel, mRNA expression of Sfrp5 and adiponectin at the different time
points during differentiation of 3T3-L1 cells into adipocytes and expressed
relative to 18S levels (n � 3). *, p � 0.01 versus day 0. Right panel, expression of
Sfrp5 and adiponectin in response to various stimuli in adipocytes. Differen-
tiated 3T3-L1 adipocytes were treated with tunicamycin (Tun, 5 �g/ml), H2O2
(0.2 mM), TNF� (10 ng/ml), or vehicle for 24 h. Transcript levels of Sfrp5 and
adiponectin were determined by qRT-PCR and expressed relative to 18S lev-
els (mean � S.E., n � 3). *, p � 0.01 versus vehicle.

TABLE 1
Baseline characteristics of Sfrp5-KO and WT mice
n, sample size for parameters listed below; HW/BW, heart weight/body weight;
HW/TL, heart weight/tibia length; HR, bpm, heart rate in beats per minute;
IVSd, interventricular septal thickness at diastole; PWd, posterior wall thickness
at diastole.

WT KO

n 8 7
BW, g 27.9 � 1.03 28.5 � 0.98
HW/BW 6.36 � 0.25 6.23 � 0.15
HW/TL 9.89 � 0.49 9.86 � 0.24
n 8 12
HR, bpm 492.5 � 7.1 484.9 � 6.81
LVEDD, mm 3.64 � 0.07 3.75 � 0.06
LVESD, mm 2.04 � 0.07 2.20 � 0.05
FS, % 43.91 � 0.98 41.48 � 0.81
IVSd, mm 0.683 � 0.06 0.682 � 0.007
PWd, mm 0.696 � 0.01 0.685 � 0.008
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Sfrp5 Inhibits JNK Activation and Inflammatory Cytokine/
Chemokine Expression in Macrophages and Ischemic Myocar-
dium—Treatment with Wnt5a enhanced the expression of
the inflammatory cytokines TNF� and IL-1� in BMDMs

(Fig. 8A). The activation of cytokines by Wnt5a was com-
pletely inhibited by treatment with recombinant Sfrp5. Fur-
thermore, Wnt5a-stimulated cytokine induction is abro-
gated by the JNK inhibitor SP600125 (Refs. 28 and 45 and

FIGURE 4. Sfrp5 deficiency promotes functional deterioration following I/R injury. A and B, AAR and IA were determined by Evans blue staining and
2,3,5-triphenyltetrazolium chloride staining. Ratios of area at risk to left ventricle (AAR/LV), infarct area to area at risk (IA/AAR), and infarct area to left ventricle
(IA/LV), respectively, were determined in WT (n � 10) and Sfrp5-KO (n � 14) mice at 24 h after I/R. *, p � 0.05 when compared with WT mice. NS, not significant.
C and D, echocardiographic analyses were performed at pre-surgery (baseline), and at 2 weeks (day 14) and 4 weeks (day 28) after I/R injury. Shown are
measurements of LVEDD, LVESD, and %FS for WT (n � 6 – 8) and Sfrp5-KO (n � 7–9) mice. *, p � 0.05 when compared with WT mice. A two-way repeated
measured analysis of variance was performed with Bonferroni post hoc tests.

FIGURE 5. Sfrp5 deficiency leads to greater myocyte death in the infarct zone. A, TUNEL staining of WT (n � 3, 5) and Sfrp5-KO (n � 3, 7) mice in the
sham-operated heart and I/R-treated heart (respectively) at 24 h after I/R. Apoptotic nuclei were identified by TUNEL staining (green). Total nuclei were
identified by DAPI (blue). Myocytes were counterstained by �-sarcomeric actinin (red). B, TUNEL-positive nuclei are expressed as a percentage of the total
nuclei. *, p � 0.05, **, p � 0.01. C, myocyte apoptosis was assessed by TUNEL staining. *, p � 0.05. D, Wnt5a-induced increase in myocyte apoptosis was
abrogated by pretreatment with the JNK inhibitor SP600125. *, p � 0.05.
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data not shown). Collectively, these findings document the
activation of inflammatory signaling pathways downstream
of Wnt5a in macrophages.

To validate the in vitro findings in BMDMs in vivo, JNK sig-
naling and the expression of pro-inflammatory mediators were
evaluated in the hearts of WT and Sfrp5-KO mice. As expected,
JNK signaling was elevated following I/R in WT mice, but the
level of JNK phosphorylation was much greater in the Sfrp5-KO
mice (Fig. 8B). Consistent with observations of enhanced
macrophage infiltration, transcript levels of the inflammatory
cytokines IL-1� and TNF� and the chemokine MCP-1 (also
known as CCL2) were up-regulated in the ischemic area from
Sfrp5-KO mice to a greater extent than the ischemic LV of WT
mice (Fig. 8C). There were little or no differences in the levels of
JNK phosphorylation or inflammatory mediator expression
between WT and Sfrp5-KO in sham-treated mice (Fig. 8), con-
sistent with the lack of macrophage infiltration under these
conditions (Fig. 6).

Discussion

The data from this study show, for the first time, that Sfrp5
confers resistance to damage caused by acute myocardial ische-
mia. The genetic deficiency of Sfrp5 in mice led to a greater
myocardial infarct size following I/R injury, and this was
accompanied by a greater amount of apoptotic cell death of
cardiac myocytes and a greater degree of inflammation in the
infarct zone. These data indicate a new mechanism by which
obesity contributes to heart disease. A growing body of evi-
dence suggests that obesity contributes to cardiovascular dis-
ease through unbalanced adipokine secretion that contributes
to a chronic low-grade inflammatory state (2). In this regard, we
identified Sfrp5 as an anti-inflammatory adipokine that antag-
onizes the pro-inflammatory activity of Wnt5a, a regulator of
non-canonical Wnt signaling (28). Utilizing genetic models, it

FIGURE 6. Sfrp5 deficiency leads to a greater influx of Wnt5a-positive macro-
phages after I/R injury. A, representative immunofluorescence image of co-lo-
calization with Wnt5a and Mac2. Wnt5a was expressed by Alexa Fluor 488 (green),
and Mac2 was expressed by Alexa Fluor 594 (red). Nuclei were expressed by DAPI
(blue). B, quantitative analysis of the number of Mac2 single-positive cells and the
number of Mac2 and Wnt5a double-positive cells. Sham, n �3 per group; I/R, n �
5 per group; *, p � 0.05, **, p � 0.01.

FIGURE 7. Wnt5a activates macrophage JNK signaling. A, Wnt5a expression in activated macrophages. qRT-PCR was performed to evaluate Wnt5a transcript
level in BMDMs under both LPS and Wnt5a stimulation for 24 h. *, p � 0.05, **, p � 0.01. B, Wnt5a protein expression in BMDMs following LPS stimulation for
24 h (n � 4). C, Wnt5a activation of JNK in BMDMs in a time-dependent manner. BMDMs were depleted of serum overnight, and then incubated with Wnt5a
(200 ng/ml) for the indicated times. p-JNK, phosphorylated JNK. *, p � 0.05. D, Sfrp5 inhibits Wnt5a induced phosphorylation of JNK. BMDMs were pretreated
with increasing concentrations of recombinant Sfrp5 (50, 100, 200, and 500 ng/ml) for 30 min., and then stimulated with Wnt5a (200 ng/ml) for 30 min. *, p �
0.05. E, Wnt3a activates canonical Wnt signaling, but not JNK. BMDMs were incubated with increasing concentrations of recombinant Wnt3a. p-GSK-3�,
phosphorylated GSK-3�; p-JNK, phosphorylated JNK.
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was shown that Sfrp5/Wnt5a signaling is a regulator of adipose
tissue inflammation and systemic metabolic health (28, 45).
Here we show that genetic ablation of Sfrp5, a condition that is
mimicked by severe metabolic dysfunction, is sufficient to pro-
mote adverse effects on the ischemic heart that are associated
with elevated inflammation in the injured myocardium. Nota-
bly, the effects of Sfrp5 deficiency can be observed in mice fed a
normal chow diet, which have normal systemic metabolic func-
tion (28), suggesting a direct effect on the injured myocardium.
Furthermore, these data in metabolically normal mice docu-
ment that the modulation of Sfrp5 expression is sufficient to
confer changes in cardiovascular function independent of any
potential confounding metabolic actions.

Mechanistically, the infarcted hearts of the Sfrp5-deficient
mice displayed enhanced inflammation and greater levels of
myocyte death. A loss of Sfrp5 led to greater cytokine and
chemokine production in the infarct area, and this was accom-
panied by the greater influx of Wnt5a-positive macrophages. In
cell culture studies, Wnt5a promotes the expression of pro-
inflammatory mediators, and this activity is completely blocked
by co-incubation with Sfrp5. Although Wnt signaling has been
extensively studied in the context of development and differen-
tiation, it has more recently been appreciated that Wnt5a can
function as a modulator of innate immunity in adult organisms
(45, 50 –52). Wnt5a is recognized as the prototypical regulator
of non-canonical Wnt signaling, partly through its ability to
activate the planar cell polarity pathway. JNK is a key compo-
nent of the planar cell polarity pathway, and this study found
that JNK is activated to a greater extent in the infarcted myo-
cardium of the Sfrp5-deficient mice and that Wnt5a activates
JNK in cultured macrophages in an Sfrp5-repressible manner.

JNK signaling participates in inflammatory responses and is
central in the process of macrophage-driven metabolic dys-
function in obesity (53). Consistent with these data, we recently
provided evidence that macrophage Wnt5a expression is asso-
ciated with greater inflammation and impaired revasculariza-
tion in a murine model of peripheral artery disease (44).

There is a high degree of complexity in the Wnt signaling
system (54, 55). There are 19 Wnt ligands, and it is possible that
other non-canonical Wnts, in addition to Wnt5a, participate in
the suppression of JNK and the anti-apoptotic and anti-inflam-
matory actions of Sfrp5. Other Wnts that activate non-canon-
ical signaling include Wnt5b, Wnt11, and possibly Wnt4. How-
ever, transcripts that encode at least two of these candidates are
expressed at low or undetectable levels in the heart (Wnt5b and
Wnt4). Although additional experiments will be required to
document a causal link between Sfrp5 and Wnt5a with mouse
genetic models, multiple lines of evidence support the notion
that Sfrp5 acts via Wnt5a in the ischemic heart. These data
include the observations that Sfrp5 deficiency leads to the
greater influx of Wnt5a-positive macrophages into the infarct
zone and cell culture studies showing that Sfrp5 can suppress
the pro-inflammatory and pro-apoptotic actions of Wnt5a on
macrophages and cardiac myocytes, respectively.

It has also been reported that Wnt5a stimulates hypertrophy
in cultured myocytes (46). Cardiac hypertrophy was not exam-
ined in our study because it is not a significant end point in the
acute I/R model. However, the pro-hypertrophic effect of
Wnt5a would be expected to be greater under conditions where
Sfrp5 levels are limiting, such as severe metabolic dysfunction,
suggesting that an imbalance in Sfrp5/Wnt5a expression could
also contribute to worsened post-myocardial infarction remod-

FIGURE 8. Enhanced activation of JNK signaling and increased expression of inflammatory mediators in Sfrp5-KO mice after I/R injury. A, Sfrp5 inhibits
Wnt5a-induced expression of pro-inflammatory cytokines. BMDMS were stimulated with Wnt5a in the presence and absence of recombinant Sfrp5, and TNF�
and IL-1� expression was analyzed by qRT-PCR (n � 3). *, p � 0.05. B, Western immunoblot of JNK phosphorylation (p-JNK) in sham and ischemic hearts of WT
and Sfrp5-KO mice. C, results of quantitative RT-PCR analysis of pro-inflammatory myocardial expression levels of IL1-�, TNF-�, and MCP-1 in the different
experimental groups. Transcript levels were normalized to GAPDH in sham WT mice. n � 4 samples in each group. *, p � 0.05, **, p � 0.01.
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eling at later time points or in the development of left ventricle
hypertrophy, which is often associated with obesity-related
metabolic dysfunction.

Sfrp5 expression is highly enriched in adipocytes, and it is
now appreciated to be a marker of adipose tissue (30, 31, 36, 56,
57) and to function as an adipokine (28). Sfrp5 shows a biphasic
pattern of regulation in adipose tissue upon diet-induced obe-
sity. Sfrp5 is transiently up-regulated in the early stages of
murine obesity, but its expression declines at later time points
(28). A similar pattern of Sfrp5 expression has been reported
where it was noted that the decrease in Sfrp5 expression coin-
cides with the plateau in adipose tissue expansion, suggesting
that Sfrp5 is a marker of “healthy” fat (30). Here, we document
another facet of Sfrp5 regulation, that ischemic injury in a
remote tissue will lead to a reduction in Sfrp5 expression in
pericardial and epididymal adipose tissue depots. Similarly, lev-
els of other anti-inflammatory adipokines, adiponectin and
CTRP9, were down-regulated in pericardial adipose tissue fol-
lowing myocardial I/R injury, and CTRP9 was also down-regu-
lated in epididymal adipose tissue under these conditions.
Relatively little is known about the mechanisms of Sfrp5 regu-
lation. However, it has features in common with adiponectin,
including marked up-regulation during adipocyte differentia-
tion and suppression by agents that promote adipocyte dys-
function including endoplasmic reticulum stress, oxidant
stress, and inflammation. With regard to the regulation of Sfrp5
expression, the acute production of pro-inflammatory cyto-
kines following myocardial I/R may contribute to its down-
regulation, as has been proposed for the down-regulation of
adiponectin under these conditions (58). Furthermore, because
adiponectin, Sfrp5, and potentially CTRP9 represent markers
of functional adipose tissue, their down-regulation following
myocardial I/R is suggestive of a mechanism of heart-to-fat
crosstalk that could contribute to metabolic dysfunction under
conditions of cardiovascular disease.

In summary, we show that Sfrp5 functions to limit infarct
size in the heart following ischemia-reperfusion injury. Because
excessive inflammation contributes to infarct expansion, we
propose that the myocardium-sparing properties of Sfrp5 are
mediated, at least in part, by its abilities to suppress pro-inflam-
matory Wnt5a/JNK signaling within the macrophages that
infiltrate the infarct and pro-apoptotic Wnt5a/JNK signaling
within myocytes. Because Sfrp5 is a secreted factor that is
highly expressed by adipose tissue, we proposed further that it
functions as a cardio-protective adipokine, and that its reduced
expression could contribute to the increased prevalence of
myocardial infarction in obese individuals.
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