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Abstract

Objective -—Our hypothesis is that Secreted Frizzled Related Protein 2 (SFPR2) is an important
mechanism mediating ischemic cardioprotection, since it is the most upregulated gene in the third
window of ischemic preconditioning.

Approach and Results —One week after permanent coronary artery occlusion (CAO),
SFRP2 TG mice exhibited a 49% higher LV ejection fraction and a 36% reduction in infarct

size, p<0.05, and reduced fibrosis in both adjacent and remote zones, along with an increase in
collagen type 111 and a decrease in the collagen type I/111 ratio compared with WTL. The ischemic
cardioprotection was associated with increased angiogenesis and arteriogenesis, reflected by
increased capillary and arteriolar proliferation in the ischemic zone, thereby preserving blood flow
after CAQO. The angiogenesis and arteriogenesis were mediated by cross talk between myocytes
and endothelial cells. The mechanism for cardioprotection and angiogenesis/arteriogenesis did not
involve a traditional vascular growth hormone, e.g., VEGF or FGF, but rather cTGF, and ATF6
through the stress signaling pathway. The ATF6 inhibitor, AEBSF, blocked the upregulation of
cTGF and both the angiogenesis and arteriogenesis, resulting in abolition of the reduced infarct
size and protection of cardiac function in the SFRP2 TG mouse following permanent CAQ.

Conclusion -—sFRP2 is a novel mechanism to induce angiogenesis/arteriogenesis, mediated
through the endoplasmatic reticulum (ER) stress signaling pathway, ATF6 and cTGF, which
protects the heart from myocardial ischemia.
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INTRODUCTION:

Most studies on myocardial ischemic cardioprotection utilize relatively acute models of
myocardial ischemia. The “Third Window of Ischemic Preconditioning” is novel, as it
involves ischemic preconditioning induced by 6 episodes of 90 min coronary stenosis,

12 hours apart [10, 39]. The goal of the current investigation was to determine whether
novel upregulated genes in the third window, which differed from those in the first or
second windows, induced cardioprotection. Microarray analysis identified the potential
cardioprotective upregulated genes in the 3" window and found that Secreted Frizzled
Related Protein 2 (SFRP2) was the most up-regulated gene (250 fold increase) in the 37d
window, but was not upregulated in the 2" window [10]. Secreted Frizzled-related proteins
(sFRPs) are a family of secreted proteins, which are involved in embryonic development as
well as pathological conditions including bone and myocardial disorders and cancer [1, 5,
21, 24, 32], with prior studies finding divergent results related to cardioprotection by sFRP2
[15, 25].

Accordingly, the hypothesis for the current investigation was that sSFRP2 is an important
mechanism mediating cardioprotection. To address this hypothesis, we developed an SFRP2
transgenic (TG) mouse and induced permanent coronary artery occlusion to examine infarct
size, recovery of myocardial function, and protection against myocardial fibrosis. Once

it was determined that the SFRP2 TG mouse was protected against myocardial ischemia,

the next goal was to determine if the mechanism involved angiogenesis or arteriogenesis,
since myocardial tissue cannot be rescued after permanent coronary occlusion in the
absence of blood flow in the ischemic myocardium. The next goal was to identify the
molecular mechanisms mediating this cardioprotection. The endoplasmic reticulum (ER)
stress signaling pathway was examined, since it was found upregulated in the third window
of preconditioning [10], and since this pathway has been linked to angiogenesis [3].

The stress signaling protein, ATF6, was specifically examined as the mechanism for the
angiogenesis [3] and cardioprotection [4, 19], since it was found to be upregulated in the
third window of preconditioning. Next, potential vascular growth factors were examined and
cTGF was selected for further study, as it was upregulated the most of all growth factors
studied in the sFRP2 TG heart. Finally, to confirm the essential role of ATF6 in mediating
the cardioprotection, the ATF6 inhibitor, 4-benzenesulfonyl fluoride hydrochloride (AEBSF)
was used to block the role of ATF6 in mediating the angiogenesis and cardioprotection.

MATERIALS AND METHODS

Animals:

3-5 month old male FVB background transgenic (TG) mice with cardiac-specific SFRP2
overexpression were generated, using the cardiac-specific promoter, a-myosin heavy chain.
SFRP2 expression in the cardiac specific SFRP2 TG mouse heart increased by 15 fold
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compared to their WTL. sSFRP2 TG mice and their respective WTLs were housed on

a 12-hour light-dark cycle with standard chow and water. Development, breeding of the
transgenic mice and the experiments were performed at Rutgers-New Jersey Medical
School. All experiments were approved by the IACUC and all animals were maintained

in accordance with the guidelines for the Guide for the Care and Use of Laboratory Animals
(National Research Council, 8th Edition 2011). The /n vivo and histology studies were
performed in TG mice and their WTL, whereas cardiac myocytes isolated from neonatal rat
hearts were used for /n vitro cell culture experiments.

Permanent Coronary Artery Occlusion:

Coronary artery ligation was performed as previously described [41]. Briefly, SFRP2 TG
mice and their WTLs, were treated with cefazolin (100 mg/kg i.m.), and were then
anesthetized with sodium pentobarbital (60mg/kg i.p.). Rectal temperature was monitored
and body temperature maintained at 37°C with an automatic heating lamp and a water-
circulating pad. After intubation of the trachea, mice were ventilated with a tidal volume of
0.25 ml/kg at a rate of 150 strokes/min, a left thoracotomy was performed at the fourth
intercostal space and left anterior descending coronary artery (LAD) was permanently
ligated at the same site in all animals to induce similar amounts of ischemia in all animals.
After completion of the ligation, the chest was closed, inside air was removed from the chest
by 20 G IV catheter and syringe and buprenorphine (0.05mg/kg s.c.) was given as post-
operative medication. The extent of infarction, LV function and angiogenesis/arteriogenesis
were measured at baseline, after 1 week coronary artery occlusion and after 1week coronary
artery occlusion in mice treated for 1 week with an ATF6 inhibitor.

Administration of the ATF6 Inhibitor:

The ATF6 inhibitor, 4-benzenesulfonyl fluoride hydrochloride (AEBSF) (catalog #
5175/100, R&D systems, MN), was administered at a dose of 2ug/kg/day via osmotic pumps
for 1 week.

Echocardiography:

At baseline, or 1 week after permanent coronary artery occlusion, mice were anesthetized
by injection of Avertin (12.5mg/ml). Transthoracic echocardiography was performed as
previously described [13]. The animal body temperature was carefully monitored and
maintained as close to 37°C as possible during the entire procedure. Using a VisualSonics
Vevo 3100 ultrasound system, LV internal dimensions were measured in systole and diastole
using leading-edge methods and guidelines of the American Society of Echocardiography
[38]. LV ejection fraction was calculated using the Vevo 3100 software. Fractional area
change (FAC) % was calculated as (LV end-diastolic area — LV end-systolic area) / LV
end-diastolic area x 100% and diastolic index % was calculated as (LV 30% diastolic area —
LV end-systolic area) / (LV end-diastolic area — LV end-systolic area) x 100% as previously
described [33].
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Myocardial Blood Flow Assessment:

At baseline or 1 week after coronary artery occlusion, myocardial blood flow was measured
and quantified using the Vevo 3100 ultrasound system (VisualSonics Inc.). Animals were
anesthetized using sodium pentobarbital (60mg/kg i.p.). An external jugular vein catheter
was then inserted into each mouse. The mice were then placed in a supine position and
their limbs were taped over the metal ECG leads. Their body temperature, heart rate,

and respiratory rate were carefully monitored and were maintained within normal ranges.
Following proper mounting of the animal, a MS-250 transducer was lowered on the animal
and positioned in the Parasternal Long-Axis View (PLAX). This view allowed for proper
visualization of the infarction as well as border and remote zones of the myocardium. To
monitor relative blood flow, nonlinear contrast agent imaging was conducted. Micro Marker
non-targeted contrast agents (VS-11913) were injected into the external jugular vein catheter
of each mouse (microbubble concentration = 1 x 108/50 pl, 50pl injection per mouse) using
an infusion pump at a standardized rate of 600ul/min. ECG and respiratory double-gating
was implemented during the procedure. Following data acquisition, analysis of the perfused
myocardium was completed by using the VevoCQ software (Visual Sonics Inc.). The region
of interest (ROI) was positioned in both the LV cavity and the myocardium. The peak
enhancement of the myocardium was standardized to the peak enhancement in the LV
cavity, as previously described [23]. Data are presented as [dB]. The more negative value
indicates less blood flow and the higher intensity of the red color reflects increases in blood
flow.

Histology staining

Hearts were collected from TG and WTL mice with or without AEBSF treatment and fixed
in 10% formalin. After embedding in paraffin, LV rings were sectioned at 5um thickness and
processed for the following:

Interstitial fibrosis - Tissue sections were stained with Picro-Sirius Red (PSR) and
Masson Trichrome staining to identify interstitial fibrosis deposition. The percentage
of total fibrosis was quantified from Masson Trichrome staining using Image Pro-
Plus software, as previously described [35].

Collagen type | and Il — Tissue sections were assessed by using immunofluorescence
(collagen type | antibody: ab34710; collagen type 111 antibody: ab7778; 2"d antibody:
Alexa Fluor 568 anti-rabbit antibody). Samples were visualized with an Olympus
BX51 microscope using conventional wide-field fluorescence microscopy, and the
pictures were taken under 20x magnification at the infarct zone. The percentage of
collagen type I and type 111 was calculated using Image Pro-Plus software.

Infarct size - Using PSR staining, infarct size was assessed by quantification of the
fibrotic area and calculated as a percentage of the whole myocardial area. Viable
tissue was identified as the non-fibrotic area, which was quantified and expressed as
the percentage of the ischemic zone.

Capillary density - Using isolectin staining (isolectin GS-1B4-Alexa448 conjugate,
catalog # 1780254, Invitrogen), capillaries were identified as single endothelial
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cell layer with a diameter less than 25um. Capillary density was quantified at 40x
magnification as absolute number per unit in the ischemic area.

Capillary Proliferation, Ki67 positive capillary - Using Ki67 (Ki 67-SP6, catalog #
RM-9106-S1, Thermo Scientific) and isolectin double immunostaining, Ki67 positive
capillaries were quantified and expressed as absolute numbers per field in the
ischemic area including the infarct zone.

Arteriole Proliferation, Ki67 positive arteriole - Using Ki67 (Ki 67-SP6, catalog #
RM-9106-S1, Thermo Scientific) and smooth muscle actin (catalog # 9106S1102A,
Dako) double immunostaining, Ki67 positive arterioles were quantified and
expressed as absolute number per field in the ischemic area including the infarct
zone.

Tubule formation assay

Cardiomyocytes isolated from neonatal rat hearts were cultured in the presence or absence
of the sSFRP2 agonist (25 nM, catalog # 6838-FR, R&D), and/or the ATF6 inhibitor, AEBSF
(100 uM) for 4 hours, the medium was changed to remove the protein. After 48 hours, the
conditioned medium from cardiomyocytes was collected and centrifuged at 1000 rpm for
10 minutes followed by filter sterilization using 100 um syringe filters. The conditioned
medium was then aliquoted and stored at —80°C until further use.

Direct Treatment: For the tubule formation assay from direct contact with SFRP2
protein, human umbilical vein endothelial cells (HUVECS) (catalog# CRL-1730™, ATCC,
Manassas, VA) were used. Matrigel (BD Bioscience) was placed in 96-well tissue culture
plates and allowed to polymerize at 37°C for 30 min. HUVECS at a density of 5000 cells/
well were then plated on Matrigel in the presence of either SFRP2 protein or vehicle.

Indirect Treatment: For the tubule formation assay from indirect exposure to SFRP2,

the conditioned medium obtained after exposure to SFRP2 was applied to HUVEC cells,
HUVEC:s at a density of 5000 cells/well were plated on Matrigel in the presence of either
unconditioned medium or the cardiomyocyte conditioned medium by sFRP2. For cTGF
and VEGF-A inhibition, the cardiomyocyte conditioned medium was pre-treated for 1 hour
with either a control IgG, anti-cTGF antibody (catalog # ab6992, Abcam) or anti-VEGF-A
neutralizing antibody (catalog # sc-152, Santa Cruz) before being added to HUVECs. After
6 hours, the tubules were imaged at 10x magnification followed by quantification. Data
were expressed as the number of tubules in the conditioned medium normalized to that of
unconditioned medium.

Real-time PCR (qPCR)

LV tissue was homogenized, extracted and gPCR was performed as previously described
[11, 37]. Briefly, RNA was extracted and VEGF-A, VEGF-B, TGF-1, FGF-2, PDGF, HIF-
A, and cTGF levels were quantified relative to an internal control, HPRT (Hypoxanthine-
guanine phosphoribosyltransferase) by gPCR. LV from WTL and sFRP2 mice were
harvested in lysis buffer treated with DNase | and resulting RNA was reverse transcribed
according to manufacturer’s instructions using TagMan gene expression Cells-to-C; kit.
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(catalog# 4399002, Life Technologies). The mRNA was quantified using real-time qPCR
(40 cycles at 15s step at 95°C and a 1 min step at 60°C) on a 7500 ABI-Prizm sequence
detector (Applied Biosystems) using standard TagMan probes (Applied Biosystems) for
VEGF-A, VEGF-B, TGF-1, FGF-2, PDGF, HIF-A, cTGF and HPRT.

Immunoblotting:

Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes. The
membranes were probed with primary antibody at 4 °C overnight. The bands were
visualized using Chemiluminescence reagents. The linear range of detection for different
proteins and band intensities were determined by densitometry. Blots were re-probed with
GAPDH to equalize sample loading. The antibodies used were Wnt 3A (MAB9025, R&D,
1:1000), p-catenin (8480, Cell Signalling, 1:1000), GSK3p (ab131356, Abcam, 1:1000),
pGSK3p (ab75745, Abcam, 1:1000), BMP1 (AF1927, R&D, 1:1000), Smad1 (9743, Cell
Signalling, 1:1000), p42/44 (9102, Cell Signalling, 1:1000), sFRP2 (MAB1169, R&D,
1:1000), H11K (MAB4987, Abcam, 1:1000), HSP70 (ab2787, Abcam, 1:1000), HSP27
(ab2790, Abcam, 1:1000), ATF6 (65880, Cell Signalling, 1:1000), GRP78 (sc-376768, Santa
Cruz, 1:1000), PKc zeta (ab59364, Abcam, 1:1000), cTGF (ab6992, Abcam, 1: 1000).

Statistical Analysis:

RESULTS:

Data are expressed as mean + SEM. Statistical significance was determined using Student’s
Etest or one-way ANOVA plus Bonferroni post hoc test evaluations, where appropriate.
p<0.05 was taken as a minimal level of significance

Cardiac Protection in sFRP2 TG Mice After 1 Week Permanent Coronary Artery Occlusion.

At baseline, there were no differences in LV ejection fraction (Figure 1B), myocardial blood
flow (Figures 2A, 2B), capillary density (Figure 3A) and arteriole density (Figure 3B).

After 1 week coronary artery occlusion, there was improved LV ejection fraction (Figure
1B), and significant reductions in infarct size (Figure 1A), fibrosis in the adjacent and
remote zones (Figure 1C), and apoptosis (Figure 1D) in sSFRP2 TG mice compared with
WTL. Collagen type Il was increased (Figure 1E) and the collagen type I/I11 ratio was
decreased in sSFRP2 TG mice when compared to WTL (Figure 1F). Myocardial blood
flow was lower in WTL mice blood flow in the ischemic zone, when compared to SFRP2
TG mice (Figure. 2C). Representative images of myocardial blood flow are shown in
Figure 2D. This was associated with increased angiogenesis, reflected by increased capillary
proliferation (Figure 3C) and increased capillary density (Figure 3E), as well as increased
arteriogenesis (Figure 3D), reflected by increased arteriolar proliferation and increased
arteriolar density (Figure 3F) in the ischemic zone.

Further analysis of systolic and diastolic function in SFRP2 TG mice and their WTL was
conducted (Table 1). Following coronary artery occlusion, LV FAC and LV diastolic index
were higher in sFRP2 TG mice when compared to WTL. Time to reach 50% of diastolic
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filling was preserved in sFRP2 TG mice following coronary artery occlusion while it
increased in WTL. No differences were observed between sFRP2 TG and WTL at baseline.

Up-regulation of ER Stress Signaling Pathway and Vascular Growth Factors in sSFRP2 TG
Mouse Heart

Using microarray analysis to determine the signaling pathways of the 3™ window in the
pig heart [10] and sFRP2 in the mouse heart, gene ontology (GO) analysis of microarray
data showed that the most significantly up-regulated GO categories were the ER stress
pathway and responses to unfolded protein in the sFRP2 TG mouse heart. These findings
were further confirmed by western blotting showing that key ER stress response proteins:
activating transcription factor 6 (ATF6), PKC zeta, GFR78 significantly increased in the
sFRP2 TG mouse heart compared to that of WTL, as was the SFRP2 protein level (Figure
4A) at baseline. In addition, a group of heat shock proteins, e.g., H11 Kinase, HSP 70,
significantly increased in the hearts from sFRP2 TG compared to WTL, suggesting that
sFRP2 activates a novel Wnt-independent cell survival signaling pathway (Figure 4A) at
baseline. Importantly, ATF6 was also upregulated in the pig heart with 3"d window, but not
2"d window preconditioning (Figure 4B).

Since ATF6 has been reported to link to angiogenesis and cardioprotection [3, 4, 19], the
major vascular growth factors were examined. VEGF, HIF1la, TGF1, FGF2 and PDGF, were
not increased in the sSFRP2 TG mouse heart. However, another growth factor, cTGF, was
significantly increased in TG compared to WTL at baseline at the mRNA level (Figure 4C).
Additionally, cTGF was increased in SFRP2 TG mice at the protein level one week after
coronary artery occlusion (Figure 4D).

sFRP2 Promotes Angiogenesis in vitro Through Cross Talk Between Myocytes and
Endothelial Cells, Mediated by cTGF.

Since angiogenesis and arteriogenesis were upregulated in sSFRP2 TG following permanent
coronary artery occlusion and since the sFRP2 TG mouse is cardiac specific, the next

goal was to determine how sFRP2 in myocytes promotes cardiac angiogenesis in coronary
vessels. To accomplish this, human umbilical vein endothelial cells (HUVEC) were directly
treated with sSFRP2 protein or vehicle, and cell proliferation and tubule formation were
measured, in vitro. No differences were observed in SFRP2 protein treated HUVEC
compared with vehicle control, indicating that SFRP2 does not induce angiogenesis by

a direct action on vascular cells (Figure 5A, left panel). However, when rat neonatal
myocytes were isolated and infected with sFRP2 protein or vehicle and the myocyte culture
medium was collected 48 hours later and added to HUVEC, the conditioned medium from
sFRP2 treated myocytes induced a significant increase in tubule formation in HUVECs

by 27% compared to vehicle control (Figure 5A, B), indicating that sFRP2 increases the
angiogenesis through cross talk between myocytes and endothelial cells via a paracrine
mechanism. To confirm the key role of cTGF in mediating SFRP2 angiogenesis, we
examined whether inhibition of cTGF, which was upregulated, or VEGF which was not,
mediates the induction of angiogenesis by sSFRP2 cross talk in vitro. The cTGF or VEGF
antibody in SFRP2 conditioned medium was added to HUVECs cultured medium. The
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enhanced tubule formation was abolished by the cTGF antibody, but not by the VEGF
antibody (Figures 5C, D), supporting cTGF as the mechanism for angiogenesis.

Inhibiting ATF6 with AEBSF Blocked the sFRP2 Mediated Cardiac Protection and
Angiogenesis and Arteriogenesis

We next examined the effects of inhibiting ATF6 with AEBSF. With AEBSF treatment,

the reduced infarct size (Figure 6A), the preserved LV ejection fraction (Figure 6B), the
increased capillary proliferation (Figure 6D) and arteriole proliferation (Figure 6E), and
CTGF level (Figure 6F), and decreased apoptosis (Figure 6C) were no longer observed in the
sFRP2 TG mice after 1 week coronary artery occlusion.

To confirm that ATF6 was involved in the mechanism of angiogenesis induced by sFRP2,
AEBSF also blocked the increased tubule formation in HUVECSs by sFRP2 cross talk
(Figures 6G, 6H), indicating that SFRP2 activates angiogenesis through ATF6 signaling.

DISCUSSION

When examining upregulated genes in the heart of the third window model of ischemic
preconditioning, SFRP2 emerged as the most highly upregulated gene of the 20,201 genes
examined [10]. This finding led to the hypothesis that SFRP2 is a novel mechanism
mediating ischemic cardioprotection. Accordingly, the first goal of this investigation was
to determine the extent to which sSFRP2 mediated cardioprotection following 1 week of
permanent coronary artery occlusion. To address this goal we developed a cardiac specific
sFRP2 TG mouse. After one week of permanent coronary occlusion, infarct size was
reduced in the SFRP2 TG compared to WTL by 36% and LV ejection fraction was 49%
higher in the SFRP2 TG compared with WTL, while myocardial fibrosis was reduced by
31% in the adjacent zone and by 37% in the remote zone. Further analysis of fibrosis
revealed increased collagen type 111 and a reduced collagen I/111 ratio in SFRP2 TG mice,
supporting an improved healing process, when compared to WTL [7, 26, 30]. The next
goal was to determine if there was angiogenesis or arteriogenesis in the ischemic sFRP2
TG heart. We found both angiogenesis (increased capillaries) and arteriogenesis (increased
arterioles) in the sFRP2 TG heart at one week after permanent coronary artery occlusion,
along with increased blood flow to the ischemic myocardium, resulting in protection of
the SFRP2 TG heart, and mediating the reduced infarct size and preservation of cardiac
function. Since angiogenesis and arteriogenesis were upregulated in SFRP2 TG following
permanent coronary artery occlusion and since the SFRP2 TG mouse is cardiac specific,
the next goal was to determine how sFRP2 in myocytes promotes cardiac angiogenesis in
coronary vessels. This was accomplished by showing that SFRP2 increases the angiogenesis
through cross talk between myocytes and endothelial cells via a paracrine mechanism. We
determined this by demonstrating increased tubule formation, in vitro, by indirect exposure
of the tubules to SFRP2 protein, as opposed to direct exposure.

Prior studies on cardioprotection induced by sFRP2 have been controversial [15, 25]. One
study examined exogenously administered sFRP2 [15], whereas another used a sSFRP2
knockout [25]. These studies should have had opposite results with similar conclusions,
but actually had almost opposite conclusions [15, 25]. One key measurement lacking in
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these studies [15, 25] is whether SFRP2 induced angiogenesis, since an increase in blood
flow to the ischemic tissue would be necessary for salvation of ischemic myocardium in

the presence of permanent coronary artery occlusion. No prior study has found that sSFRP2
induces angiogenesis in the heart, although some studies have found increased angiogenesis
in other organs [8, 12, 40]. Other prior literature on this topic, but not assessing myocardial
infarction, has also been controversial, with some studies finding that SFRP2 does induce
angiogenesis [8, 40], but other studies found the opposite, i.e., that SFRP2 blockade induces
angiogenesis [31].

The final goal of this study was to determine the mechanism of the angiogenesis/
arteriogenesis. Since the ER stress signaling pathway was upregulated in the third window
[10], and ATF6, a key protein in this pathway was also upregulated in the third window
(Figure 4), this mechanism mediating the cardioprotection was examined, using the ATF6
blocker, AEBSF. Blocking ATF6 eliminated the reduction in infarct size and improvement
of cardiac performance in the SFRP2 heart one week after permanent coronary artery
occlusion. Blocking ATF6 also eliminated the angiogenesis and arteriogenesis, which
mediated the cardioprotection. These data suggest that SFRP2 activates angiogenesis through
ATF®6 signaling. It is important to note that this is the first study to show ATF6 induces
angiogenesis in the heart, which can then protect against myocardial infarction.

In order to further elucidate the mechanism of the angiogenesis/arteriogenesis in the sFRP2
heart, vascular growth factors were examined. VEGF, HIF1a, TGF1, FGF2 and PDGF, the
major vascular growth factors, were not increased in the SFRP2 TG mouse heart. Rather,
another growth factor, cTGF, was significantly increased in sSFRP2 TG compared to WTL,
and has been shown to regulate angiogenesis and endothelial cell function [6, 9, 28]. ATF6
inhibition by AEBSF also blocked the increased expression of cTGF in the SFRP2 TG
heart, indicating that the mechanism of angiogenesis induced by sFRP2 involved cTGF,
downstream in the ATF6 pathway. It is important to note that this is the first study to

show cTGF induces angiogenesis in the heart, which can then protect against myocardial
infarction.

Prior studies have emphasized the role of the Wnt signaling pathway in mediating the
effects of SFRP2 [20, 27, 36]. Our data show that there is no difference in traditional Wnt
signaling and its down-stream targets, e.g., B-catenin and GSK-3p between sFRP2 TG and
WTL mouse hearts (Figure 7). We also did not find differences in BMP1 signaling in
SFRP2 TG compared to WTL, although it has been reported as the target of SFRP2 protein
[15]. Our data indicate that the mechanisms mediating the sSFRP2 cardioprotection and
angiogenesis/arteriogenesis in response to permanent coronary artery occlusion differ from
traditional Wnt signaling. Rather, we found that the ER stress signaling pathways, ATF6 and
CTGF, are involved in mediating the cardioprotection, reducing infarct size, and improving
cardiac function through angiogenesis and arteriogenesis in the SFRP2 TG mouse following
permanent coronary artery occlusion (Figure 8).

The angiogenesis and arteriogenesis findings may have translational importance. Despite
promising results on VEGF inducing angiogenesis in animal models [2, 14, 29, 34]
and recent positive results for lymphangiongenesis [42], recruitment of cardioprotective
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signaling, in general, has been disappointing [18], and clinical trials have failed [16,

17, 22]. It is conceivable that another growth factor may be more effective clinically to
induce angiogenesis. cTGF is a novel growth factor for angiogenesis and it is conceivable
it could be successful clinically, where VEGF failed. Furthermore, this finding offers
further support for the use of exogenous sFRP2 as a potential therapeutic, given its initial
success in reducing fibrosis following myocardial infarction in rats [15]. Angiogenesis and
arteriogenesis are critical mechanisms to maintain tissue viability in the presence of chronic
ischemia. With the elucidation of sSFRP2’s role in vascular proliferation via cTGF, sSFRP2
can now be explored in other models of ischemia, e.g. acute mesenteric ischemia, ischemic
stroke, and peripheral artery disease, to determine further therapeutic value of this protein
and its associated signaling mechanisms. In support of this hypothesis, it is important to
keep in mind that the genesis for this study was the discovery of these molecular pathways
in a clinically relevant model of ischemic preconditioning, i.e., the third window [10, 39].
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Figure 1: I schemic Protection in SFRP2 TG Micewith 1 week Coronary Artery Occlusion:
(A) Infarct size was significantly reduced in SFRP2 TG mice compared with infarct size

in WTL after 1 week permanent coronary artery occlusion. (B) LV ejection fraction was
preserved better in SFRP2 TG after 1 week permanent coronary artery occlusion. In the sfrp2
TG mice, there was less fibrosis in the adjacent and remote zones (C), and less apoptosis

in the infarct zone (D). Collagen type 111 was increased (E) and the collagen type I/111 ratio
was significantly reduced in sSFRP2 TG when compared to WTL (F). Results are expressed
as mean +SEM. *P<0.05 sFRP2 TG vs. WTL.
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Figure 2: Myocardial Blood Flow isIncreased in SFRP2 TG following 1 Week Coronary Artery
Occlusion:

Myocardial blood flow measured by the Vevo 3100 (Visual Sonics Inc.). (A)No difference
in myocardial blood flow was observed at baseline. (C) Myocardial blood flow was

reduced less in the infarct zone in SFRP2 TG mice, than in WTL after 1 week coronary
artery occlusion. The reduced negative numbers on the Y axis reflect higher blood flows.
Representative figures showing similar levels of blood flow measured ultrasonically in the
WTL andsFRP2 TG at baseline (B) and increased blood flow in sSFRP2 TG after 1 week
coronary artery occlusion (D). Results are expressed as mean £SEM. *P<0.05 sFRP2 TG vs.
WTL.
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Figure 3: sSFRP2 TG Mice Exhibit Enhanced Angiogeneig/Arteriogeneis:
Prior to coronary artery occlusion, there is no difference in capillary (A) or arteriole density

(B) was observed between sFRP2 TG mice and WTL. After 1 week permanent coronary
artery occlusion, in the infarct zone, (C) capillary proliferation, measured by Ki-67 and
isolectin, reflecting angiogenesis, was significantly increased in sSFRP2 TG compared with
their WTL. (D) Arteriole proliferation, measured by Ki-67 and a. smooth muscle actin,
reflecting arteriogenesis, was also significantly increased in SFRP2 TG compared with their
WTL after 1 week permanent coronary artery occlusionin the infarct zone. (E) Capillary
density and (F) arteriole density were significantly higher in sFRP2 TG compared with WTL
after 1 week permanent coronary artery occlusion in the infarct zone. Results are expressed
as mean +SEM. *P<0.05 sFRP2 TG vs. WTL.
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Figure 4: Up-regulation of ER Stress Signaling Pathway and Vascular Growth Factorsin sFRP2
TG mouse heart.

(A) ER stress response and cell survival proteins were upregulated in SFRP2 TG mice,
identified by western blotting, indicating that stimulation of the ER stress signaling pathway
is a unique mechanism of sFRP2 cardiac protection. ATF6, downstream in the signaling
pathway from sFRP2 and critical for angiogenesis was upregulated in sSFRP2 TG at
baseline. (B) ATF6 was also up-regulated by six-fold in pigs in the third window of
preconditioning, but not in the 2nd window of preconditioning. (C) mRNA level of the
most common vascular growth factors were not increased in the SFRP2 TG mouse heart
at baseline. However, cTGF was significantly increased in the sSFRP2 TG compared with
WTL confirmed by qPCR. (D) cTGF protein level was also found increased at 1 week
after coronary artery occlusion in SFRP2 TG heart. Results are expressed as mean +SEM.
*p<0.05 vs. WTL. 1P<0.05 vs. control (no preconditioning); #P<0.05 vs. 2nd window.
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Tubule Formation with sFRP2 Treatment
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Figure 5: sSFRP2 Promotes Angiogenesisin vitro Through Cross Talk Between Myocytes and
Endothelial Cells, Mediated by cTGF.

(A) Increased tubule formation of HUVEC was observed with conditioned medium
treatment prior to treatment with SFRP2 protein, noted as indirect treatment, but not with
direct application of sFRP2 protein to HUVEC. (B) Representative pictures of HUVEC
tubule formation showing a significant increase in tubule formation in SFRP2 indirectly
treated HUVECs. (C, D) Tubule formation, induced by indirect treatment of conditioned
medium with sFRP2, was blocked with cTGF antibody, but not by VEGF antibody

treatment. Results are expressed as mean £SEM.*p<0.05 vs. control (no SFRP2 protein).

Results are expressed as mean + SEM.*p<0.05 vs. WTL.
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Figure 6: sSFRP2 TG Cardioprotection with 1 week Coronary Artery Occlusion isMediated via
the ATF6 Pathway.

Following 1 week of permanent coronary artery occlusion, infarct size was reduced (A), LV
ejection fraction was preserved (B), capillary proliferation (D), and arteriole proliferation
(E) were all up-regulated, and apoptosis (C) was reduced in sFRP2 TG vs. WTL. Inhibition
of ATF6 by AEBSF abolished all the cardioprotective features observed in sSFRP2 TG

with 1 week of permanent coronary artery occlusion. (F) cTGF levels were no different
with treatment of AEBSF between sFRP2 TG and WTL mice. (G, H) Inhibition of ATF6
with AEBSF also blocked the increased tubule formation induced by sFRP2. Results are
expressed as mean £SEM.*p<0.05 vs. WTL; tP<0.05 vs. SFRP2 TG.
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Figure 7:

There were no differences in results from western blotting of traditional Wnt/B-catenin
signaling and its downstream targets including GSK3p, BMP1, Smadl and p42/44 proteins
between sFRP2 TG and WTL at baseline. Results are expressed as mean +SEM.*p<0.05 vs.
WTL,; 1P<0.05 vs. sSFRP2 TG.
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Mechanism for sFRP2 Cardioprotection
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Figure8:
SFRP2 represents a novel mechanism of ischemic cardiac protection by increasing both

angiogenesis and arteriogenesis mediated by cTGF and ATF6 signaling.

Basic Res Cardiol. Author manuscript; available in PMC 2021 October 21.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Vatner et al.

Cardiac Function of SFRP2 TG at Baseline and After 1 Week Permanent Myocardial Ischemia (MI)

Table 1:

Baseline
WT TG
Heart Rate (bpm) 432 27 429 +45
LV End Diastolic Diameter (mm) 2.92+0.2 3.09 +0.13
LV End Systolic Diameter (mm) 1.74 £0.18 1.94 £0.12
LV End Diastolic Volume (ul) 40.5+4.0 41.9 £3.7
LV End Systalic Volume (ul) 13.2+2.0 13.9+1.6
LV End Diastolic Area (mm?) 10.2+0.4 10.20.4
LV End Systolic Area (mm?) 4.310.2 4.4+0.4
LV FAC-Long Axis (%) 57.1+1.7 56.9 +4.5
LV Diastolic Index (%) 61.1+3.7 60.9 +4.3

Timeto Reach 50% Diastalic Filling(s) 0.04 +0.003

0.04 +£0.001

1wk M1
WT TG
456 +27 424 +25
3624034 % 3142011

28840357 2024016 *
56.8 +3.0 + 40.8+4.0

37.3+261 18.1+28 *
1374097 122412
99097 73+107%
284311  422+377%F
200341 55.7 £3.3 ©

0.06£0.008 ¥ 0.03+0.002 *

*
p<0.05WT vs TG;

}p<0.05 baseline vs 1wk Ml
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