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HEALTH AND MEDICINE

Strontium ions protect hearts against myocardial

ischemia/reperfusion injury

Min Xing"%*, Yun Jiang®>**, Wei Bi** Long Gao'?, Yan-Ling Zhou'?, Sen-Le Rao**,
Ling-Ling Ma'?, Zhao-Wenbin Zhang'?, Huang-Tian Yang***', Jiang Chang

Timely restoration of blood supply following myocardial infarction is critical to save the infarcted myocardium,
while reperfusion would cause additional damage. Strontium ions have been shown to promote angiogenesis, but
it is unknown whether they can save the damaged myocardium. We report that myocardial ischemia/reperfusion
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(I/R)-induced functional deterioration and scar formation were notably attenuated by injection of strontium ion-
containing composite hydrogels into murine infarcted myocardium at 20 minutes of reperfusion following
60 minutes of ischemia. These beneficial effects were accompanied by reduced cardiomyocyte apoptosis and in-
creased angiogenesis. The effects of strontium ions were further confirmed by the enhanced viability of cardio-
myocytes and stimulated angiogenesis in vitro. These findings are the first to reveal the cardioprotective effects
of strontium ions against I/R injury, which may provide a new therapeutic approach to ischemic heart disease at a

lower cost, with higher stability, and with potentially greater safety.

INTRODUCTION

Myocardial infarction (MI) remains the major cause of morbidity
and mortality worldwide (1). Early reperfusion during MI is
critical for saving the myocardium, but it can cause new injury and
limit the beneficial effects of reperfusion therapy (2). Therefore,
various approaches for the protection of the heart from ischemia/
reperfusion (I/R) injury have been extensively studied. Ischemic
pre- and postconditioning (PoC) are well-explored strategies for
the cardioprotection against reperfusion injury (2, 3). However,
they have limited values in the clinic application as requirement of
predictability of ischemic situation and invasive interference (4, 5).
Instead, pharmacological interference at the beginning of reperfu-
sion is more clinically feasible than mechanical PoC (6). However,
there are limited agents clinically available for the patient with
ischemic heart disease (4, 7). In addition, cell therapy has been
shown to promote the healing of the infarct hearts via improving
neovascularization, cardiomyocyte survival, and/or remusculariz-
ing the ischemic hearts (8-10). However, they are still facing
challenges for clinical applications (11). Therefore, it is necessary
to continuously explore and develop optimal approaches with
therapeutic and practical characteristics for the treatment of MI
(12), especially the simple and effective approaches aimed at pro-
tecting the heart against I/R injury, which would be of therapeutic
significance.

Bioactive ions released from the bioceramics are of interest in
the fields of regenerative medicine and tissue engineering owing to
the possibility of exploiting their unique advantages for therapeutic
applications: low cost, increased stability, and potentially lesser risk
than techniques of recombinant proteins or genetic engineering (13).
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Cumulated studies have shown that bioactive ions could induce
specific cellular response, stimulate proliferation and directional
differentiation of diverse cells, and affect the cell-cell interactions,
thereby promoting tissue and organ formation or regeneration (14).
Currently, the ion treatment methods have been widely used in the
multiple damaged tissue repair, such as bone, cartilage, teeth, adipose,
and skin (15). In addition, we recently found that the transplanta-
tion of a silicate ceramic/polymer composite cardiac patch seeded
with activated cardiomyocytes is effective to promote the repair of
infarcted myocardial by promoting angiogenesis (16). These bene-
ficial effects are associated with the stimulated angiogenesis and
enhanced cardiomyocyte viability by the Siions released from silicate
bioceramics (17). These findings suggest that inorganic biomaterials
with angiogenic bioactivity may be used for the soft tissue repair.
However, it is unclear whether the bioactive ions can promote the
infarct heart recovery from I/R injury.

Sr is an essential trace element in the human body, and Sr ion-
containing biomaterials are traditionally considered as a product for
bone repair. Sr-doped CaSiO3 bioceramics have been found to pro-
mote angiogenesis of endothelial cells, and what is more, we recently
found that Sr ions are more effective than Si ions in promoting
blood vessel formation during bone regeneration (18). The high bio-
activity in promoting angiogenesis implies that Sr ions may have
angiogenic activity in heart tissue environment and that Sr-containing
biomaterials may also be valuable for repairing infarcted hearts.

On the basis of these considerations, we innovatively confirmed
the effects of Sr ions in the stimulating of angiogenesis and the
maintaining of cardiomyocyte viability and then designed Sr ion-
containing composite hydrogels with the Sr ion-releasing property
for the treatment of myocardial I/R injury in mice. The effects of Sr
ions on cardiac function improvement, blood vessel formation, and
inhibition of cardiomyocyte apoptosis in vivo were investigated,
and the mechanisms were explored by studying the cell-cell interac-
tion in the presence of Sr ions. The previously unrecognized effects
of Sr ions in promoting healing of infarct hearts via promoting
angiogenesis and protecting cardiomyocytes are explicitly revealed
in the present study. Our findings might provide a new strategy for
the treatment of ischemic heart disease.
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RESULTS
The beneficial effects of Srions on cardiomyocytes
and cardiovascular cells
The rescue of injured cardiomyocytes and angiogenesis is critical to
repair infarcted myocardium. To determine the role of Sr ions in
the maintenance of the viability of cardiomyocytes, we treated the
cultivated neonatal rat cardiac myocytes (NRCMs) with Sr ions at
various concentrations for 10 days (table S1). The analysis of quanti-
tative real-time polymerase chain reaction (QRT-PCR) showed that
the expression levels of cardiac-specific genes including myosin heavy
chain 6 (Myh6), Myh7, calcium voltage-gated channel subunit o 1 A,
gap junction protein o, 1, and troponin T2 were significantly higher
in the Sr ion-treated NRCMs at the range of 10 to 42 ug/ml (1/16 to
1/4 dilution of the extracts as shown in table S1) than those in
the control ones (fig. S1). Moreover, we tested whether Sr ions
can protect the cardiomyocytes from oxygen glucose deprivation
(OGD) injury. Glucose/oxygen-deprived culture condition for 4 hours
followed with 36 hours of normal culture condition induced the
suppression of cell viability in the NRCMs, while this was improved
by 44% (1/4 Sr), 73.26% (1/8 Sr), and 40.61% (1/16 Sr) in the Sr ion—
treated NRCMs, respectively (Fig. 1A). Consistently, the OGD-induced
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick end labeling-positive (TUNEL") cells were significantly
reduced by Sr ions at the optimal concentration of 21 pg/ml (Fig. 1B).
In addition to the protection of cardiomyocytes, blood vessel
formation is also vital to facilitate the repair of infarct myocardium
(19). Considering that endothelial cells, fibroblasts, and smooth
muscle cells are the main cells that form blood vessels and play dif-
ferent roles in angiogenesis, we examined the effects of Sr ions on
these three types of cells under normal conditions. The Cell Counting
Kit-8 (CCK8) analysis and immunofluorescent staining of prolifer-
ation maker Ki67 showed that all of these cells exerted higher cell
viability and enhanced percentages of Ki67" cells after Sr ion treat-
ment (Fig. 1, C to H). Moreover, wound healing assays, qQRT-PCR,
and Western blot analysis showed that the migration of human
umbilical vein endothelial cells (HUVECs) and human dermal fibro-
blasts (HDFs) was enhanced (fig. S2) and the expression levels of
angiogenesis-related genes (19) [vascular endothelial growth factor
(VEGF), kinase insert domain receptor (KDR), basic fibroblast
growth factor (bFGF), bFGF receptor (VFGFR), and endothelial
nitric oxide synthase (eNOS)] were increased (fig. S3) after cultivating
with the Sr ions under normal conditions. Moreover, Sr ions signifi-
cantly increased the expression of proliferation-related genes—such
as [cellular FOS proto-oncogene (C-FOS), cellular MYC proto-
oncogene (C-MYC), cellular SIS proto-oncogene (C-SIS), and early
growth response 1 (EGR-1)]—and promoted the migration of human
umbilical vein smooth muscle cells (HUVSMCs) under normal con-
ditions (fig. S4). All of these active concentrations were in the range
of 10 to 42 ug/ml (1/16 to 1/4 dilution of the extracts as shown in
table S1). These results suggest that Sr ions have robust ability in the
stimulating of angiogenesis-associated cells by enhanced cell prolif-
eration and migration, which implies the therapeutic potential of Sr
ions in promoting repair of ischemic hearts.

Sr ions stimulate the angiogenic effects of cardiac cells via
strengthening their paracrine capacity in vitro

As the Sr ions benefit various types of cells, it is possible that Sr ions
could harmonically affect various cardiac cells. Since it is important
and essential to the interaction between cells in the cardiac tissue,
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where blood vessel-forming cells and cardiomyocytes coexist (17),
we thus investigated the cell-cell interaction in the presence of Sr
ions in relation to the angiogenesis using both direct and indirect
coculture models (Fig. 2A).

First, we studied the effects of Sr ions on the angiogenic function
in the direct or indirect cocultured HUVECs and NRCMs (Fig. 2A).
One day after coculture of HUVECs and NRCMs with equal cell
number, we treated the mixed cells with or without Sr ions and found
that the HUVECs presented more tube networks in the Sr ion-treated
group through von Willebrand factor (vWF) staining after 3 days of
cultivation (Fig. 2B). To investigate whether there are synergistic
effects, we collected the HUVECs and NRCMs from monoculture
and separated these cells from directly contacting cocultured system
using magnetic bead separation with or without Sr ion treatment.
The qRT-PCR analysis showed that, under the normal culture
condition (control), the coculture increased the expression of the
angiogenesis-related genes in the HUVECs, such as VEGF, KDR,
vascular endothelial-cadherin (VE-cad), eNOS, bFGF, and bFGFR,
compared with those in the monocultured HUVECs (Fig. 2C).
Similarly, the collected NRCMs from the cocultured HUVECs with
NRCMs also expressed higher levels of angiogenic genes, such as
VEGF, eNOS, bFGF, and bFGFR, than those in the monocultured
NRCMs (Fig. 2C). Sr ions not only enhanced the expression of these
genes in the HUVECs and NRCMs cultured alone but also further
improved the expression of these angiogenesis-related genes in the
HUVECs and NRCMs collected from the coculture system (Fig. 2C).

Then, we analyzed the gene expression in the indirect cocultured
HUVECs and NRCMs with or without Sr ion treatment. The qRT-
PCR analysis showed that the Sr ions stimulated both HUVECs and
NRCMs to express higher angiogenesis-related genes, such as VEGF,
KDR, VE-cad, eNOS, bFGF, and bFGFR (KDR and VE-cad were
only increased in HUVEC:s) with a similar activation pattern as that
for the direct HUVEC-NRCM coculture (Fig. 2D). Moreover, similar
to the results of enhanced expression of angiogenic genes in HUVECs
after treated with the conditioned medium from NRCMs without Sr
ions, the expression of angiogenic genes in the NRCM:s also increased
after cultured with the conditioned medium from HUVECs without
Srions (Fig. 2D). After Sr ion treatment, these cell conditioned media
showed much higher intensive induction of the angiogenic genes
mentioned above (Fig. 2D). These findings suggest that the paracrine
effects of NRCMs activated by Sr ions also contribute to the en-
hanced angiogenesis in addition to the direct activation of HUVECs
by Sr ions.

In addition to the interaction of cardiomyocytes and endothelial
cells, the interwork of endothelial cells and fibroblasts is also im-
portant during blood vessel formation and particularly crucial in the
early stage of angiogenesis (20). Therefore, we analyzed the effects
of Sr ions on the cocultured HUVECs and HDFs. The vWF staining
analysis revealed that the direct coculture of HUVECs with HDFs in
the Sr ion-containing medium formed better tubule networks than
that without Sr ion treatment (fig. S5A). The analysis of QqRT-PCR
showed that the cocultured cells (HUVECs and HDFs) expressed
higher levels of angiogenesis-related genes as respectively compared
with the monocultured ones (fig. S5B). Moreover, the monocultured
and cocultured HUVECs both expressed higher levels of bFGF,
bFGEFR, VEGF, KDR, eNOS, and VE-cad in the presence of Sr ions
as compared with that cultured without Sr ions (fig. S5B). Simulta-
neously, Sr ions also stimulated higher expression of angiogenic
genes including bFGF, bFGFR, VEGF, and eNOS in the monocultured
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Fig. 1. Srions reduce NRCM apoptosis after OGD injury and promote blood vessel-related cell proliferation. (A) The viability of NRCMs measured by Cell Counting
Kit-8 (CCK8) in the medium supplemented with different concentrations of Srion after OGD injury. (B) TUNEL staining (green), cTnT staining (red), and DAPI (4',6-diamidino-
2-phenylindole) staining (blue) in NRCMs after OGD injury and quantitative analysis of TUNEL* NRCMs (10 pictures for each group). The corresponding concentrations of
Sr ion with the 1/4 to 1/16 dilution ratio for NRCM culture are shown in table S1. (C to H) The cell viability and proliferation of human umbilical vein endothelial cells
(HUVECGs) (C and D), human dermal fibroblasts (HDFs) (E and F), and human umbilical vein smooth muscle cells (HUVSMCs) (G and H) after culturing in the medium sup-
plemented with Srions at different concentrations. They were respectively revealed by CCK8 and the immunofluorescence of Ki67, followed by quantitative analysis of
Ki67* after Srion treatment for 5 days (HUVECs) or 7 days (HDFs and HUVSMCs). The corresponding concentrations of Srion with the dilution ratio of 1 to 1/256 for HUVEC,
HDF, and HUVSMC culture are respectively shown in table S1. Experiments were conducted in triplicate. All data are presented as means + SEM. An unpaired t test was
used to compare between any two groups. One-way analysis of variance (ANOVA) was used to compare between three or more groups. *P < 0.05, **P < 0.01, and ***P < 0.001.

or cocultured HDFs (fig. S5B). The Sr ions even activated HDFs  and HDFs, a similar activation pattern of the gene expression was
expressing a higher level of VEGF than those in the HUVECs both  observed (fig. S5C). The conditioned medium collected from the
under the monoculture and coculture conditions, but not the down-  HDFs (without Sr ion treatment) stimulated HUVECs to express
stream angiogenic molecules, such as KDR and eNOS (fig. S5B).  higher levels of bFGF, bFGFR, VEGF, KDR, eNOS, and VE-cad (fig.
Furthermore, in an indirect contact coculture model of HUVECs S5C). Meanwhile, HDFs cultured with the conditioned medium
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Fig. 2. Sr ions stimulate paracrine-mediated angiogenic effects of HUVECs and NRCMs after 3 days of coculture. (A) Schematic of direct and indirect coculture of
HUVECs and NRCMs. (B) Images and quantitative analysis of von Willebrand factor (VWF) staining for the tube formation ability of cocultured HUVECs with control medium
and Srion-containing medium (10 pictures for each group). An unpaired t test was used for statistical analyses. *P < 0.05. (C) qRT-PCR analysis of the expression levels of
angiogenesis-related genes [VEGF, KDR, vascular endothelial-cadherin (VE-cad), eNOS, bFGF, and bFGFR] in HUVECs and NRCMs that were acquired from monocultured
cells or cocultured cells in each treatment group. Experiments were conducted in triplicate. An unpaired t test was used for statistical analyses. All data are presented as
means + SEM. *P < 0.05 was considered statistically significant. Mo, monocultured; Co, cocultured. (D) gRT-PCR analysis of the angiogenic gene (VEGF, KDR, VE-cad, eNOS,
bFGF, and bFGFR) expression in HUVECs treated with normal medium and conditioned medium from NRCMs, which were treated with Srions or not, as well as in NRCMs
treated with normal medium and conditioned medium from HUVECs, which were treated with Srions or not. Experiments were conducted in triplicate. One-way ANOVA
was used for statistical analyses. All data are presented as means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.
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collected from the HUVECs (without Sr ion treatment) also expressed
higher levels of bFGF, bFGFR, VEGF, and eNOS (fig. S5C). Consist-
ently, after Sr ion treatment, conditioned medium showed much
higher intensive induction of the angiogenic genes mentioned above
(fig. S5C). Thus, similar to that in the coculture of HUVECs and
NRCMs, paracrine effects in the coculture of HUVECs and HDFs acti-
vated by Sr ions significantly contribute to the enhanced angiogenesis.

The proliferation of HUVSMC s is further enhanced by

the interaction between HUVECs and HUVSMCs

with the stimulation of Sr ions in vitro

In addition to angiogenesis, which is the primary step of the infarcted
myocardial tissue repair and cardiac function recovery via pro-
viding the needed nutrients for tissue repair (19), arteriogenesis also
plays an essential role for reestablishing blood network after ische-
mic injury (21). Smooth muscle cells are located near endothelial
cells, and their proliferation plays an irreplaceable role in the devel-

opment and maturation of collateral coronary artery (22, 23). We have
found in the first part of this study that Sr ions stimulated HUVSMC
proliferation. Then, we observed that, in the direct cocultures of
HUVECs and HUVSMC:s, the expression level of platelet-derived
growth factor subunit B (PDGFB) was similar in the separated
HUVECs from monocultured or cocultured cells, but it was increased
after treated with Sr ions in the above cultural methods (Fig. 3A). In
the cocultured HUVSMCs with HUVECs without Sr ions, the ex-
pression of PDGF receptor B (PDGFRB), a receptor of PDGFB, and
proliferation-related genes (C-FOS, C-MYC, C-SIS, and EGR-1)
was significantly higher than those in the monoculture HUVSMCs.
Meanwhile, Sr ion treatment of cocultured cells further promoted
the expression of these genes as compared with those without Sr ion
treatment (Fig. 3A). Simultaneously, in the indirect contact coculture
system of HUVECs and HUVSMC:s, a similar activation pattern of
gene expression was observed (Fig. 3B). The conditioned medium
from HUVSMC:s failed to increase the expression of PDGFB in
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Fig. 3. Srions stimulate paracrine-mediated proliferation effects of HUVSMCs after 3 days of coculture with HUVECs. (A) qRT-PCR analysis of the expression levels
of PDGFB in monocultured HUVECs and cocultured HUVECs and gene expression of PDGFRB, C-FOS, C-MYC, C-SIS, and EGR-1in monocultured HUVSMCs and cocultured
HUVSMCs in each treatment group. An unpaired t test was used for statistical analyses. (B) qRT-PCR analysis of the expression levels of PDGFB in HUVECs treated with
conditioned medium from HUVSMCs with or without Sr ions and gene expression of PDGFRB, C-FOS, C-MYC, C-SIS, and EGR-1in HUVSMCs treated with conditioned
medium from HUVECs with or without Sr ions. Experiments were conducted in triplicate; one-way ANOVA was used for statistical analyses. All data are presented as

means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no statistical significance.

Xing et al., Sci. Adv. 2021; 7 : eabe0726 15 January 2021

50f18



SCIENCE ADVANCES | RESEARCH ARTICLE

HUVECs, while the conditioned medium from HUVEC:s significantly
enhanced the proliferation-related gene expression in HUVSMCs,
which was further improved by the Sr ion treatment. These results suggest
that the Sr ions have the ability to induce paracrine effects of the HUVECs
involved in the interconnecting and proliferation of HUVSMCs.

Design and preparation of SrCOs/albumin composite
hydrogels with injectability

To test the effects of Sr ions on the infarcted heart repair and apply
Sr ions in vivo, we then designed a composite hydrogel with an ability
to sustain the release of Sr ions. Although the optimal concentration
for the proliferation of HUVECs (42 ug/ml) appeared to be slightly
higher than those for the proliferation of the HDFs and HUVSMCs
as well as the protection of NRCMs (21 pg/ml), the lower concen-
tration of Sr ion (21 ug/ml) was able to activate all three types of
blood vessel-forming cells and cardiomyocytes (Fig. 1). To obtain
effective concentration of Sr ion for the infarcted myocardium re-
pair in vivo, we selected 21 ug/ml (1/8 dilution of the extracts) as the
concentration of Sr ion for the design of the Sr-releasing hydrogel.

As shown in the design schematic of the SrCOs/albumin com-
posite hydrogels (Fig. 4A), SrCOs/human serum albumin (HSA)
composite hydrogels were prepared with different amount of SrCO;
[D50 (median particle diameter) = 4.192 pm as shown in Fig. 4D] to
obtain hydrogels with suitable physical properties and release Sr ions
in the optimal bioactive concentration. The hydrogels were formed
on the basis of the cross-linking reaction between the free amino
groups of the HSA and two-arm succinimidyl active ester groups
of poly(ethylene glycol) disuccinimidyl succinate [PEG-(SS),], and
the gelation time mainly depended on the nucleophilicity of the amino
groups, which could be regulated by the pH of the polymerization
reaction (Fig. 4C). Since the alkaline environment generated by SrCO;
hydrolysis also regulated the gelling time of the SrCO3/HSA hydro-
gels cross-linked with PEG-(SS),, we observed that the color and
gelling time of the hydrogels were dependent on the amount of
SrCO; added in the HSA (Fig. 4, B and E). In general, the gelling
time was in the range of 3 to 10 min, and this may meet the re-
quirement for readiness period before using the injectable hydro-
gels in different situations. Our results showed that 1% SrCOj; and
2% SrCO3/HSA composite hydrogels were tolerable for gel forma-
tion and injection. Moreover, the active esters in the hydrogels had
the ability to bond with amino groups on the surface of tissue,
which may be conducive to its adhesion in myocardial tissue (24).

To verify the optimal releasing concentration of Sr ion, we eval-
uated the concentrations of Sr ions released from hydrogels with
different SrCO3; amounts. The analysis showed that, during a 9-day
cultivation time, the concentrations of Sr ions released from each
group did not change significantly, indicating a sustained release of
Sr ions from the HSA hydrogels (Fig. 4F). Among the three groups,
the Sr ion-releasing concentration of HSA hydrogels with 1% SrCO;
(22.61 £ 1.80 ug/ml to 20.61 + 1.00 pg/ml) was more consistent with
the optimal concentrations of Sr ion obtained from in vitro experi-
ment results (Fig. 1 and figs. S1 to S4). Thus, we used 1% SrCOs/
HSA hydrogels for the further study.

To study the effect of SrCO3 powder composition on the physi-
cal properties of hydrogels, we investigated the elastic moduli (G’)
and viscous moduli (G”) of hydrogels as a function of the strain
(Fig. 4G) and frequency (Fig. 4H) by rheological characterization.
As shown in Fig. 4G, the intersection positions of the G’ and G”
curves corresponding to the HSA hydrogels and 1% SrCO3 com-
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posite HSA hydrogels were similar, indicating that the strain value
of these two kinds of hydrogels was nondistinctive when they were
damaged and the recombination of SrCO; powders did not change
the toughness of HSA hydrogels. As shown in Fig. 4H, G’ and G”
curves of the hydrogels (HSA and HSA + 1% Sr) showed frequency
independence. In addition, the G’ was greater than G” for these
two kinds of hydrogels over the entire range of frequency, which
indicated the good stability of three-dimensional network in the
gel system.

The in vitro degradation experiment may be used to predict the
in vivo degradation process of hydrogels and particle compound in
hydrogels; thus, the in vitro degradation behavior of the HSA hydro-
gels, 1% SrCO3/HSA composite hydrogels, and the inside SrCO3
powders were evaluated by soaking the samples in tris-HCI buffer
solution (pH 7.4). As shown in Fig. 41, the weight loss of the HSA
hydrogels, 1% SrCO3/HSA composite hydrogels, and the SrCO;
powders inside hydrogels respectively reached 50.68 + 4.680%,
51.982 + 3.631%, and 57.417 + 3.083% after 14 days. These results
indicated that the combination of SrCO; powders did not change the
degradation rate of hydrogels. As compared with SrCO; powders,
the degradation of the composite hydrogels was slightly slower, but
there was no significant difference.

Therapeutic effects of the SrCO3/HSA composite hydrogels
after intramyocardially injected in the murine I/R hearts

The SrCO3/HSA composite hydrogels improve cardiac function
of I/R hearts

Then, we tested the hypothesis that the released Sr ions from trans-
planted SrCO3/HSA composite hydrogels could serve as myocardial
protective elements for the ischemic heart repair. We compared the
functional outcomes of mice among different groups: I/R + control,
I/R + HSA hydrogels (I/R + HSA), and I/R + 1% SrCO3/HSA com-
posite hydrogels (I/R + HSA + 1% Sr) at days 1 and 28 after I/R as
indicated in Fig. 5A. The 9.1% mortality was observed in the I/R
control group (1 death of 11), but no one died in the I/R mice treated
with HSA hydrogels or 1% SrCO3/HSA composite hydrogels during
the 28-day follow-up period (Fig. 5B). The body weights of the mice
in the three groups showed a transient decline tendency at day 1
after I/R but no significant difference among different groups (Fig. 5C).
However, the left ventricular (LV) ejection fraction (LVEF) and LV
fraction shortening (LVES) were significantly improved by the
SrCO3/HSA composite hydrogel treatment as compared with the I/R
control and HSA hydrogel groups at day 28 after I/R (Fig. 5, D and E).
These data indicate the therapeutic benefit of Sr ions in improving
heart function after I/R injury.

To verify the vital role of the sustained release of Sr ions from the
composite hydrogels in the treatment, we further compared the in-
jection of pure Sr ion solution with SrCO3/HSA composite hydrogels.
The results revealed that only the injection of SrCO3/HSA composite
hydrogels resulted in significant improvement of heart function at
day 28 after I/R. The LVEF and LVEFS of mice in the pure Sr ion
solution-treated group did not show distinct improvement as com-
pared with those in the I/R group, while these parameters significantly
increased after the treatment with SrCO3/HSA composite hydrogels
(fig. S6A). Accordingly, the concentration of Sr ions in the mouse
heart and serum dropped to normal levels at day 1 after injection in the
Sr ion-alone group, while they were still higher than normal levels
even at day 7 after injection in the SrCO3/HSA composite hydrogel
group (fig. S6B).
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Fig. 4. Construct of injectable SrCO3/HSA composite hydrogels (HSA). (A) Design schematic of SrCO3/HSA composite hydrogels for injection into I/R mice. (B) The
pictures of SrCO3/HSA composite hydrogels with different SrCO3 contents. (C) The gelation mechanism and chemical reactions between HSA and PEG-(SS),. (D) The par-
ticle size distribution of the SrCO; powder. (E) Gelling time of SrCO3/HSA composite hydrogels. (F) Concentrations of Sr ions released from hydrogels. Experiments were
conducted in triplicate. (G) Elastic moduli (G') and viscous moduli (G") as a function of the strain of HSA hydrogel and HSA + 1% Sr composite hydrogel. (H) G'and G" as a
function of the frequency of HSA hydrogel and HSA + 1% Sr composite hydrogel. (I) The weight loss of the HSA hydrogel, HSA + 1% Sr composite hydrogel, and SrCO3
powders inside the HSA + 1% Sr composite hydrogel after soaking in tris-HCl buffer solution (pH 7.4) at different time points. Experiments were conducted in triplicate.
All data are presented as means + SEM. (Photo credit: Min Xing, State Key Laboratory of High Performance Ceramics and Superfine Microstructure, Shanghai Institute of
Ceramics, Chinese Academy of Sciences, Shanghai 200050, P. R. China.)

SrCO3/HSA composite hydrogels increase angiogenesis, reduce  mice showed myocardial fibrosis formation at day 28 after I/R as
cardiomyocyte apoptosis, and inhibit myocardial fibrosis analyzed by Masson’s trichrome staining, while the myocardial
To explore the underlying mechanisms of improved heart function  fibrosis area in the 1% SrCO3/HSA composite hydrogel-treated group
by SrCO3/HSA, we implemented multiple histological analyses. All ~ was smaller than those in the I/R and HSA hydrogel groups (Fig. 6A).
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Considering that the reduction of myocardial fibrosis may be due to
the improved angiogenesis and/or cardiomyocyte survival, we ex-
amined the number of a-smooth muscle actin-positive (a-SMA™)
blood vessels and CD31" cells in the border zone of infarcted hearts
at day 28 after I/R. More a-SMA™ blood vessels in tubular shape
(Fig. 6B) and CD31" cells (Fig. 6C) were observed in the heart slices
of the SrCO3/HSA composite hydrogel group as compared with those
in the I/R control and I/R + HSA hydrogel groups, which indicates
an increased formation of arterioles and blood capillary (25, 26).
Consistently, the SrCO3/HSA composite hydrogel significantly en-
hanced VEGF and eNOS levels in the infarct heart as determined by
Western blot analysis at day 7 after I/R, while the HSA hydrogel and
Sr ion solution did not improve the level of VEGF and eNOS (fig.
S6C). Furthermore, the immunofluorescence staining analysis also
showed that the SrCO3/HSA composite hydrogel increased the VEGF
level in the infarct heart at day 28 after I/R (Fig. 6D). Moreover, the
number of TUNEL" cardiomyocytes detected in the border zone of
day 3 infarcted hearts was significantly reduced after treated with
SrCOs/HSA composite hydrogels when compared with the other
two groups (Fig. 6E). Accordantly, the SrCO3/HSA composite
hydrogels reduced the I/R-cleaved caspase-3 (Fig. 6, F and G) in the
infarct myocardium and decreased the release of an injury marker
lactate dehydrogenase (LDH) in the serum (Fig. 6H) of mice at day 3
after I/R. These data indicate that Sr ions improve the cardiac func-
tion through promoting blood vessel formation and inhibiting
cardiomyocyte apoptosis in the infarct hearts.
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1 28
After IIR (days)
Fig. 5. SrCO3/HSA hydrogels improve the recovery of mice cardiac function after I/R. (A) Schematic of I/R model establishment, hydrogel injection, and echocardiography
(ECO) analysis. (B) Kaplan-Meier survival curves of mice during the 28 days after I/R. (C) Body weights of mice after I/R. (D) Representative echocardiograms obtained from the
mid-papillary muscle region of the left ventricle of mice at day 28 (D28) after I/R. (E) Cardiac function measured by the percentage of LVEF and LVFS at days 1 and 28 after
I/R.n=10 each. All data are presented as means + SEM. Comparisons between three groups were performed using two-way ANOVA. **P < 0.01.

1 28
After I/R (days)

Besides cardiomyocytes and endothelial cells, the cardiac fibro-
blasts are one of key cellular components in LV remodeling of post-
MI hearts, which can be activated to generate anti-inflammatory and
proangiogenic factors and secrete extracellular matrix components
that may form the infarct scar (27). Since the proliferated and acti-
vated resident cardiac fibroblasts are considered as the main source
of myofibroblasts in the infarct tissue and Sr ions also improved the
proliferation of fibroblasts, we further investigated the effect of Sr
ions on the activation of adult mice cardiac ventricle fibroblasts
(AMVFs) and the viability of hypertrophic scar-derived fibroblasts
(HSFs). After treating AMVFs and HSFs with Sr ions (21 pg/ml, 1/8 Sr),
we analyzed the expression of 0-SMA in AMVFs, which are most
commonly used as the marker of myofibroblasts, and the cell viability
of HSFs. As shown in fig. S7 (A and B), the expression of a-SMA
was significantly enhanced after transforming growth factor-p (TGF-B)
treatment, while Sr ions did not show activity to stimulate o-SMA
expression after 1 day of cultivation with Sr ions. In addition, Sr ions
did not affect the viability of HSFs (fig. S7C). These results suggest
that the treatment of Sr ions may not result in scar formation by
activating fibroblasts and improving the growth of myofibroblasts.

Metabolism and degradation of SrCO3;/HSA composite
hydrogels in mice with myocardial I/R

To test whether Sr ions could be released from the transplanted hydro-
gels to the damaged hearts in a bioactive concentration range, we
determined the concentrations of Sr ion in the hearts and serums
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Fig. 6. SrCO3/HSA hydrogels inhibit myocardial fibrosis, increase angiogenesis, and reduce cardiomyocyte apoptosis. (A) Representative cross-sectional images and
quantitative data of scar area in LV on 5-um slices stained with Masson'’s trichrome at day 28 after I/R. n=5 hearts for each group. (B to D) Images and quantification of
a-SMA* blood vessels (B), CD31* cells (C), and VEGF (D) in the border zone of infarcted hearts 28 days after I/R. Scale bars, 50 um. n =4 hearts for each group. HPF, high-power field.
(E) Representative and quantification of staining for TUNEL" cardiomyocytes (CMs) in the border zone of infarcted hearts at day 3 after I/R. Scale bars, 50 um. n=5 to 6 hearts
for each group. (F and G) Representative and averaged Western blot analysis for cleaved caspase-3 (cCas.3) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in
LV heart tissues at day 3 after I/R. n =4 hearts each. (H) The concentrations of cardiac injury marker LDH of the mice serum at day 3 after I/R. n =4 to 6 hearts each. Ctrl, I/R
control; HSA, I/R+HSA; 1% Sr, I/R + HSA + 1% Sr. All values are expressed as means + SEM; one-way ANOVA was used for statistical analyses. *P < 0.05 and ***P <0.001.

after injection of SrCO3/HSA composite hydrogels. The analysis of
inductively coupled plasma atomic emission spectrometry showed
that the initial concentration of Sr ions in the hearts was 21.082 +
4.003 pg/g, which was within the effective concentration shown in
Fig. 1 (1/4 to 1/16 Sr concentrations, 42 to 10.5 pug/ml). The concen-
tration of Sr ions metabolized by blood absorption into the serums

Xing et al., Sci. Adv. 2021; 7 : eabe0726 15 January 2021

was 0.082 + 0.003 ug/ml. With the extension of time, the concentra-
tions of Sr ions in the hearts and serums gradually decreased to the
level in the control group (fig. S8, A and B). To verify the biosafety
of Sr ion composite hydrogels in vivo, we analyzed the concentra-
tions of Sr ions in important organs and their metabolic pathways at
different time points after injection. As expected, except increased
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concentrations in metabolites, such as urines and feces, but the Sr
ion level in the urines was significantly higher than that in the feces
(P=0.007 and P=0.035 at days 1 and 7, respectively) (fig. S8, C and D),
there were no significant accumulations in other important organs,
such as livers, kidneys, and lungs (fig. S8, E to G). The levels of Sr
ions in serums, urine, and feces were increased during the first 7 to
14 days and then returned to normal levels at 28 days after injection,
indicating that Sr ions are mainly excreted through urine metabolism
and a few were metabolized through feces.

For application of a new biodegradable material, it is important
to investigate its degradation profile in vivo. Therefore, we further
studied the degradation of SrCO3/HSA composite hydrogels in vivo
after injected into the mice heart after I/R. The in situ SrCO3; powders
were detected by scanning electron microscope at days 1, 7, and 14
after I/R. As expected, the visible SrCO; powders in the cardiac tissue
were gradually decreased with time, and no residual SrCOj3 particles
were observed at day 14 after I/R. Besides, the mass percentage of Sr
in heart tissue measured by energy dispersive spectrometer (EDS) analy-
sis was significantly decreased and almost undetectable after 14 days
(fig. S9A). Furthermore, the Western blot analysis reflected a similar
degradation process of the HSA hydrogels, which were also almost
completely degraded after 14 days (fig. S9, B and C). Those results
indicate that the HSA hydrogel and SrCOjs particles inside hydrogel
were almost completely degraded simultaneously after 14 days.

Another critical issue for the clinical application of the SrCO3/
HSA composite hydrogels is their histotoxic effects on vital organs
in vivo. To elucidate it, we conducted histopathological analyses of
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Fig. 7. The schematic diagram of the SrCO3/HSA hydrogels in myocardium repair after I/R. Various underlying mechanisms contributed to myocardial repair for
SrCO3/HSA hydrogels after I/R: (i) SrCO3/HSA hydrogels sustain the release of Srions in the infarct heart; (i) Sr ions inhibit the apoptosis of CMs through reducing the
activity of caspase-3; (iii) Sr ions promote angiogenesis via increasing proliferation, strengthening paracrine capacity, and stimulating the interaction of cardiac cells.
Ultimately, alleviative fibrosis and elevated cardiac function are achieved after the treatment of SrCO3/HSA hydrogels. ECs, endothelium cells; SMCs, smooth muscle cells;
Fbs, fibroblasts.

various organs (hearts, livers, spleens, lungs, and kidneys) in Sham
mice at day 14 after injection of SrCO3/HSA composite hydrogels
(fig. S9D). Results showed that no SrCOj3 particles were observed in
these organs and the treatment of SrCO3/HSA composite hydrogels
did not cause obvious structural abnormalities.

DISCUSSION

Myocardial ischemia is an enormous threat to public health and
mostly caused by coronary artery thrombosis, which reduces or
interrupts blood supply and leads to myocardial cell death (28).
Recent studies have shown that intravenous injection of the solution
containing Si ions could promote functional recovery and myocardial
tissue repair after MI (17). However, it is not enough to only find
the effective function of Si ions in the infarcted myocardium repair
currently, and one of the key issues for bioactive ion therapy is to
find an ion with stronger ability of promoting angiogenesis and cardio-
myocyte survival. In the present study, using an in vivo I/R model
and in vitro cell experiments, we reveal that Sr ions indeed have
activity to improve the functional recovery and limit the fibrosis
formation of ischemic hearts in vivo through enhancing angiogenesis
and inhibiting cardiomyocyte apoptosis.

One of the important findings here is the determination of the
bioactivity of Sr ions on cardiomyocyte. MI leads to cardiomyocyte
apoptosis due to the insufficient blood supply, and inhibition of the
cardiomyocyte apoptosis has been considered as one of effective
treatments for MI (29, 30). Similar to our recent discovery that Si
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ions (4.53 to 9.08 ug/ml) have an antiapoptotic effect for NRCMs
under glucose/oxygen-deprived conditions (17), our results show
that Sr ions (10.59 to 42.36 ug/ml) play a protective role in the
improvement of cell viability and decrease in the TUNEL* NRCMs
treated under glucose/oxygen-deprived condition, accompanied with
higher expression of cardiomyocyte marker genes after long-term
coculture in vitro. Previous studies of Sr ions on cell viability mainly
focus on bone and oral tissue repair, and the effect of Sr ions on cells
are concentration dependent; in addition, low-dose Sr ions stimulate
the viability of osteogenesis-related cells (2.19 to 43.81 ug/ml) (31)
and reduce the apoptosis of human gingival cell (43.81 to 87.62 ug/ml)
(32), but high-dose Sr ions inhibits the viability of osteogenesis-
related cells (87.62 to 262.86 pug/ml) (31) and causes apoptosis in
osteoclast (>788.56 ug/ml) (33). In the present study, we demonstrate
that Sr ions have a significant protective effect on cardiomyocytes in
a similar concentration range as that for enhancing viability of
osteogenesis-related cells (31). Our study suggests that Sr ions are
an activator of different types of cells including cells under stress
such as hypoxic condition.

In addition, the recovery of blood perfusion is another critical
issue for the repair of ischemic myocardial tissue (19). Reestablish-
ment of blood flow in infarct tissue can provide sufficient oxygen
and nutrients to cells in ischemic areas. One of the vital steps of
angiogenesis is the proliferation and migration of endothelial cells
and fibroblasts (34). Our results demonstrate that Sr ions indeed
activate the early blood vessel formation by stimulating not only
proliferation and migration of endothelial cells and fibroblasts but
also the expression of angiogenic genes and protein in endothelial
cells and fibroblasts. Besides sprouting capillary, the development
and maturation of collateral coronary arteries are also essential for
recovery and maintenance of sufficient blood flow, where the smooth
muscle cells play a pivotal role in increasing the vessel capacity and
reducing the fluid shear stress (23). Moreover, the regeneration of
smooth muscle cells is essential for repair of ischemic hearts (35),
and the expression of early proliferation-related genes of smooth
muscle cells such as C-FOS, C-MYC, C-SIS, and EGR-1 is critical
for the activity of smooth muscle cells (36). Our results further con-
firm that Sr ions can facilitate the proliferation and migration of
smooth muscle cells, as well as the expression of proliferation-related
genes, suggesting that Sr ions may have a promotion effect on the
formation of arteriole network by stimulating smooth muscle cells
to support vascular integrity in structure and function. Besides
focusing on the effects of bioactive ions on early angiogenesis, our
results further revealed that Sr ions promote the formation of col-
lateral coronary arteries by activating smooth muscle cells during
the tissue repair process.

Cardiac tissue is composed of a multicellular microenvironment,
and the cell-cell interaction is critical for tissue regeneration (37).
The complex environment in vivo affects various cardiac cells. There-
fore, the investigation of Sr ions simultaneously treating different
cardiac cells is important to understand the therapeutic mechanisms
of Sr ions. We find that Sr ions are able to not only activate a single
type of cells but also activate the interaction between cardiomyo-
cytes and endothelial cells, along with endothelial cells and fibro-
blasts. All these synergistic effects ultimately stimulate strengthening
of the vascular ring formation of endothelial cells when cultured with
NRCMs or HDFs in company with Sr ions. During the development
of artery, the smooth muscle cells have connection and signal trans-
mission with endothelial cells or extracellular matrix, which is
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involved in normal osmotic maintenance, vascular morphology sup-
port, and functional regulation (38). Therefore, the interactions be-
tween smooth muscle cells and endothelial cells play a key role in
the process of arteriogenesis. Note that Sr ions can not only stimulate
the paracrine effects between cells in promoting neovascularization
but also stimulate the paracrine effects between smooth muscle cells
and endothelial cells. As evidenced by preclinical studies, knockdown
of the PDGFB gene causes pericyte depletion, and knockdown of
PDGFR has the same effect (39). Our results reveal that Sr ions pro-
mote the expression of PDGFB from cocultured endothelial cells,
and PDGEFB further acts on the smooth muscle cells via PDGFB to
induce the expression of early proliferation-related genes of smooth
muscle cells lastly resulting in the maturation of neovascularization
(39). Previous studies have shown that intercellular cross-talk among
osteoblast, osteoclast, osteocyte, and chondrocyte is involved in the
precise control of bone homeostasis, and Sr ions play a dual role in
bone regeneration, on the one hand promoting osteogenesis and on
the other hand inhibiting osteoclastogenesis (40). In our study, we
demonstrate that the cross-talk between cardiomyocytes and blood
vessel-forming cells is activated by Sr ions. Considering the multicell
environment in cardiac tissue and the multistep processes in angio-
genesis, it is advantageous for Sr ion-mediated cardioprotection, in
which Sr ions seem to be a universal activator for different types of
cells including vessel-forming cells (endothelial cells, fibroblasts,
and smooth muscle cells) and cardiomyocytes, unlike the traditional
biological approach for stimulating vessel formation, in which often
one growth factor is applied and mainly stimulate certain kinds of
cells with a specific receptor (41).

Although cell experiments in vitro have confirmed that Sr ions
can activate cardiomyocytes and vascular cells, the effective delivery
of Sr ions in situ and the long treatment time after injection are re-
quired for the myocardial repair after I/R. Therefore, it is critical to
design biomaterials capable of sustainably releasing the Sr ions at
appropriate concentration. We therefore design an injectable SrCO3/
HSA composite hydrogel, in which the controlled release of Sr ions
is achieved. Because HSA is one of the most abundant proteins in
human plasma, it has been used as an ideal drug carrier for its good
biodegradability, low toxicity, and low immunogenicity (42). It has
been shown that the free amino side chains of lysine residues on the
surface of albumin can react with modified PEG-PEG [PEG-(SS),]
to form amide bonds, which results in the formation of albumin
hydrogels. At the same time, the active succinimide ester can react
with the amino group on the surface of the tissue with good adhesion.
Besides, the cross-linking reaction between the succinimide active
ester of modified PEG and the free amino group of albumin occurs
between pH 7.0 and pH 10.5 (24). Therefore, the alkaline environ-
ment generated by the hydrolysis of SrCO3 can accelerate the pro-
cess of gelation. The SrCO3/HSA composite hydrogel is therefore
selected, in which it releases Sr ions in an appropriate concentration
range to reach the damaged zone of the tissue and creates alkaline
environment to regulate the gelling time of the hydrogel. Our results
show that the composite hydrogels have a sustained and stable
release profile of Sr ions, indicating that the release of Sr ions from
the hydrogels has long-term stability and maintains the effective
concentrations for long-term treatment.

To verify the effects of Sr ions on the infarcted heart and answer
the fundamental scientific question “whether bioactive Sr ions
promote myocardial repair post-I/R in vivo,” we inject SrCO3/HSA
composite hydrogels into the mice myocardium after 20 min after
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I/R and evaluate the heart function over the 28 days after treatment.
The results demonstrate that StCO3/HSA composite hydrogels sig-
nificantly promote the recovery of cardiac function, reduce scar area
at infarcted myocardium, and then decrease the degree of myocardial
injury after I/R, which probably benefit from enhanced neovascular-
ization and inhibition of cardiomyocytes apoptosis (30). Moreover,
consistent with the in vitro results of Sr ions in promoting the pro-
liferation, migration, and interaction of endothelial cells and smooth
muscle cells, we observe significant increases in capillaries and
arterioles in the mice heart treated with SrCO3/HSA composite
hydrogels, which is the first to verify the ability of Sr ions to induce
the formation of both capillaries and normal collateral coronary
arteries during the heart repair after I/R.

Considering that Sr ions improve the fibroblast proliferation,
which plays an important role in regulating local fibrosis and extra-
cellular matrix production during the wound healing (27), we also
investigate the activation and viability of resident cardiac fibroblasts
and myofibroblasts. We find that the Sr ions only enhance the pro-
liferation of inactivated fibroblasts but not stimulate myofibroblast
differentiation and activation. After infarction injury, fibroblasts and
cardiomyocytes are partially killed within the ischemic area, and the
remaining fibroblasts are activated to proliferate within 2 to 4 days
to invade the necrotic area, followed by differentiation into myo-
fibroblasts 3 to 7 days after injury to secrete abundant extracellular
matrix proteins (43). Then, the scar forms to prevent ventricular wall
thinning and rupturing. Our results show that Sr ions promote the
proliferation of fibroblasts but do not stimulate myofibroblast dif-
ferentiation and myofibroblast growth, which is necessary for both
adaptive healing (44). These results suggest that Sr ions only enhance
the repair of heart tissue damage by regulation of fibroblast prolif-
eration but do not activate myofibroblasts and promote fibrosis.
These beneficial effects may contribute to the repair of damaged
heart tissues and recovery of heart function. In previous studies, Sr
ions are mainly used in the field of bone tissue repair including the
use of Sr ion—containing biomaterials as bone defect implants (45).
Recently, a study reveals the activity of strontium-substituted bioglass
for wound healing application, implying possible application for soft
tissue therapy (46). Our study is the first to demonstrate the beneficial
effects of Sr ion—containing biomaterials in promoting cardiac repair.

The delivery of Sr ions in the present study is facilitated using an
HSA hydrogel. Injectable hydrogels have been used extensively as
delivery systems of therapeutic agents for cardiac tissue engineering
(47), in which the hydrogels are mainly functioning as carriers. On
the other hand, some studies also show that some natural material-
derived hydrogels, such as extracellular matrix, collagen, hyaluronic
acid, and alginate-chitosan composite (48-51), have therapeutic effects
on infarcted heart damage possibly through enhancing angiogenesis,
cell recruitments, and differentiation, although the related mecha-
nisms have not yet been fully explained. HSA hydrogels have been
used for lung surgery and skin wound healing (24, 52), but no studies
on cross-linked pure HSA hydrogels for the treatment of MI have
been reported. In addition, although the chemical-modified HSA
solution as a donor of nitric oxide has been used in ischemic heart
repair, the pure natural HSA solution does not show benefits for
heart repair (53, 54). In our study, we demonstrate that the cross-
linked pure HSA hydrogel does not show bioactive effects but has
good biocompatibility, degradability, and injectability for encapsu-
lating SrCOj3 particles for Sr ion delivery, and only the SrCO3/HSA
composite hydrogel with Sr ion release property reveals specific
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activity in inhibiting cardiomyocyte apoptosis and enhancing angio-
genesis in the infarcted hearts.

Regarding the effective application of Sr ion-containing hydro-
gels, the key to achieve effective treatment is whether the active con-
centration of Sr ions released by composite hydrogels is reached
in vivo. By measuring the concentrations of Sr ion in the heart tissues,
we identify that the initial concentrations of Sr ions in the hearts
following hydrogel injection are within the effective range (10 to
42 ug/ml obtained from our in vitro cell experiments) and maintain
within this effective range for 7 days. In contrast to the treatment of
SrCO3/HSA composite hydrogels, the Sr ion concentration in the
heart and serum of the mice treated with the intramyocardial injec-
tion of Sr ion solution does not increase as compared with those in
the control group 1 day after injection. Meanwhile, the heart func-
tion of the mice treated with Sr ion solution does not show signifi-
cant improvement after I/R. These findings further confirm that the
therapeutic function of the Sr ion composite hydrogels should be
attributed to the prolonged release of bioactive Sr ions. Furthermore,
with long-term treatment time (28 days), the concentrations of Sr
ion in hearts gradually decrease to the normal level due to the
metabolism. Moreover, the distributions of Sr ions in serums, feces,
and urines are similar, with a clear increase in the early stage of the
treatment (within 7 days), followed by a decrease to the normal level
at the end of the treatment (28 days). Urines seem to be the main
excretion way of Sr ions, which is consistent with previous literature
reports (55), and other ions, such as Siions (17), via the kidney irre-
spective of the route of administration. Since Sr ions are released
into the body, biosafety is also a critical issue for clinical application.
On the basis of it, we analyze the concentrations of Sr ion in some
important organs. Our results show no accumulation of Sr ions in
the important organs such as hearts, livers, kidneys, and lungs after
28 days of myocardial injection after I/R. Moreover, we also evaluate
the histotoxic effects of myocardium injection with SrCO3; composite
hydrogels to several important organs (hearts, livers, spleens, lungs,
and kidneys) in Sham mice, and no accumulation of particles or
significant microstructure variation in the vital organs is observed
14 days after injection, which suggests that SrCO; composite hydro-
gels have good biosafety and no histopathological toxicity. Consid-
ering that the SrCOj3 particles are wrapped in HSA hydrogels when
injected into the myocardium and the in vitro and in vivo degrada-
tion experiments prove the similar degradation rate of HSA hydro-
gels, SrCO3/HSA hydrogels, and SrCOj3 particles inside the HSA
hydrogels, which are consistent with the in vivo Sr ion metabolism
results and other report about the degradation rate of HSA hydrogel
(52), it is reasonable to suppose that SrCOj; particles are mainly
degraded together with the hydrogel matrix and hardly released to
myocardial tissue or get into blood circulation to cause tissue toxicity.
However, further studies are needed to confirm whether the micron-
sized SrCOj3 particles will be degraded to the nanoscale and enter
the blood circulation.

Previous literatures have also shown that the therapeutic method
based on bioactive ions is more conducive to clinical transformation
than the therapies of organic drugs, cell transplantation, recombi-
nant proteins, and genetic engineering, since it has lower cost, higher
stability, potentially greater safety, and varied methods of adminis-
tration (13). Strontium ranelate, a drug containing Sr ions, has been
used in the clinical treatment of osteoporosis and has recently shown
positive effects in the treatment of knee osteoarthritis (56). However,
aroutine European Medicines Agency assessment of the benefit-risk
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profile of strontium ranelate finds increased risk of serious MI with
the use of strontium ranelate (57), but subsequent clinical studies
reach the opposite conclusions, which reveal that there is no signif-
icant association between the use of strontium ranelate and the risk
of MI (57). Our results also provide the role of Sr ions in MI from
another perspective and show that the cardiac function of infarct
mice can be improved by Sr ions to some extent at the appropriate
concentration (HSA + 1% SrCO3). Moreover, the Sr ions do not
accumulate in the important organs and cause tissue toxicity.
Meaningfully, our studies provide a further guide for the use and
research of this kind of drugs from different aspects.

Note that we verify the role of SrCO3/HSA composite hydrogels
in promoting infarcted myocardium repair in vivo through a small
animal, mouse heart I/R model. In the future, experimental models
of larger animals should further explore the beneficial effects of
hydrogels in vivo. Further studies can also focus on the molecular
biological mechanisms by which Sr ions act in the post-I/R heart.

In summary, our study demonstrates that Sr ions are able to pro-
tect cardiomyocytes and promote blood vessel activation. On this
basis, the Sr ion activity for promoting cardiac repair of infarcted
hearts is further confirmed by the injection of designed SrCO3;/HSA
composite hydrogels in a murine I/R mode. Furthermore, in vitro
cell experiments verify the beneficial effect of Sr ions on cardiomyo-
cyte survival and vascular cell proliferation, migration, and main
angiogenesis-related gene expression. Last, reciprocal action between
various cardiac cells, which is related to blood vessel formation and
maturation, is proved to be activated after cell coculture, and their
cell-cell interaction can be promoted after Sr ion treatment through
intercellular paracrine action (Fig. 7). All these findings suggest that
Sr ions have the potential to be a therapeutic element for impaired
cardiac tissues when locally applied in the infarcted myocardium, which
may provide a new therapeutic strategy, partly with superior practi-
cability due to the ions’ low cost, stability, biosecurity, and diversity,
for the treatment of ischemic heart disease.

MATERIALS AND METHODS

Sr ion extract preparation and ion concentration determination
According to ISO/EN 10993-12, the extracts containing Sr ions were
prepared by soaking SrO powder in serum-free Dulbecco’s modified
Eagle’s medium (DMEM; Gibco) at a solid/liquid ratio of 200 mg/ml
and incubated at 37°C for 24 hours. The mixture was centrifuged at
4000 rpm for 10 min, and then the supernatant was sterilized through
a filter membrane (Millipore; 0.22 um) and collected to obtain stock
solutions. The concentrations of Sr ion in the stock solutions were
measured using inductively coupled plasma optical emission spec-
troscopy (ICP-OES; 710-ES, Varian, USA). The stock extracts were
diluted at the concentration of 170 pg/ml by cell growth medium
and served as “1,” and then the serial dilutions of extracts (1/2, 1/4,
1/8,1/16,1/32,1/64,1/128, and 1/256) were prepared by cell growth
medium and stored at 4°C for future use. ICP-OES was used to
determine the concentrations of the Sr ion in the solution. The cell
growth medium without the addition of Sr ions was also analyzed
by ICP-OES as the control group.

Cellisolation and culture

Neonatal Sprague-Dawley (SD) rats at the day of birth were purchased
from Shanghai SLAC in Laboratory Animal Co. Ltd. (China). NRCMs
were isolated from the SD rat hearts using a reported method (17).
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Briefly, the rats were anesthetized with isoflurane and euthanized
by cervical dislocation, and their hearts were quickly removed. Left
ventricles were collected and washed. After being dissected into pieces
of <1 mm?, the heart tissue was enzymatically dissociated into a
single-cell suspension. The cell suspension was preplated for 2 hours
to purify the cardiomyocytes. Then, the unattached cells were col-
lected for further use. Primary NRCMs were used in this study.
Cells were cultured with DMEM/F12 supplemented with 10% fetal
bovine serum (FBS) and 1% P/S (penicillin/streptomycin) in a humid
atmosphere of 5% CO, at 37°C. The culture medium was changed
every other day.

HUVECs were isolated from the human umbilical cord vein as
previously reported (20) and cultured with endothelial cell medium
(ECM; ScienCell, USA) supplemented with 5% FBS and 1% endo-
thelial cell growth supplement/heparin kit (ScienCell, USA). HUVECs
below passage 5 were used in this study.

HUVSMCs were purchased from ScienCell company and cultured
with smooth muscle cell medium (SMCM,; ScienCell, USA) supple-
mented with 2.5% FBS and 1% smooth muscle cell growth supplement/
heparin kit (ScienCell, USA). HUVSMCs below passage 3 were used
in this study.

HDFs were isolated and cultured from the superficial layer of
adult human skin dermatomes at a depth of 400 um according to
previous work (20) and cultured with DMEM/high glucose supple-
mented with 10% FBS and 1% P/S. HDFs below passage 10 were used
for all studies.

HSFs were isolated from human hypertrophic scar tissue speci-
mens according to previous work (58) and cultured with DMEM/
high glucose supplemented with 10% FBS and 1% P/S. HSFs at lower
than passage 6 were used for all studies.

Ventricular tissues were excised from male C57/B6 mice, rinsed
with cold phosphate-buffered saline (PBS), minced with sterile fine
scissors, and then placed in a 35-mm dish for enzymatic digestion
(800 U/ml of Worthington collagenase type II in DMEM with equal
proportion of 0.25% trypsin) as previously described (59). AMVFs
were collected by centrifugation of the digestion solution, and cells
were maintained in DMEM supplemented with 10% FBS and
1% P/S. AMVFs were then passaged once to passage 1 and plated at
a density of 4 x 10* every well for further assays. Equilibration of
cells in low-serum medium (0.1% FBS) was carried out for 6 hours
before all treatments including recombinant TGF-B1 (10 ng/ml;
Novoprotein, CA59) and Sr?t (21 ug/ml) in DMEM. After culturing
for 24 or 48 hours, the expression of a-SMA was detected though
qRT-PCR and immunofluorescence.

Cell coculture

Direct contact coculture

In the NRCM (HUVSMCs or HDFs)-HUVEC direct contact cocul-
ture experiment, NRCMs (HUVSMCs or HDFs) were first seeded
at a density of 2 x 10* cells/cm? in a six-well plate and cultured with
control medium. After 24 hours, the HUVECs were seeded on the
NRCMs (HUVSMCs or HDFs) at a density 2 x 10* cells/cm?. After
12 hours, the culture medium was replaced by Sr ion-containing
medium and continued culturing for 3 days. NRCMs (HUVSMCs
or HDFs) and HUVECs were both mono-seeded at a density of
2 x 10* cells/cm? in a six-well plate. Monocultured NRCMs, HUVSMCs,
HDFs, and HUVECs were cultured with DMEM/F12, SMCM, DMEM,
and ECM, respectively. The medium for coculture is mixing DMEM/
F12 (SMCM or DMEM) with ECM in equal proportion.
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Indirect contact cocultures

In the NRCM (HUVSMCs or HDFs)-HUVEC indirect contact co-
culture experiment, the conditioned medium collected from NRCMs,
HUVSMCs, and HDFs was used to culture HUVECs, and the condi-
tioned medium collected from HUVECs was used to further culture
NRCMs, HUVSMCs, and HDFs, respectively. Briefly, cells in an indirect
coculture system, such as NRCMs, HUVSMCs, HUVECs, and HDFs, were
seeded in six-well culture plate at a density of 2 x 10* cells/cm?. After
24 hours, the culture medium was changed with Sr ion-containing
medium, and the medium for indirect contact coculture of different
types of cells was mixing DMEM/F12 (SMCM or DMEM) with ECM
in equal proportion. At the same day, the other types of cells in an
indirect coculture system were seeded in six-well culture plate at a
density of 2 x 10* cells/cm’. After the first seeded cells had been cultured
with Sr jon-containing medium for 24 hours, the culture medium was
collected and referred to as conditioned medium. Then, the conditioned
medium was centrifuged at 1000 rpm/min for 5 min, and 3 ml of the
supernatant was directly used to replace the medium from the other
cells in an indirect coculture system and continue culturing for 3 days.

CCK8 analysis

The cells (HUVECs/HDFs/HUVSMCs/HSFs) were seeded on the
96-well plates at a density of 3 x 10> cells/cm” and cultured in a
humidified incubator containing 5% CO; at 37°C. The number of
parallel samples was six. After 12 hours of culture, the culture medium
was replaced by the prepared culture medium containing diluted Sr
ions at different concentrations (the concentration of Sr ions for
HSFs was 1/8 dilution of the extracts). Then, the cells were cultured for
7 days with the medium daily changed, and a CCK8 assay (Beyotime)
was applied on cells at days 1, 3, and 7 (or 5) according to the man-
ufacturer’s instruction. In addition, the NRCMs were seeded on the
96-well plates at a density of 1.5 x 10* cells/cm?, and the viability of
NRCMs treated with or without Sr ions after OGD injury was also
measured by CCK8 assays as previously reported (60). Briefly, the
culture medium was discarded at each time point, and the fresh culture
medium containing CCK8 reagent (10:1) was added and cultured at
37°C for another 2 hours. Then, the absorbance of the as-mentioned
medium was detected using a microplate reader (Synergy 2, BioTek)
at a wavelength of 450 nm.

Ki67 immunofluorescent staining

The cells after culturing in the medium with or without Sr ions for
7 days were first fixed with 4% paraformaldehyde, permeabilized
with 0.2% Triton X-100 (Sinopharm Chemical Reagent Co. Ltd.,
China) in PBS for 20 min, and blocked with 3% bovine serum albumin
(BSA; Sangon Biotech, China) in PBS at room temperature for
30 min. Then, the cells were incubated in the first antibody reagent
overnight at 4°C, followed by incubation in Alexa Fluor 594 immuno-
globulin G (IgG) [heavy and light chains (H&L)] (1:500) and Alexa
Fluor 488 IgG (H&L) (1:500) for 1 hour at room temperature.
The samples were then rinsed with PBS, further stained with DAPI
(4',6-diamidino-2-phenylindole), and imaged using a confocal micro-
scopy. The first antibody used in this study included anti-Ki67 (Abcam,
ab16667), anti-CD31 (Abcam, ab28364), anti-vimentin (Abcam, ab8978),
and anti-a-SMA (Abcam, ab5694). The cell staining was visualized
using a Leica confocal microscope, and the number of Ki67" cells
was counted using Image] software to calculate the proportion of
Ki67" cells. Three duplicate samples were performed, and at least 10
independent sites of each sample were calculated.
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Cell migration detection

The wound healing assay was performed as reported (30). The cells
were seeded on six-well plates and cultured until confluence. Then,
the cell monolayer was scrapped using a p200 pipette tip. After
washing twice with PBS, the cells were cultured for 26 hours at 37°C
with low-serum medium containing Sr ions (the time was recorded
as 0 hours), which was the same as the total medium, except the FBS
content was 0.5 volume %. The cells cultured with control medium
without Sr ions were used as the control group. The optical images
of each well were taken using an optical microscope at 0 hours. At
26 hours, the cells were fixed and stained with crystal violet, and the
optical images of each well were taken using an optical microscope.
The proportions of the initial scratch (Ap) and final scratch (A;)
were calculated using an Image]J software program [National Institutes
of Health (NTH)]. The migration ratio (A) was obtained by the follow-
ing equation: A = (Ag — A;)/A x 100%.

qRT-PCR analysis

For monocultured cells, HUVECs, HDFs, and HUVSMCs were cul-
tured for 3 days with or without Sr ion treatment, while NRCMs
were cultured for 10 days with or without Sr ion treatment; then, the
cells were detached and centrifuged at 1000 rpm for 5 min and re-
suspended in TRIzol reagent (Invitrogen, Carlsbad, USA). For the
analysis of AMVF activation, the cells were collected after 1 day of
treatment. The complementary DNA (cDNA) was synthesized
using a PrimeScript RT reagent kit (Takara Bio, Shiga, Japan), and
highly purified primers used in this experiment were commercially
synthesized (Shenggong Co. Ltd., Shanghai, China). The sequences
of primers are listed in table S2. Quantification of all cDNA was
carried out using a Bio-Rad MyiQ single-color real-time PCR
system (60). All experiments were performed in triplicate to obtain
average data.

For direct cocultured cells, they were harvested by trypsin, and
HUVECs were then isolated from NRCMs/HUVSMCs/HDFs by
applying magnetic beads coupled with an antibody against CD31, a
specific protein of endothelial cells, according to the instructions
(STEMCELL Technologies). The separated NRCMs, HUVECs,
HUVSMCs, and HDFs were named Co-NRCMs, Co-HUVECs,
Co-HUVSMCs, and Co-HDFs, respectively. For indirect cocultured
cells, they were harvested by trypsin. Then, the process of the qRT-
PCR assay was the same as the above description.

Protein isolation and Western blot analysis

After treatment for 5 days with or without Sr ions, the cells were
rinsed with cold PBS and lysed for 15 min with radioimmuno-
precipitation assay lysis buffer (Beyotime, Nantong, China) supple-
mented with protease and phosphatase inhibitors (Sigma Chemical
Co., St. Louis, MO) in ice bath and isolated according to the stan-
dard protocol. Protein concentrations were analyzed by the bicin-
choninic acid method. Each sample (50 ug of protein per lane) was
separated by SDS—polyacrylamide gel (10%) electrophoresis, and
the separated proteins were electrophoretically transferred from gel
to a nitrocellulose membrane. Afterward, the membranes were im-
mersed in blocking buffer for 1 hour at room temperature, followed
by incubation with primary antibodies at 4°C overnight. Primary
antibodies used here included anti-VEGF (Abcam) and anti-C-FOS
(Abcam). The results were normalized by running parallel Western
blot for detecting glyceraldehyde 3-phosphate dehydrogenase pro-
tein (GAPDH) (17).
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vWF immunofluorescent staining

After being cultured on coverslips in the medium with Sr ions for 7 days,
the coverslips were taken out of the wells, and the cell layers were
washed three times with PBS and fixed with 4% (w/v) paraformal-
dehyde at 4°C for 20 min. Cells were then permeabilized with methanol
and blocked with PBS containing 1% (w/v) BSA for 1 hour at 37°C
before incubation in a primary antibody solution containing rabbit
anti-vWF (diluted in PBS-0.5% BSA at 1/100) at 37°C for 2 hours.
Then, cells were washed with PBS, followed by incubation with Alexa
Fluor 488 goat anti-rabbit IgG secondary antibody (Invitrogen). Last,
nuclei were revealed by incubating the cells with DAPI (1 pg/ml;
FluoProbes) for 10 min at room temperature. The coverslips were
then mounted on slides, the cells were observed with a fluorescence
microscope (Leica DMI 3000B, Germany), and images were taken
by a charge-coupled device camera (Leica DFC 420C). Ten images
were taken per well, and for vWF, tubules were manually counted
and averaged over the 10 images.

Cell model of OGD and TUNEL analysis

NRCMs were subjected to hypoxia in vitro in an oxygen control cabinet
(Thermo Fisher Scientific, 51030287), which could use a mixture of
95% nitrogen, 1% hydrogen, and 5% CO, to create hypoxia. The NRCMs
were treated with OGD by culturing in the culture medium without
serum and glucose and under hypoxic condition (<1% O,) for 4 hours
as reported. Then, the medium was changed into normal culture
medium with or without Sr ions, and the cell viability and apoptosis
were analyzed 3 days later (17). Apoptotic cell observation was detected
by TUNEL staining. Specifically, the cells were fixed in 4% paraformal-
dehyde and using the one-step TUNEL Apoptosis Assay Kit (Beyotime,
Jiangsu, China) according to the manufacturer’s protocol. The specific
marker Cardiac Troponin T (cTnT) for the NRCMs was stained
according to the above protocol. Cells were counterstained with
DAPI (Sigma-Aldrich, St. Louis, MO, USA), and TUNEL" cells were
observed by a fluorescence microscope (Leica DMI8, Germany). Total
nuclei (DAPI staining, blue) in the NRCM:s (cTnT staining, red) and
TUNEL" nuclei (green) in each field were counted in 10 randomly
chosen fields, and the index of apoptosis (number of TUNEL"
nuclei/total number of nuclei x 100%) was calculated.

Preparation of SrCO3/HSA composite hydrogels

First, HSA solution was prepared through mixing HSA solution
(20 weight %; Yuanda Shuyang Pharmaceutical, Sichuan, China) with
NaH,PO, and Na,HPO, powders to adjust the pH at 7.40. Then, 104 mg
of PEG-(SS), (JenKem Technology, Tianji, China; lot number: ZZ312P017,
MW3500) was dissolved in 1 ml of PBS and mixed with HSA solution
with equal volume proportion. The formed hydrogel was designated
as HSA hydrogel (24). When preparing SrCO3/HSA composite hydro-
gels, different amounts of SrCO3; powders (Sinopharm, Beijing, China)
were mixed thoroughly with 1 ml of HSA solution, followed by ad-
dition of 1 ml of PEG-(SS), solution to form composite hydrogels
with different SrCOj3 contents. In addition, the hydrogels with dif-
ferent weight volume ratios of SrCO3 powders were designated as
0.5, 1, and 2% SrCOs/HSA composite hydrogels. The particle size dis-
tribution of the SrCO3; powders was analyzed using a laser particle
size analyzer (Bettersize2600, Bettersize Instruments Ltd., China).

Determination of the optimal SrCO3/HSA composite hydrogels
The hydrogels were incubated in serum-free DMEM at 37°C, and the
hydrogel/medium volume fraction was 1/1.5. We changed the me-
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dium every other day and collected the replaced medium for con-
centration determination. After 1, 3, 5, 7, and 9 days of incubation,
the concentrations of Sr ion in the medium were measured by ICP-
OES. The number of parallel samples was three.

Determination of the gelation time of hydrogels

The gelation time of composite hydrogels was determined accord-
ing to the method described in a previous report (24). Briefly, 1 ml
of freshly made PEG-(SS), solution was poured quickly into a 5-ml
microcentrifuge tube containing 1 ml of HSA solution with or with-
out different amounts of SrCO; powders. The tube was tilted every
5 s until the composite hydrogel was formed and did not change its
position with the tilting vial. The relevant period of time was re-
corded as the gelation time, and three measurements were repeated
for each sample.

Rheological characterization of hydrogels

Oscillatory amplitude sweeps and oscillatory frequency sweeps of
HSA hydrogel and HSA + 1% Sr composite hydrogel were tested by
an Anton Paar MCR 302 rheometer. For the oscillatory amplitude
sweeps, each oscillatory measurement has been preceded by an
oscillatory amplitude sweep test at a frequency of 1 rad/s with
deformations ranging from 0.01 to 1000%. For the oscillatory
frequency sweep test, the applied strain was 1%, while the shear
frequency varied from 0.01 to 100 rad/s.

Degradation of hydrogels in vitro

To investigate the degradation of the HSA hydrogel, HSA + 1% Sr
composite hydrogel, and SrCO;3 powders inside the HSA + 1% Sr com-
posite hydrogel, the samples (HSA hydrogel and HSA + 1% Sr com-
posite hydrogel) were soaked in tris-HCI buffer solution (pH 7.4) at
37°C in a shaking water bath for 1, 3, 5, 7, and 14 days. The ratio of
tris-HCl buffer volume to the hydrogel was 10 ml/g. After different
time periods (1, 3, 5, 7, and 14 days), the samples were freeze-dried
for 24 hours and weighed, followed by calcination at 700°C for 3 hours.
Then, the remaining SrCO3; powders were lastly weighted. Three sam-
ples were used for each group for reproducibility.

Animals

Adult male C57 BL/6 mice (12 weeks old) were purchased from the
Shanghai SLAC in Laboratory Animal Co. Ltd., Shanghai, China.
Protocols were approved by the Institutional Animal Care and Use
Committee of Shanghai Institute of Nutrition and Health, in accord-
ance with the Guidelines for the Care and Use of Laboratory Animals
published by the U.S. NIH (NIH publication, eighth edition, 2011).

Murine myocardial I/R model and hydrogel treatment

To induce I/R model, mice were subjected to left anterior descend-
ing (LAD) coronary artery ligation as described previously (8, 10).
Briefly, the animals were anesthetized using pentobarbital sodium
(50 mg/kg) and ventilated using a rodent ventilator (DW-3000B)
with 90 breaths/min and a stroke volume of 100 ml. The heart was
exposed through a left-sided minithoracotomy, and 7-0 prolene suture
was passed underneath the LAD at 2 to 3 mm distal to its origin
between the left auricle and conus arteriosus. A suture loop around
the artery was tightened to ensure the LAD occlusion, which was
subsequently removed after 60 min to allow for reperfusion. Then,
the mice were randomly divided into three groups: I/R + control,
I/R + HSA, and I/R + HSA + 1% Sr. After all, 20 min later, a total
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volume of 20 pl of HSA hydrogels, mixed with SrCO; powders, was
injected into two sites (10 pl per site) in the border zones of infarcted
myocardium for the I/R + HSA + 1% Sr group, and the equal amount
of HSA hydrogels was injected into the mice heart in I/R + HSA
group. The mice that received no injection were set as I/R + control
group. Then, the animals were allowed to awaken on a warm pad
and kept in a cage with free access to wet food and water during the
reperfusion period. The mice in Sham group only underwent the
same surgical procedure except for the ligation of LAD. The body
weight was recorded at days 0, 1, 7, and 28 after I/R.

To compare the beneficial role of the sustained release of Sr ions
from HSA + 1% Sr composite hydrogels in ischemic heart healing,
the I/R mice were randomly divided into I/R, I/R + Sr** (21 pg/ml),
and I/R + HSA + 1% Sr. Different components in a total volume of
20 pul were injected into the hearts 20 min after reperfusion, and the
mice were maintained for the subsequent analysis.

Echocardiography

The cardiac function was analyzed at days 1 and 28 after I/R using
transthoracic echocardiography as reported previously (10, 30). Mice
were anesthetized with inhalation of isoflurane (1 to 1.5%) in O,
and their chest hair was removed using depilatory paste. M-mode
echocardiography was performed with a vevo 2100 imaging system
(VisualSonics Inc., Canada) with a 400-MHz transducer. The short-
axis and long-axis views were obtained to measure the cardiac
parameters. The percentage of LVEF and LVFS was detected.

LDH activity analysis

Measurement of LDH activity was performed according to the sup-
plier’s instructions (LDH Cytotoxicity Assay Kit, Beyotime Institute
of Biotechnology). LDH activity in the LV serum at day 3 of reper-
fusion was measured. Briefly, the serum was collected from the blood
supernatant, extracted from the LV cardiac cavity of anesthetized mice,
and centrifuged at 3000 rpm for 10 min at 4°C. Then, 2 pl of each
serum sample was transferred to another 96-well plate; 60 pl of reaction
solution was then added into each well, and the plate was placed on
a shaker for 30 min at room temperature. The release of LDH into
the medium was measured by detecting the optical density at 490 and
600 nm using a microplate reader (Synergy HT; BioTek, Broadview, IL).

Western blot analysis

The heart was harvested at days 1, 3, 7, and 14 after I/R, and the LV
tissue was dissected and stored at —80°C until being homogenized and
digested in tissue lysis buffer (with protease and phosphatase inhibitors,
Thermo Fisher Scientific). The resulting suspensions were centrifuged
at 10,000g for 30 min at 4°C, and the protein supernatant was collected.
Western blot analysis was performed following a previously described
method (10), and the antibodies used for analysis were total/cleaved
caspase-3 (Cell Signaling Technology, 9662s), VEGF (Servicebio,
GB11034B), eNOS (Servicebio, GB11086), B-tubulin (Servicebio,
GB13017), and human-specific HSA (Signalway Antibody, 27044).

Histological analysis

After being conducted with the final echocardiography, the mice
were euthanized, and the hearts were harvested as reported previ-
ously (30). The heart tissues were washed by PBS, fixed for 1 hour at
room temperature in 4% paraformaldehyde solution, and perfused
with 30% sucrose at 4°C overnight before embedded in optimal cutting
temperature compound (O. C. T.) for frozen section. Then, 5-um
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sections were cut in a Leica CM1950 cryostat for Masson’s trichrome
staining and immunostaining analysis. Slices were stained with
Masson’s trichrome staining to detect the scar area in infarct hearts.
The scar area and LV area were measured by Image] software. The
degree of fibrosis was calculated as the ratio of scar area to LV area.
The a-SMA, CD31, and VEGF immunofluorescence staining was
performed to investigate the effect of StCO3/HSA composite hydro-
gels on angiogenesis and the level of angiogenic factors in vivo.
Total 0-SMA" round vessels, CD31" cells, and VEGF" area in each
field were counted in 10 to 15 randomly chosen fields from five
different heart slides in each group. The TUNEL staining was per-
formed at day 3 after I/R to investigate the effect of SrCO3/HSA com-
posite hydrogels on myocardial apoptosis in vivo according to the kit
manufacturer’s instruction (Sigma-Aldrich), and the index of apopto-
sis (number of TUNEL" nuclei/total number of nuclei x 100%) was
calculated. The protocol of the immunofluorescence staining for
heart cryosections was the same as that of staining in cells in vitro.
To visualize the overall tissue morphology and analyze the histotox-
icity in the Sham mice after the treatment of SrCO3/HSA compos-
ite hydrogels at day 14 after injection, the slices of hearts, livers,
spleens, lungs, and kidneys were stained with Gill’s 3 hematoxylin
and aqueous eosin Y solution (Sigma-Aldrich).

Metabolism and distribution analyses

The metabolism of the biodegraded SrCO3/HSA composite hydro-
gels after injection was investigated by determining the concentra-
tions of Sr ion in serum, urine, and feces collected from the mice at
days 1,7, 14, and 28 after I/R. The accumulation and distribution of
Sr ions in important organs such as heart, liver, kidney, and lung
after I/R were also analyzed. The results were compared with the
control group without the treatment of the SrCO3/HSA composite
hydrogels. The tissue samples were chemically digested in concen-
trated nitric acid (spectral purity) using a microwave digester, and
the concentrations of Sr ion in the samples were determined by induc-
tively coupled plasma mass spectrometry (ICP-MS; PerkinElmer
NexION 350X, USA). In addition, the concentrations of Sr ions in
hearts and cardiac serums collected from the mice injected with Sr
ions alone at days 1 and 7 after I/R were also determined by ICP-MS
(PerkinElmer NexION 350X, USA) as described above.

Degradation of the SrCO3/HSA composite hydrogel in vivo

The hearts were harvested at days 1, 7, and 14 after I/R. Then, 20-um
slices were cut from the hearts embedded in O.C.T. for frozen sec-
tioning in a Leica CM1950 cryostat, followed by vacuum freeze-drying
for the observation of residual SrCOj3 after degradation. The scan-
ning electron microscope microscopic observation and EDS element
content analysis of the slices were conducted (S-4800, Hitachi, Japan).
EDS analysis of Sr contents in heart tissues was obtained by calcu-
lating the mass percentage of Sr versus all detected elements such as
C, O, and Sr. Moreover, the Western blot analysis was used to detect
the HSA in heart tissues at different time points as described above.

Statistical analysis

Data are presented as means + SEM from at least three independent
experiments. Statistical significance between two groups was deter-
mined by Student’s ¢ test. Statistical significance among more than
two groups was determined by one-way analysis of variance (ANOVA),
followed by Bonferroni post hoc test. Two-way ANOV A was applied
with Tukey’s multiple comparison for analysis of echocardiographic
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data. Statistical analyses were performed with GraphPad Prism soft-
ware (version 6.1), and a P value of less than 0.05 was considered

statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/3/eabe0726/DC1

View/request a protocol for this paper from Bio-protocol.
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