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Hyaluronan (HA) has been shown to play an impor-
tant role during early heart development and promote 
angiogenesis under various physiological and pathologi-
cal conditions. In recent years, stem cell therapy, which 
may reduce cardiomyocyte apoptosis, increase neovas-
cularization, and prevent cardiac fibrosis, has emerged 
as a promising approach to treat myocardial infarction 
(MI). However, effective delivery of stem cells for car-
diac therapy remains a major challenge. In this study, 
we tested whether transplanting a combination of HA 
and allogeneic bone marrow mononuclear cells (MNCs) 
promotes cell therapy efficacy and thus improves car-
diac performance after MI in rats. We showed that HA 
provided a favorable microenvironment for cell adhe-
sion, proliferation, and vascular differentiation in MNC 
culture. Following MI in rats, compared with the injec-
tion of HA alone or MNC alone, injection of both HA and 
MNCs significantly reduced inflammatory cell infiltra-
tion, cardiomyocyte apoptosis, and infarct size and also 
improved cell retention, angiogenesis, and arteriogene-
sis, and thus the overall cardiac performance. Ultimately, 
HA/MNC treatment improved vasculature engraftment 
of transplanted cells in the infarcted region. Together, 
our results indicate that combining the biocompatible 
material HA with bone marrow stem cells exerts a thera-
peutic effect on heart repair and may further provide 
potential treatment for ischemic diseases.
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Introduction
Coronary artery disease is the most common type of heart dis-
ease. Coronary artery disease occurs when the coronary arteries 
become narrow as a result of atherosclerosis.1 In this condition, 
the blood flow that supplies the heart muscle is decreased, which 
leads to myocardial infarction (MI).2 Unfortunately, the standard 
treatments, which include early revascularization using coronary 
intervention followed by pharmaceutical administration support,3 
are not sufficient. Eventually, the accumulated cardiomyocyte loss 
contributes to heart failure. The American Heart Association has 
estimated that there are approximately 6 million patients with 

heart failure each year in the United States.4 Therefore, the ulti-
mate goal of coronary artery disease treatment is to reduce car-
diomyocyte death and to prevent the further occurrence of heart 
failure.5

Previous studies have shown that cell therapy is a promising 
approach for heart repair post-MI. Some clinical trials have also 
demonstrated that autologous stem cell therapy can improve car-
diac function after MI. These stem cells can participate in angio-
genesis and provide paracrine factors that protect cardiomyocytes 
from the damage of ischemia. However, the results of these clini-
cal studies remain controversial.6 The major reason for this con-
troversy may be that only a small portion of the cells survive and 
are retained in the ischemic region after cell transplantation. For 
example, studies have revealed that >90% of the cells are lost dur-
ing the intramyocardial injection due to contractions of the heart, 
and the survival of the few remaining cells is poor due to the 
highly hypoxic conditions of the ischemic region.6,7 As a result, tis-
sue engineering has become the focus for improving the efficacy 
of cell therapy and cardiac regeneration in recent years.

Hyaluronan (HA), also referred to as hyaluronic acid, is a 
nonsulfated glycosaminoglycan and a natural component of the 
extracellular matrix. HA is distributed throughout the epithelial, 
neuronal, and connective tissue8 and plays an important role in 
the regulation of tissue homeostasis, inflammatory responses,8 
and embryonic and neonatal tissue development.9 High molecu-
lar weight HA provides a unique microenvironment during car-
diac morphogenesis for progenitor cell migration, whereas low 
molecular weight HA has been shown to activate the proliferation 
of noninflammatory cells, such as endothelial cells and smooth 
muscle cells, and participate in tissue remodeling.10,11 Under 
physiological conditions, HA fragments or HA oligomers increase 
the proliferation of endothelial cells and promote angiogenesis.12 
Under pathological conditions, as in cases of hindlimb ischemia, 
HA also promotes angiogenesis to support muscle regeneration.13 
In a previous study, HA production was shown to be regulated by 
hyaluronan synthase 2, and the knockout of this enzyme from the 
embryo resulted in cardiac and vascular abnormalities,14 suggest-
ing that HA also plays an important role during heart development. 
Therefore, HA is a suitable biomaterial to increase angiogenesis, 
deliver stem cells, and promote heart regeneration.

Bone marrow mononuclear cells (MNCs) consist of a mix 
of cell types, including hematopoietic stem cells,15 mesenchymal 
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stem cells,16 and endothelial lineage cells,17 all of which have been 
shown to benefit ischemic cardiovascular diseases.2 Therefore, we 
conducted a series of experiments to study the interaction between 
two established materials, HA and MNCs, with the hope of devel-
oping a novel approach for treating ischemic diseases.

Results
HA promotes bone marrow MNC adhesion and 
proliferation
Most of the bone marrow MNCs were in suspension during in 
vitro culture. Therefore, in the transplanted region, the binding 
capacity of these cells is important for cell delivery and cell reten-
tion. To examine whether HA improves the adhesion of MNCs 
in vitro, the total bone marrow cells were isolated, purified by 
gradient centrifugation, and then seeded onto plates coated with 
different materials, including fibronectin and gelatin, which are 
commonly used in cell cultures to favor cell adhesion. We found 
that the number of adherent MNCs increased significantly after 
60 minutes in the HA-coated group compared with the control, 
fibronectin- and gelatin-coated groups (Figure 1a,b), suggesting 
that HA facilitates MNC binding. We thus examined the expression 
of HA binding receptors including CD44, ICAM-1, and RHAMM 
in MNCs. Flow cytometric analysis showed that 56%, 3.9%, and 

0.6% of MNCs expressed CD44, ICAM-1, and RHAMM, respec-
tively (Supplementary Figure S1). Next, to examine whether the 
cell cycle of the adherent cells was affected, MNCs were stained 
with the proliferation maker Ki67 after 24 hours of culture. The 
quantified results showed that there were more proliferating 
MNCs in the HA-coated condition (Figure 1c,d). Together, these 
results demonstrate that HA coating promotes the adhesion and 
proliferation of MNCs.

HA modulates bone marrow MNC differentiation, 
upregulates paracrine factor gene expression and 
reduces MNC apoptosis
Bone marrow MNCs are a population of mixed cells. They include 
several types of progenitor cells that can differentiate into vari-
ous cell types, including vascular lineage cells, which are impor-
tant for therapeutic angiogenesis. To examine whether different 
coating conditions affect the differentiation of vascular lineage 
cells from MNCs, MNCs were cultured under different coating 
conditions and stained with the mature endothelial cell marker 
von Willebrand Factor (vWF), the smooth muscle cell marker 
smooth muscle 22-α (SM22-α), the endothelial progenitor cell 
marker fetal liver kinase 1 (Flk-1), the hematopoietic progenitor 
cell markers CD34 and CD133 and the monocyte/macrophage 
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Figure 1  HA promotes the adhesion and proliferation of bone marrow mononuclear cells in culture. (a) Freshly isolated MNCs were cultured 
on dishes coated with fibronectin, gelatin or HA. The adhered cells were identified using nuclear staining with DAPI (white). (b) The quantification 
of the adhered cells in the different coating conditions. Data are presented as the mean ± SEM. n = 4 per group. **P < 0.01 (c) The identification of 
proliferating MNCs under different coating conditions using Ki67 immunostaining (green). Nuclei (blue). (d) The quantification of Ki67-positive cells 
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markers CD68 and CD163 using real-time reverse-transcription 
PCR. Our results revealed that the attached MNCs were capable 
of differentiating into vascular lineage cells, including smooth 
muscle cells and endothelial cells (Figure 2a). We also observed 

some small Flk-1+ colonies 4 days after plating (Figure  2a). 
Furthermore, quantification showed that HA coating significantly 
improved the differentiation of vascular lineage cells from MNCs 
(Figure  2b) and increased the expression of CD34 and CD133, 
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Figure 2  HA promotes MNC differentiation, paracrine genes expression, and survival. (a) Immunocytochemistry was performed to identify 
vascular cell differentiation from the MNCs after they were cultured under the different coating conditions for 4 days. Nuclei (blue); Flk-1 (green); 
vWF (red); SM22-α (red). (b) The quantification of MNC vascular differentiation under the different coating conditions. The data are presented as 
the mean ± SEM. n = 4 per group. *P < 0.05, **P < 0.01, ***P < 0.001. Scar bar: 50 µm (c) The quantitative reverse-transcription PCR results showing 
the paracrine gene expression profiles of MNCs cultured under the different coating conditions during hypoxia. (d) Representative propidium iodine 
staining, which was analyzed using flow cytometry to identify doxorubicin-induced MNC apoptosis. (e) The quantification of doxorubicin-induced 
MNC apoptosis. The data are presented as the mean ± SEM. n = 4 per group. DAPI, 4′, 6-diamidino-2-phenylindole fluorescent dye; FGF-2, fibroblast 
growth factor-2; Flk-1, fetal liver kinase 1; HA, hyaluronan; HGF, hepatocyte growth factor; IGF-1, insulin-like growth factor-1; MNC, mononuclear 
cell; PDGF-b, platelet-derived growth factor-b; SDF-1, stromal cell-derived factor-1; SM22-α, smooth muscle 22-α; vWF, von Willebrand Factor.
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but not the expression of CD68 or CD163 (Supplementary Figure 
S2), the fibrotic genes DDRII and Acta2 (Supplementary Figure 
S3), or the cardiomyocyte-specific genes α-myosin heavy  chain 
(α-MHC), Nkx2.5 and Troponin I (cTnI) (Supplementary 
Figure S4). These observations indicated that some of the MNCs 

differentiate into vascular lineage cells, while other cells that orig-
inated from the MNCs may participate in different therapeutic 
effects. Therefore, we studied the effect of HA on the secretion of 
angiogenic and antiapoptotic factors. The MNCs were cultured on 
the different coating materials under hypoxic conditions for 2 days 
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to mimic the ischemic condition in vivo and then subjected to 
gene expression analysis. The results showed that HA significantly 
elevated the gene expression level of paracrine factors, including 
fibroblast growth factor-2, hepatocyte growth factor, insulin-like 
growth factor-1, platelet-derived growth factor-b, and stromal 
cell-derived factor-1 (P < 0.001) (Figure 2c). Next, doxorubicin 
was used to induce MNC apoptosis. The treated MNCs were then 
collected, stained with propidium iodide, and subjected to flow 
cytometry to measure apoptosis. We found that the apoptotic cell 
number was reduced in the HA group compared with the other 
experimental groups (Figure 2d,e). These results suggest that HA 
regulates MNCs vascular differentiation and paracrine-associated 
gene expression and reduces MNC apoptosis.

HA/MNC injection reduces cardiomyocyte apoptosis 
in vivo
To further understand the effect of HA/MNC injection in vivo, we 
performed coronary artery ligation surgery in rats and injected 

HA, MNCs, or a combination of HA and MNCs into the ischemic 
heart. One day post-MI, the hearts were harvested, and a TUNEL/
cTnI staining was performed to quantify the number of cardio-
myocytes undergoing apoptosis (Figure 3a). The staining showed 
that there were fewer TUNEL/cTnI double-positive apoptotic car-
diomyocytes in the HA/MNC group compared with the groups 
treated with HA or MNCs alone (Figure 3b).

HA/MNC treatment reduces the inflammatory 
response after MI
Inflammation is a part of the healing process post-MI. However, 
strong and regional inflammation may damage myocytes and 
enlarge the size of scar tissue, resulting in changes in the long-
term prognosis. To understand whether the combined treatment 
modulates the inflammatory response, we quantified the number 
of infiltrating neutrophils and macrophages in the peri-infarct 
region using immunostaining of CD15 and CD68 (neutrophil 
and macrophage-specific antigen), respectively. Interestingly, we 
observed that the injection of HA and HA/MNC reduced neu-
trophil infiltration in the peri-infarct region (Figure  4a,b). The 
number of macrophages was also significantly reduced in the 
combined treatment group (Figure 4c,d).

The combined HA/MNC injection improves heart 
function after MI
To determine whether the HA/MNC combined treatment 
improves heart function post-MI, echocardiography was per-
formed. After 28 days, we found that the ejection fraction was 
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dramatically decreased in the MI-only group. Although the 
heart function was slightly improved in the HA- and MNC-alone 
treatment groups, only the combined treatment significantly 
increased the ejection fraction 28 days post-MI (Figure  5a). 
Consistent with this finding, the ventricular dilatation, as 
indicated by left ventricle internal dimensions at diastole and 
left ventricle internal dimensions at systole, was significantly 
improved by the HA/MNC injection (Figure  5b,c), suggesting 
that this combined treatment decreases pathological remodeling 
after infarction.

HA/MNC injection reduces scar formation and does 
not induce chondrogenesis
To determine whether improved cardiac function is accompanied 
by a reduction in scar size, the scar length was measured follow-
ing Masson’s trichrome staining (Figure 5d). We found that the 
size of the scar tissue decreased in both HA- and MNC-alone 
groups. Remarkably, the scar tissue and collagen accumulation 
were further minimized in the HA/MNC combined treatment 
group (P < 0.001 versus MI; P < 0.05 versus MI + HA or MI + 
MNC; Figure 5e). Based on this finding, we speculated that the 
HA/MNC combined treatment might ameliorate scar tissue size 
by reducing cardiomyocyte death. We therefore quantified the 
number of MNCs that was retained after injection. Not surpris-
ingly, we observed that significantly more MNCs were retained 
in the ischemic heart 28 days after MI in the HA/MNC group 
compared with the MNC-alone group (Figure 6). Although HA 
may promote chondrogenesis,18 we did not detect any induc-
tion of chondrogenic genes from MNCs cultured with HA or 

chondrocyte formation in all experimental groups 28 days post-MI 
(Supplementary Figures S5 and S6).

HA/MNC injection promotes angiogenesis and 
arteriogenesis after infarction
Given that the HA/MNC injection reduced the scar length after 
MI, we further investigated whether the HA/MNC combined 
treatment promoted angiogenesis and/or arteriogenesis of the 
ischemic heart. Immunostaining of the specific cardiomyocyte 
marker cTnI and the endothelial markers isolectin and RECA-1 
was performed to reveal the peri-infarct area and the capil-
lary density. The capillary density in the peri-infarct and infarct 
regions was quantified (Figure 7a). The results showed that the 
capillary density was only slightly increased in the HA or MNC 
group, whereas HA/MNC injection significantly enhanced the 
capillary density of both the peri-infarct and the infarct regions 
(Figure 7b,c and Supplementary Figure S7). Furthermore, a pre-
vious study showed that smooth muscle cells are important for 
stabilizing the de novo formation of blood vessels.19 Accordingly, 
the cells were stained with SM22-α to examine the degree of arte-
riogenesis (Figure 7d). The results indicated that the arteriole den-
sity in the HA/MNC group was significantly increased compared 
with the other experimental groups (Figure 7e,f), implying that 
the combined treatment had an impact on arteriogenesis. Finally, 
to investigate whether the MNCs differentiate into smooth mus-
cle cell lineage or endothelial cell lineage or both, the cells were 
stained with SM22-α, RECA-1, and vWF overlapping with DiI. 
The percentages of DiI/SM22-α and DiI/vWF double-positive 
cells in the vessel were quantified, which would indicate injected 
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the mean ± SEM.*P<0.05. n = 8 per group. (d) Representative immunofluorescence staining of smooth muscle 22 (SM22)-α and cTnI at the peri-infarct 
and infarct areas from each group. Scale bar: 100 μm for all panels. (e–f) The quantification of arteriole density at the (e) peri-infarct areas (f) and infarct 
areas. The data are presented as the mean ± SEM. *P < 0.05, ***P < 0.001. n = 8 per group. DAPI, 4′, 6-diamidino-2-phenylindole fluorescent dye; HA, 
Hyaluronan; MI, myocardial infarction; MNC, mononuclear cell; SM22-α, smooth muscle 22-α.
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MNC differentiation into vascular cells. Surprisingly, although 
we did detect DiI/SM22-α, DiI/RECA-1, and DiI/vWF double-
positive cells integrating into the vessel at peri-infarct (Figure 8 
and Supplementary Figure S8), we found that >70% of endothe-
lial cells and >80% of smooth muscle cells were DiI-negative, 
indicating neovascularization originates from endogenous cells 
(Figure  8c). Interestingly, injection with HA further promoted 
MNC differentiation into endothelial cells, but not smooth muscle 
cells (Figure 8c).

Discussion
The results described here document HA’s role in promoting MNC 
adhesion, proliferation, differentiation, paracrine factor-associated 
gene expression and survival in vitro. Furthermore, intramyocar-
dial injection of HA combined with MNCs improved heart func-
tion and reduced cardiomyocyte loss and scar formation, both at 
the early stage and at 28 days post-MI. More importantly, the HA 
hydrogel provided a suitable microenvironment for retaining the 
injected MNCs and recruiting host endothelial cells and smooth 
muscle cells to the infarct region to facilitate new vessel formation, 
as most of the newly formed vessels were DiI-negative. Some of 
the injected MNCs were also detected in the vessels.

It is noteworthy that there were more attached MNCs in the 
HA-coated plate and more proliferating MNCs in the presence of 
HA. Our data suggest that HA may provide more binding sites for 
MNC adhesion. Based on the flow cytometric analysis of common 
HA binding receptors, CD44, ICAM-1, and RHAMM, the result 
showed that 56% MNCs expressed CD44, 3.9% MNCs expressed 
ICAM-1 and 0.6% MNCs expressed RHAMM, all of which are 
important for cell adhesion, survival, and differentiation.20–22 

Therefore, the binding of CD44, ICAM-1, or RHAMM to HA may 
have an impact on MNC adhesion and proliferation. We also found 
that MNCs cultured in HA-coated dishes were able to differentiate 
into endothelial cells and smooth muscle cells, as evidenced by 
vWF and SM22-α staining, respectively, and the progenitor cell 
markers CD34 and CD133 were upregulated. These results sug-
gest that HA plays a role in MNC vascular cell differentiation.

Previous studies have indicated that bone marrow MNC ther-
apy can protect the injured heart from hypoxic stress by releas-
ing paracrine factors.23,24 We found that the MNCs cultured in 
the HA-coated group secreted more paracrine factors, including 
fibroblast growth factor-2, hepatocyte growth factor, insulin-like 
growth factor-1, platelet-derived growth factor-b, and stromal 
cell-derived factor-1, compared with the MNCs cultured under 
other coating conditions in vitro. These factors have been reported 
to participate in angiogenesis and confer cardiac protection. For 
example, fibroblast growth factor-2 has been shown to induce 
endothelial cell migration and increase angiogenesis,25 hepatocyte 
growth factor plays a role in smooth muscle cell recruitment,26 
insulin-like growth factor-1 binds to tyrosine kinase to induce 
the PI3K-Akt and the MEK1/2-Erk1/2 pathways to achieve 
cardioprotection,27 platelet-derived growth factor-b regulates 
smooth muscle cell and pericyte recruitment,28 and stromal cell-
derived factor-1 recruits circulating progenitor cells to participate 
in tissue regeneration.29 By contrast, the level of cardiogenic genes 
such as α-MHC, Nkx2.5, and cTnI did not increase in HA-coated 
group after hypoxia treatment, suggesting that HA did not pro-
mote MNC differentiation into cardiac lineage cells.

Upon hypoxia-induced injury, cardiomyocytes undergo 
apoptosis.30 When we induced MNC apoptosis with doxorubicin 
under the different coating conditions, we found that HA effec-
tively reduced the percentage of apoptotic cells. Thus, HA may 
trigger survival signaling in MNCs and establish a microenviron-
ment for cell survival. This finding is similar to that of Misra et al., 
who conclude that HA is able to upregulate COX2 signaling and 
prevent cells from undergoing apoptosis.31 In the in vivo study, 
TUNEL staining also revealed that the combined HA/MNC treat-
ment reduced cardiomyocyte apoptosis 1 day after MI, which was 
consistent with the in vitro data showing that HA promoted MNC 
survival.

It has been shown that HA participates in the regulation of 
inflammation.32 Low molecular weight HA induces the produc-
tion of pro-inflammatory cytokines and chemokines,33,34 and high 
molecular weight HA (>1000 kDa) is associated with anti-inflam-
matory effects.35 In our study, we found a decreased number of 
neutrophils and macrophages in all three treatment groups. These 
results were consistent with previous findings in failed back syn-
drome.36 Importantly, the heart function was ameliorated after HA/
MNC injection, as evidenced by the increase in ejection fraction, 
which represents the heart’s contraction ability, in this group com-
pared with the other treatment groups. The end-systolic dimen-
sion and the end-diastolic dimension of the HA/MNC group also 
improved compared with the other treatment groups, suggesting 
that ventricular dilatation was prevented after MI. Furthermore, 
we found that the fibrotic gene expression was not increased in 
vitro and the HA/MNC injection group had a smaller scar length 
compared with the other groups. Consistently, a previous study by 
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Figure 8  Injection of HA/MNC enhances transplanted cell differen-
tiation into vascular cells. (a, b) Representative images of red DiI fluo-
rescence, overlapped with immunostaining of (a) vWF or (b) SM22-α 
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Austin et al. also reported that a HA hydrogel reduced scar forma-
tion in the severely injured spinal cord.37 Although some studies 
have shown that HA can promote chondrogenesis,18 we did not 
observe any chondrocyte formation in the HA/MNC group.

In addition, the capillary and arteriole densities at the peri-
infarct and infarct regions of the injured heart following HA/
MNC treatment were significantly increased. As was noted in our 
previous report, HA hydrogel promotes neovascularization in 
hindlimb ischemia when it is combined with another cell type–
human umbilical vein endothelial cells.38 We also identified many 
DiI-negative vascular cells (isolectin and SM22-α positive cells) 
in the peri-infarct region in the HA/MNC group compared with 
the MI-only group. This result indicates that endogenous cells 
populated the injury region and mediated endogenous repair. 
Moreover, we noticed integration of injected DiI-labeled MNCs 
with the vessels, suggesting that the combination of HA and MNCs 
may enhance angiogenic activity post-MI. The injected MNCs 
may also benefit the heart through paracrine effects by recruit-
ing endogenous stem/progenitor cells for heart regeneration 
post-MI.39 Because we used outbred Sprague-Dawley rats as both 
donors and recipients, one may questions whether immune rejec-
tion of the graft cells exists. Interestingly, even at 28 days post-MI, 
we still detected DiI-positive cells in the vessel, peri-infarct, and 
infarct regions (Figures 6 and 8 and Supplementary Figure S8). 
We also observed that the number of neutrophils, indication of 
immune rejection and inflammation, was actually reduced 3 days 
post-MI by HA, MNC, or HA/MNC treatment (Figure 4). To fur-
ther confirm this, we examined the HA binding protein tumor 
necrosis factor-stimulated gene 6 which inhibits inflammation 
and reduces neutrophil infiltration.40 Twenty rats were randomly 
divided into five groups, sham, MI, MI + HA, MI + MNC, and MI 
+ HA/MNC. The rats were killed and the hearts were harvested 3 
days post-MI for RNA isolation. Real-time reverse-transcription 
PCR confirmed that tumor necrosis factor-stimulated gene 6 
was significantly upregulated in both HA and HA/MNC groups 
(Supplementary Figure S9), suggesting that HA and MNC treat-
ment may be immune privileged. Taken together, our results 
suggest that HA/MNC combined injection may improve heart 
regeneration post-MI. Nevertheless, the long-term effects of the 
combined therapy should be investigated in the future.

Conclusion
In this study, we demonstrate that HA promotes MNC survival and 
proliferation and endothelial and smooth muscle cell differentia-
tion. The combination of HA therapy and MNCs improved cardiac 
function in rats through multiple mechanisms, including enhanced 
angiogenesis and arteriogenesis, increased cardiomyocyte survival, 
and reduced scar formation post-MI. These results may contribute to 
future studies that could translate into a clinical therapy.

Materials and Methods
Preparation of the coated plates. Noncoated tissue culture plates served as 
the control. Fibronectin (Millipore, Billerica, MA) was diluted with phos-
phate-buffered saline to make a 1% fibronectin solution. Gelatin powder (J. 
T. Baker, Phillipsburg, NJ) was dissolved in double-distilled water (ddH2O) 
to make a 1% (w/v) solution and was sterilized. HA powder (1,630 kDa; 
Sigma-Aldrich, St Louis, MO) was dissolved in phosphate-buffered saline 

at 4 °C for at least 24 hours to form a 1% (w/v) HA solution. Tissue culture 
plates were coated with all three solutions for at least 1 hour at 37 °C.

Experimental animals. All animal protocols were approved by the 
Institutional Animal Care and Use Committee at National Cheng Kung 
University, Tainan, Taiwan. Six-week-old male Sprague-Dawley rats (200–
250 g) were acquired from the National Cheng Kung University Animal 
Center. All animals were anesthesized with Zoletil and Ronpum before 
surgery and killing.

Bone marrow MNC isolation, purification, and receptor analysis. Bone 
marrow MNCs were isolated from the femoral bones of 6-week-old nor-
mal adult male Sprague-Dawley rats. The cells were first flushed with 
Hank’s buffered salt solution containing 10% fetal bovine serum from the 
femoral bone and purified using histopaque-1083 (Sigma) to remove the 
red blood cells. HA receptors such as CD44 (R&D Systems, Minneapolis, 
MN), ICAM-1(AbD Serotec, Oxford, UK), and RHAMM (Bioss, Freiburg, 
Germany) were analyzed by flow cytometry.

Bone marrow MNC apoptosis analysis. Freshly isolated MNCs were cul-
tured on 10-cm culture plates with or without coating with 1% fibronec-
tin, 1% gelatin, and 1% HA and then maintained at 37 °C in a 5% CO2 
incubator overnight. The next day, 5 µmol/l doxorubicin was added to the 
medium to induce cell apoptosis. After 5 hours, the cells were harvested 
and fixed. Then, the MNCs were stained with propidium iodide (Sigma) 
and flow cytometry was used to quantify the cells undergoing apoptosis.

Bone marrow MNC adhesion, proliferation, differentiation and gene 
expression. The MNCs were cultured on 6-well plates without additional 
coating as a control. The other wells were coated with 1% fibronectin, 1% 
gelatin or 1% HA and then maintained at 37 °C in a 5% CO2 incubator 
for 24 hours. After 24 hours, all of the cells were fixed and stained with 
4′, 6-diamidino-2-phenylindole fluorescent dye. The total cell number 
was counted using high-throughput screening microscopy (ImageXpress; 
Molecular Devices, Sunnyvale, CA) and analyzed using MetaXpress soft-
ware (Molecular Devices). Cell proliferation was detected using Ki67 
(GeneTex, San Antonio, TX) staining. MNCs were cultured in different 
coating condition plate, such as noncoating, 1% fibronectin, 1% gelatin or 
1% HA in endothelial basal medium-2 (Lonza, Basel, Switzerland) and then 
maintained at 37 °C in a 5% CO2 incubator for 4 days to observe vascular 
lineage cell differentiation. The hypoxic condition was induced in a hypoxia 
chamber with CO2 and 5% nitrogen to decrease the oxygen concentration. 
The MNCs were cultured in the hypoxia chamber for 2 days. Total RNA 
was extracted from the MNCs using TRIzol (Invitrogen, Carlsbad, CA) and 
converted to cDNA using RevertAid Reverse Transcriptase (Fermentas, 
Vilnius, Lithuania). The expression patterns of paracrine factor-associated 
genes (fibroblast growth factor-2, hepatocyte growth factor, insulin-like 
growth factor-1, platelet-derived growth factor-b, and stromal cell-derived 
factor-1), progenitor cell and monocyte/macrophage genes (CD34, CD133, 
CD68, and CD163), fibrotic genes (DDRII and Acta2), cardiogenic genes 
(α-MHC, Nkx2.5, and cTnI) and chondrogenic genes (Sox9 and RUNX2) 
were determined using real-time PCR (Supplementary Table S1).

MI model and treatment. The MI model was created by performing a 
coronary artery ligation followed by an intramyocardial injection of thera-
peutics. A total of 40 rats were divided into 5 groups: sham, MI only, and 
MI with the treatment of 1% HA alone, MNCs alone (1 × 106 MNCs in 100 
µl phosphate-buffered saline) or HA with MNCs (1 × 106 MNCs in 100 µl 
HA), n = 8 per group. In the cardiomyocyte apoptosis experiment, another 
30 rats were divided into 5 groups: sham, MI only, and MI with HA alone, 
MNCs alone (1 × 106 MNCs in 100 µl phosphate-buffered saline), or HA 
with MNCs (1 × 106 MNCs in 100 µl HA), n = 6 per group.

Echocardiography. Heart function was evaluated using echocardiography 
(VisualSonics Vevo 770, Toronto, CA) 1 day and 28 days after coronary 
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artery ligation. The rats were placed in a left lateral decubitus position. The 
anesthetic used during echocardiography was Isoflurane (Baxter, Deerfield, 
IL). Parasternal long-axis views were obtained with both the M-mode and 
the 2D echo images. The left ventricular end-diastolic diameter (LVEDD) 
and end-systolic diameter (LVESD) were measured perpendicular to the 
long axis of the ventricle at the papillary muscle insertion site. The left ven-
tricle ejection fraction was calculated automatically by the echocardiogra-
phy system as (LVEDV − LVESV)/LVEDV × 100%, where LVEDV is the 
left ventricular end diastolic volume, calculated as 7.0 × LVEDD3/(2.4 + 
LVEDD), and LVESV is the left ventricle end systolic volume, calculated as 
7.0 × LVESD3/(2.4 + LVESD).

DiI labeling of MNCs. The MNCs used for in vivo studies were labeled with 
Celltracker CM-DiI fluorescence dye (Invitrogen) for 5 minutes at 37 °C 
and then for 15 minutes at 4 °C. After staining, the cells were washed three 
times with 10% fetal bovine serum/Hank’s buffered salt solution.

Immunofluorescence and Masson’s trichrome staining. The hearts were 
harvested and fixed with 4% parafolmadyhyde at 4 °C overnight, then dehy-
drated and paraffin embedded. The tissue was then sectioned, deparaffined, 
and rehydrated. All of the samples were boiled in sodium citrate buffer at 
pH 6 for 10 minutes to retrieve the antigen. The sections were incubated 
with antismooth muscle 22 α (1:200; Abcam, Cambridge, UK), anti-isolectin 
IB4 (1:100, Invitrogen), antitroponin I (1:200; DSHB, Iowa, IA) or anti-vWF 
(1:50; Millipore) antibodies overnight at 4 °C overnight. After three washes, 
the sections were incubated with the appropriate secondary antibody, which 
was either Alexa Fluor®488 or 568 (1:200; Invitrogen). The scar tissue was 
stained with Masson’s trichrome stain (Sigma) according to the manufac-
turer’s protocol, and the images were collected with TissueGnostics GmbH 
FACS-like tissue cytometry (TissueGnostics, Vienna, Austria) and analyzed 
using ImageJ software (National Institute of Mental Health, Bethesda, MD).

Statistical analysis. All of the measurements were presented as the mean 
± SEM. The statistical significance was estimated using one-way or two-
way analysis of variances. A value of P < 0.05 was considered statistically 
significant. Statistical analyses were performed with GraphPad Prism 5.0 
software for Windows (GraphPad Software, San Diego, CA).

SUPPLEMENTARY MATERIAL
Figure  S1.  Flow cytometric analysis of common HA receptors CD44, 
ICAM-1, and RHAMM.
Figure  S2.  HA enhances gene expression of progenitor cell but not 
monocyte /macrophage.
Figure  S3.  HA does not induce fibrotic gene expression of MNCs 
compared with the other coating conditions.
Figure  S4.  HA does not induce cardiogenic gene expression of MNCs 
under hypoxic condition.
Figure  S5.  HA reduces chondrogenesis-associated gene expression 
of MNCs.
Figure  S6.  Chondrogenesis is not observed in all treatment groups 
and the MI alone group.
Figure  S7.  HA/MNC injection increases capillary and arteriole densi-
ties post-MI.
Figure  S8.  DiI-positive MNCs are integrated into vascular structure.
Figure  S9.  Injection of HA or HA/MNC induces TSG-6 gene expres-
sion post-MI.
Table  S1.  List of primers for real-time PCR.
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