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Abstract 

Myocardial infarction (MI) is identified as one of the major causes of mortality and disability 
worldwide. For severe myocardial infarction, even advanced forms of clinical intervention often lead 
to unsatisfactory therapeutic results. Thus, alternative strategies for MI treatment are still desirable. 
Previously studies reported the capacity of degradative fragment of h-HA (high molecular weight 
hyaluronic acid), hyaluronan oligosaccharides (<10 disaccharides units, o-HA), for wound healing by 
influence on angiogenesis, inspiring us to study its potential for myocardial functional recovery 
against MI. However, there are few reports about o-HA in MI therapy.  
Methods: In our study, we synthesized o-HA with 6~10 disaccharides (4-5 kDa) by enzymatic 
degradation and investigated its therapeutic effects on MI.  
Results: We found that o-HA could reduce infarct size and apoptosis in MI region, also promote 
myocardial angiogenesis and myocardial function reconstruction in MI mouse model. Furthermore, 
our results also indicated that o-HA in cardiac improved polarization of M2 type macrophage, 
removed the inflammatory response caused by neutrophil for accelerating myocardial function 
reconstruction in vivo. The transcriptomic analyses revealed that o-HA could activate expression of 
chemokines Ccl2 and Cxcl5 for promoting macrophage polarization and stimulate MAPK and 
JAK/STAT signaling pathway for compensatory response of myocardial function.  
Conclusion: Collectively, our results suggested o-HA with 6~10 disaccharides might be a potential 
agent for reconstruction of cardiac function against MI. 

Key words: hyaluronic acid oligosaccharides, myocardial infarction, M2 macrophage, neutrophil, LV 
remodeling, angiogenesis  

Introduction 
Myocardial infarction (MI) is one of the major 

causes of mortality and disability worldwide [1, 2]. MI 
appears when a coronary artery becomes blocked, 
inducing insufficient blood supply to myocardium of 
infarcted area. It will reduce oxygen distribution, 
input of nutrient and output of metabolic waste. The 
oxygen downstream caused apoptosis and necrosis of 

cardiomyocytes, which is leading to cascade damage 
amplification in left ventricular (LV) [3, 4]. Consequ-
ently, the function of LV decreased accompanied with 
hypertrophy [5].  

Previous studies convinced that myocardial 
regeneration was limited by irreversible and inability 
of cardiac tissues after cardiac injuries [6, 7]. So far, the 
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golden standard for treatment of myocardial injury is 
heart transplantation [8]. However, some challenges 
of heart transplantation exist, including a huge 
insufficiency of organ donors, easy to cause immune 
rejection and prolongation of hospitalization time [9]. 
The other treatment including pharmacological 
inhibition of G-protein coupled receptors and 
interventional therapy could clear vascular plaques or 
lead to vasodilation and restore blood flow for 
damaged cardiac muscles [10-12]. While, these 
approaches often impact an unexpected burst of 
reactive oxygen species (ROS), which may increase 
the risks of “ischemia-reperfusion injury” [13-15]. 
Therefore, there is a pressing need to develop new 
strategies for MI treatment. 

The repair mechanism of MI is a complex 
progress, with different kinds of changes in cellular 
and extracellular components [16]. During the early 
stage of post-MI, the myocardial cell death takes a 
limited few hours to develop along with chronic 
inflammatory reaction [17]. Therein, inflammation 
component is involved and is got into “double-edged 
sword” for damage repair. Inflammatory reactions 
exist in the early stage of myocardial injury, mainly 
composing of neutrophils and mononuclear phago-
cyte system, which mainly applied to remove the 
damaged cardiomyocytes [18, 19]. However, the lack 
of blood supply generates persistent apoptosis and 
necrosis of LV cardiomyocytes, which could trigger 
inflammatory corpuscle participating continuously, 
which may hamper the process of myocardial repair 
[20]. Wherein, monocyte could convert to macro-
phage, subsequently, being devised to two kinds of 
activation patterns which displayed variously 
immunological functions: classical (M1 type) and 
alternative (M2 type) with different cell makers [21, 
22]. Porcheray indicated that macrophage activation 
occurs initially through the M1 pathway, and then 
change to the M2 pathway, which the transition was 
invertible. The homeostasis of macrophages to switch 
from one activation state to another would affect 
tissue healing during ischemic injury [23].  

The macromolecules existing in the extracellular 
matrix are essential for wound healing. Among them, 
hyaluronic acid (HA) was widely studied biological 
macromolecule that had the potential to promote 
damage repair. HA is one major component of tissue 
ECM, and is a non-protein extracellular molecule, 
negatively charged polymer with repeated units of β 
(1, 4)-D glucuronic acid-β (1, 3) N-acetyl-D-glucosam-
ine [24, 25]. Researchers found that HA has a 
size-depended effect. The bioactivity of high molecule 
weight (h-HA) greater than 103 kDa gets the most 
interesting finding of antibacterial, anti-inflammatory 
and lubricant properties [26]. The partial degradative 

fragment of h-HA, hyaluronan oligosaccharides (< 10 
disaccharides units, o-HA) has influence on angio-
genesis, endothelial cell migration and proliferation 
for wound healing [27, 28]. However, the therapeutic 
effects of o-HA on MI by intravenous injection 
remained few reports, and the mechanism has not 
been elucidated. 

In our study, we synthesized o-HA with 6~10 
disaccharides (4-5 kDa) by enzymatic degradation. 
Then, therapeutic effects of o-HA on MI were investi-
gated in detail, including infarct size, biomarkers in 
blood, apoptosis in MI region, and angiogenesis and 
cell proliferation around the damaged myocardium. 
In addition, M2 type macrophage polarization and 
neutrophil removal were also studied in MI mouse 
model. Furthermore, the mechanism of o-HA-induced 
myocardial function reconstruction was elucidated. 
Stimulation of macrophages migration, polarization, 
and secretion of growth cytokines by o-HA in vitro 
were explored. Furthermore, the transcriptomic 
analyses were also employed to study o-HA effects on 
macrophages.  

Methods 
Materials and animals 

Hyaluronic acid (HA, ~1000 kDa) was purchased 
from Shandong Freda Biochem Co., Ltd. (Shandong, 
China). Bovine testicular hyaluronidase and Trichlo-
roacetic aced (TCA) were purchased from Sigma- 
Aldrich (shanghai, China). All the organic chemical 
used in this work were analytical reagent (AR) grade. 
CD31 and Ki-67 immunohistochemistry antibody 
were purchased from Abcam (Cambridge, MA). 
Anti-CD45, anti-CD11b, and anti-Gr1 were provided 
by Cell Signal Technology (Boston, USA) for flow 
cytometry. Anti-CD206 was provided by Abcam 
(Cambridge, UK). Horseradish peroxidase (HRP)- 
labeled goat anti-rabbit or anti-mouse secondary 
antibodies were purchased from BD biosciences (New 
York, USA). 

C57BL/6 male mice (5-6 weeks) were used for 
modeling MI. The animals were purchased from 
Beijing HFK Bioscience Co., Ltd., which were accli-
matized at a controlled temperature of 20-22 oC, and a 
relative humidity of 50-60% under 12 h light-dark 
condition. All animal procedures were approved by 
the Institutional Animal Care and Treatment 
Committee of Sichuan University (Chengdu, P.R. 
China).  

Preparation and characterization of o-HA 
o-HA (6~10 disaccharides, 4-5 kDa) was 

prepared by hyaluronidase degradation methods [29, 
30]. One hundred milligram of h-HA was dissolved in 
50 mL of 0.1 M sodium acetate buffer (pH 5.4) 
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containing 0.15 M NaCl, and then digested by 20000 
units of bovine testicular hyaluronidase (Sigma) 
incubating at 37 oC. At regular intervals (2, 4, 6, 8, and 
24 h), 10 mL aliquots were removed and the reaction 
was terminated by the addition of 1 mL of 100% 
Trichloroacetic acid (TCA, Sigma). The precipitate 
was eliminated by centrifugation and the supernat-
ants from different time was mixed. The aliquots were 
dialyzed against distilled water with dialysis 
membrane (MWCO, 1000 Da) for 72 h at 4 oC. The 
internal solution was dialyzed against distilled water 
with dialysis membrane (MWCO, 5000 Da) for 
another 72 h. At last, the external phase was collected, 
followed by lyophilized. Lyophilized o-HA was 
preserved at 4 oC.  

The o-HA samples were further characterized by 
Gel Permeation Chromatography (GPC) to determine 
macromolecular weight and weight distribution. The 
samples were dissolved in chloroform and cast on 
KBr plate, and the Fourier Transforms Infrared 
Spectroscopy (FTIR) spectra were kept. Nuclear 
Magnetic Resonance Analysis (1H NMR) was used to 
characterize chemical composition. 

MI surgery 
6-8 weeks male mice (C57) were used. MI was 

induced by permanent ligation of the left anterior 
descending coronary artery (LAD) as described 
previously [31-33]. The animals were anaesthetized by 
ketamine (100 mg/kg) and xylazine (10 mg/kg) with 
intraperitoneal administration. The mice were 
ventilated with air using small-animal respirator with 
a tidal volume of 0.1 mL and a respiratory rate of 110 
strokes per minute by tracheotomy. The chest was 
opened, LV (left ventricle) was visualized and a left 
intercostal thoracotomy was performed. The 
pericardium was removed, and ligation of the LAD 
was achieved with 5-0 silk suture ligatures about 1 
mm distal from the tip of the left atrium. Successful 
coronary blocking of the LAD was visualized by 
significant color change of the ischemic region. The 
chest was closed with 4-0 silk suture. After that, the 
post-MI mice were ventilated continuously for 30 min 
at 37 oC until their lung re-expanding again. 
Sham-operated group underwent the same procedure 
without occlusion of the LAD. NS group stands for 
the post-MI mice group which was treated with 
normal saline as control. 

The post-MI mice were randomly divided into 
four groups (Sham, NS, h-HA and o-HA treated 
groups, n=8), and intravenous injection every other 
day. The dose of h-HA and o-HA was 5 mg/kg per 
mouse. The Sham group was used as negative control.  

Biomarker release of post-MI after o-HA 
treatment 

The cardiac troponin-I (cTn I) and creatine 
kinase-MB (CK-MB) in serum are specific biomarker 
for reflecting the myocardial necrosis level in post-MI 
[34, 35]. For detection the recovery effect of o-HA on 
myocardial cell in ischemic area, the post-MI mice 
were drawn blood at 6 h, 8 h, 12 h, 24 h, 48 h, 72 h, 96 
h, 120 h, 144 h and 168 h. The serum samples of 
different groups (n=6) were analyzed quantitatively 
by the high-sensitivity ELISA (enzyme linked immu-
nosorbent assay) Kit (CUSABIO, USA) for cTn I 
analysis. At 28 d, the CK-MB in serum was detected 
by blood biochemical analysis for myocardial cell 
repair. 

Histology, morphometry and histochemistry 
for hearts 

We evaluated the heart function by echocardio-
graph. We assessed in vivo cardiac function in total of 
24 animals (n=4 in normal mice group, n=6 in sham, 
NS, h-HA and o-HA groups respectively) at 4 weeks 
after MI by echocardiographic imaging system (Vevo 
770, VisualSonic, Toronto, Canada). 

Histological evidence of MI with necrosis was 
detected by histopathological techniques. The mice 
were euthanized at 28 d, and the hearts were collected 
for further examination (n=8).  

Hearts (n=4) were cut into 3 mm sections from 
apex to base, then hatched in 1.5% triphenyl- 
terazolium-chloride (TTC, Sigma) in PBS (pH 7.4) for 
20 min at 37 oC followed by formalin fixation. The 
infarction area emerged yellow-white, and the normal 
myocardium was red. Each heart section was 
recorded by digital camera (Sony, Tokyo, Japan), and 
the infarct size was measured with ImageJ software 
(National Institutes of Health, Bethesda, MD).  

The hearts (n=4) were fixed in 4% paraformald-
ehyde, embedded in paraffin, and sectioned for H&E, 
Masson trichrome histopathology analysis. The 
photographs were taken using a CCD camera (Zeiss 
Axioskop2, Germany). The infarction size was 
defined as a percentage of the sum of the epicardial 
and endocardial infarct circumference divided by the 
sum of the total LV epicardial and endocardial 
circumferences [36]. LV anterior wall thickness was 
expressed as previous study [36]. 

We evaluated the heart function by echocardio-
graph. We assessed in vivo cardiac function in total of 
24 animals (n=4 in normal mice group, n=6 in sham, 
NS, h-HA and o-HA groups respectively) at 4 weeks 
after MI by echocardiographic imaging system (Vevo 
770, VisualSonic, Toronto, Canada). 

After treatment, mice hearts were fixed in 4% 
paraformaldehyde, embedded in paraffin, and 
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sectioned. A commercially available TUNEL (TdT- 
mediated dUTP Nick-End Labeling) kit (Vazyme 
Biotech co., Ltd) was used to detect apoptotic cells in 
the heart tissues. This analysis was performed 
following the manufacturer’s protocol. The samples 
were then observed using a fluorescence microscope 
(× 200). The apoptotic index in per group was 
calculated in four equal-sized fields of LV.  

The angiogenesis in the ischemia sites were 
stained by epithelial cell marker CD31 (goat anti- 
mouse CD31 polyclonal antibody, 1 : 100) (Abcam, 
Cambridge, MA) with the labeled streptavidin-biotin 
method. The samples were observed using 
microscope (× 200). The number of microvessel per 
group was calculated to determine the microvessels 
density in four randomly fields of LV region.  

The proliferation of endothelial cells in LV was 
stained with Ki-67, (Abcam, Cambridge, MA) (1 : 150) 
and biotin-horseradish peroxidase labeled secondary 
antibody (BD Biosciences Pharmingen) using the 
labeled streptavidin-biotin method. The images were 
captured by microscopy. In LV, the Ki-67 labeling 
index was counted as the number of Ki-67+ cells/total 
number of cells in four randomly regions per group.  

Toxicity assessment 
In order to assess the possible side effects in the 

o-HA-treated mice, all mice were observed after 
intravenously administration every other day for 28 d, 
including the general conditions (the activity, skin, 
hair, behavior, energy and other clinical signs). Before 
being euthanized, their blood was acquired for 
complete blood count (CBC) test and blood chemistry 
profile analysis. Meanwhile, the major organs (liver, 
spleen, lung and kidney) were fixed in 4% 
paraformaldehyde with H&E staining for further 
histopathology analysis. 

Flow cytometry analysis of the myocardial 
microenvironment  

The above results showed that o-HA could 
encourage MI repair. Furthermore, how o-HA played 
an important role in regulating the microenvironment 
of the myocardium attracted our attentions. 
Therefore, we meant to detect if there were some 
changes in myocardial microenvironment after o-HA 
treatment in vivo. The LV region of heart samples 
were separated into infarct and non-infarct area after 
being treated at different time points (24 h, 48 h, 72 h, 
7 d, 14 d and 21 d), and then be prepared to be 
single-cell suspension following standard procedure. 
After stained by CD206 and Gr1 (all the flow 
cytometry antibodies, which were provided by CST, 
USA), the cells in infarcted area were analyzed using a 
flow cytometer (Arial III, BD Biosciences). 

Wound healing, transwell and transwell 
invasion assay in vitro 

By studying the function of o-HA on the cardiac 
microenvironment, the results above indicated that 
the MI recovery of o-HA mainly based on increased 
macrophages, improving M2 polarization, and 
inhibiting excessive inflammation. Then, we made 
further research for the effect of o-HA on 
macrophages in vitro. The peritoneal macrophages 
were extracted from C57 mice as previously reported 
[20]. Briefly, the mice were anaesthetized and 
decapitated, and 15 mL serum and antibiotics-free 
DMEM was injected into intraperitoneal. After 15 
min, the medium was sucked out by 20 mL syringe. 
The medium was centrifuged at 2000 rpm for 5 min. 
The macrophages were washed for three times with 
serum and antibiotics-free DMEM and counted for 
further usage. 

The wound healing test was performed on 
peritoneal macrophages as described previously. In 
briefly, the cell suspension (2.0 × 106 cells/well) were 
seeded in 12-well plates and cultured for 2 h in fresh 
DMEM medium containing 10% serum. After 
removing the suspended cells, the adherent macro-
phages were culture for another 20 h before migration 
test. The macrophages were scraped by sterile 0.1 mL 
pipette tips and fresh 700 μL of serum and 
antibiotics-free DMEM containing different concen-
tration of o-HA (250 μg/mL, and 500 μg/mL) and 
h-HA (500 μg/mL) were added into each well, 
respectively. After incubation for 24 h, cells were fixed 
and imaged using a microscope (Zeiss, Germany) and 
the percentage of migrated macrophages was 
counted. 

Transwell assay was conducted by Transwell 
plate (8 μm gap size, Millipore) as previously 
described with some modifications. The peritoneal 
macrophages were extracted according to the above 
method. Subsequently, a total of 2 × 106 cells in 100 μL 
serum-free medium were added in the upper 
chamber. Then, 400 μL of serum-free medium 
containing different concentration of o-HA (250 
μg/mL, and 500 μg/mL) and h-HA (500 μg/mL) was 
added to the bottom chamber. Macrophages allowed 
to migrate for 24 h. Non-migrated cells in the upper 
chamber were removed. The migrated cells were fixed 
in methanol and stained with 0.5% crystal violet. 
Migrated cells in five randomly selected regions were 
counted and taken pictures under microscope. 

 Transwell invasion assay was performed acco-
rding to previous studies with some modifications. 
The peritoneal macrophages were extracted according 
to the above method. In brief, the upper surface of the 
Transwell plate was coated with serum-free medium 
diluted Matrigel (1: 1, 50 μL/well, BD Biosciences). 
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After Matrigel polymerizetion, the bottom chambers 
were filled with 400 μL 10% FBS-DMEM medium and 
100 μL secrum-free medium containing 2 × 106 cells 
was seeded to the top chambers. The same agents as 
above were added to top chambers and cells allowed 
to migrate for 24 h. The following cell process were 
similar with the above method.  

The promote-polarization ability of o-HA was 
evaluated in vitro with flow FCM. The peritoneal 
macrophages were extracted according to the above 
method. 5 × 106 cells were seeded in 6-well plates and 
cultured for 2 h. after being removed of the suspe-
nded cells, the adherent-macrophages were cultured 
for another 20 h with 10% FBS-DMEM medium. Then 
the macrophages were incubated with o-HA (0, 250 
and 500 μg/mL) and h-HA (500 μg/mL) for 48 h. after 
the incubation, the macrophages were stained with 
CD206 antibody (M2 type macrophage specific 
biomaker) and the samples were analyzed by FCM. 

Analysis of macrophage polarization by o-HA 
in vitro 

Order to determining whether o-HA could 
strengthen the secretion of VEGF in M2 type 
macrophages. Western blots assay was conducted on 
different concentration of o-HA (0, 250 and 500 
μg/mL) and h-HA (500 μg/mL) treated-macroph-
ages. Briefly, after treated for 48 h, the total protein 
was extracted from the macrophages by a buffer 
containing 1% triton X-100, 1% deoxycholate and 
proteinase inhibitor cocktail (Sigma). After centrifug-
ation for 15 min at 4 oC, the protein supernatant was 
collected and its concentration was measured by BCA 
protein assay kit. Total protein samples were loaded 
and separated by 12% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and 
incubated with antibodies against VGEF (Abcam) at 4 
oC overnight and HRP-conjugated secondary 
antibodies at 37 oC for 1 h. After the incubation, the 

blots were reacted with chemiluminescent substrates 
visualized using a chemiluminescent (ECL) detection 
system. 

Transcriptomic analyses 
The peritoneal macrophages were extracted from 

the above procedure. Then, the macrophages were 
incubated with o-HA and h-HA for 48 h. After the 
incubation, the total RNA of macrophages was 
extracted. RNA-seq libraries were prepared using the 
Illumina HiSeq according to the manufacturer’s inst-
ructions. Through screening comparison, H-cluster 
analysis was used to analyze the expression of 
differential genes and functional enrichment was 
studied by KEGG analysis. 

Statistical analysis 
Data are presented as mean ± SD. Paired t test or 

ANOVA was performed as indicated to determine 
statistical differences. The difference was considered 
significant for P values of less than 0.05, and the 
statistical analyses were carried out using GraphPad 
Prism software.  

Results and Discussion 
Preparation and Characterization of o-HA  

We prepared o-HA (6~10 disaccharides, 4-5 kDa) 
by hyaluronidase mediating degradation of high 
molecule weight HA (h-HA, ~1000 kDa). The 
synthesis scheme of o-HA was shown in Figure 1 and 
Figure 2 A. GPC spectrum indicated that the Mn was 
4345, and the polymer dispersity index (PDI) of o-HA 
was 1.52 (Figure 2B). The FTIR and 1H NMR were 
applied to confirm the chemical structure of o-HA, 
which displayed the structural consistency of o-HA 
and h-HA (Figure 2C, D). The above data 
demonstrated that o-HA obtained by enzymatic 
degradation was prepared successfully. 

 

 
Figure 1. Schematic illustration of preparation, post-MI treatment and LV repair mechanism of o-HA. 
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Figure 2. Synthesis and characterization of o-HA. A) Synthesis of o-HA. B, C, D) GPC, 1H NMR, and FTIR spectrum of o-HA. 

 

 
Figure 3. Histological analysis of hearts harvested 28 d after MI. A) infarcted region assessed based on TTC staining of heart sections, the infarcted field was white. 
B) photograph of hearts causing MI after treated by four groups. (n=8). C) Images from four-treated groups showing morphological changes with H&E staining of heart 
paraffin sections. D) Images from four-treated groups showing myocardial fibrosis with MT staining of heart paraffin sections. E) % LV infarct area of different groups. 
F) The relative thickness of LV (%) in different groups. 

 
 

o-HA reduced infarct size against MI 
To evaluate in vivo therapeutic efficiency of 

o-HA against MI, we applied o-HA into the cardiac 
function deficient mice. 28 d after treatment, 
morphological and histological analysis of heart 
tissues were used to assess the effects of o-HA. As 

shown in Figure 3A and B, the hearts of mice were 
stained by TTC, in which the infarct area of LV 
performed yellow-white and the living myocardium 
appeared red. Therefore, we could determine the 
effects of o-HA against MI by calculating the size of 
infarct area. o-HA-treated group showed less 
yellow-white area than NS and h-HA-treated groups.  
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Heart tissues from mice in each group were 
collected and stained with haematoxylin and eosin 
(H&E) and Masson trichrome (MT). Fewer inflamm-
atory cell of LV (compared to NS and h-HA group) 
could be observed in o-HA group (Figure 3C and 
Figure S1A).  

Simultaneously, MT staining was consistent with 
the results of H&E. We observed that less collagen 
deposition in LV after o-HA treatment by the size of 
blue region (compared to NS and h-HA group). It 
indicated a striking decreasing level of scar tissue 
(Figure 3D and Figure S1B). The LV infarct size (%) 
were 100% in NS group, 59.4 ± 4.3% in h-HA group 
and 10.5 ± 1.2% in o-HA group, respectively (Figure 
3E). The infarct size was significantly reduced 
~10-fold in o-HA treatment group than NS group (P < 
0.01). The wall thickness of LV was 1.1 ± 0.4 mm in NS 
group, 1.8 ± 0.6 mm in h-HA group and 2.7 ± 0.5 mm 
in o-HA group (Figure 3F). The relative thickness of 
LV was increased ~2.7-fold in o-HA group than NS 
from statistical analysis (P < 0.01). The Sham group 
was used as negative control (3.1 ± 0.6 mm).  

As shown in Figure 4, the echocardiography was 
used as noninvasive method to measure cardiac 
function 4 weeks after MI. There were significant 
differences between o-HA group and NS group (***P< 
0.001). While, o-HA group had no statistical difference 
with Sham group. 

 

 
Figure 4. showed cardiac function measured by echocardiography at 28 d after 
surgery. A) Representative echocardiograph from the various groups. B) LV 
internal diameters of diastole (LVIDd) and systole (LVIDs) were measured at 
the view of short axis from M mode. LV ejection fraction (LVEF) and fractional 
shortening (LVFS) was calculated using VisualSonic analysis software (n=6 
animals/group). ***P< 0.001 vs NS. 

Toxicity evaluation of o-HA in vivo 
Subsequently, in vivo toxicity evaluation of o-HA 

was performed. The blood of mice in each group was 
collected for CBC test and blood chemistry profile 
analysis (Figure S2). Then, the major organs were 
collected and fixed in 4% paraformaldehyde for H&E 
staining analysis (Figure S3). The results of CBC test 
and blood chemistry profile analysis indicated that all 
the indicators were in normal range and there were no 
significant changes in different groups. In addition, 
the histological analysis of liver, spleen, lung and 
kidney revealed there were no histopathologic 
changes and inflammatory cell infiltration compared 
with sham group.  

Biomarkers revealed decline of myocardial 
necrosis  

Owing to the absolutely cardiac tissue specifici-
ty, cTn I and CK-MB were used as the main biomark-
ers for the diagnosis of myocardial necrosis [37]. The 
concentration changes of the both cTn I and CK-MB 
could reflect the severity of myocardial injury which 
had a temporal correlation [38]. The concentration of 
cTn I in NS and h-HA group rose within 24 h (598.2 ± 
37.1 and 489.5 ± 8.2 pg/mL at 24 h, respectively), 
whereafter, declined in a 28 d-period. However, in the 
o-HA treatment group, the expression of cTn I in the 
serum at 24 h was significantly lower (378.4 ± 12.5 
Pg/mL, P<0.001) than that in the NS group and lasted 
with a lower concentration for 28 d (Figure 5A).  

The data showed that CK-MB concentration was 
lower in o-HA-treated group (879.3 ± 14.2 U/L) 
compared to NS group (1583.5 ± 32.6 U/L, P<0.001). 
The Sham group was used as negative control (507.2 ± 
21.6 U/L), and h-HA group also had higher CK-MB 
concentration (1465.6 ± 42.7 U/L, P<0.001) (Figure 
5B). It suggested that o-HA treatment could reduce 
the degree of injury and necrosis of myocardial tissues 
in post-MI mouse.  

Apoptosis analysis in myocardium 
Apoptosis in LV was then investigated by 

immunofluorescent TUNEL assay. More TUNEL+ 
signals (red) were found within LV region in NS and 
h-HA groups than o-HA group (Figure 6A). The 
apoptotic index (%) in o-HA group was 8.3 ± 2.4%, 
versus NS (88.6 ± 3.2%, P<0.001) group and h-HA 
(43.2 ± 3.5%, P<0.001) group. The Sham group was 
used as negative control (3.2 ± 0.5%) (Figure 6D). The 
results showed that NS and h-HA group had more 
apoptotic cardiac myocytes and bigger infarct size 
than o-HA group in LV (n=4). It is also indicated that 
o-HA could attenuate apoptosis, reduce the infarction 
area and play a protective role in cardiomyocytes in 
LV. 
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Figure 5. Release of cTn I and CK-MB after MI. A) Values of cTn I in blood at various time point were displayed. cTn I released with early rising, reaching peak, and 
decreasing over several days. The o-HA group with smaller cTn I peak. B) Concentration of CK-MB in post-MI mice after being treated for 28 d. 

 

 
Figure 6. IHC analysis of expression of A) TUNEL, B) CD31 and C) Ki-67 in heart sections of different group after treated for 28 d. 

 
o-HA promoted angiogenesis and cell 
proliferation  

Above data showed that o-HA could attenuate 
myocardial necrosis and reduce infarction area after 
MI, and then we investigated whether o-HA could 
promote cell proliferation. First, we set out to 
determine whether o-HA had beneficial activity in 
myocardium angiogenesis. The LV region of four 
groups were experimented by immunohistochemical 
CD31 staining. The neovascularization density of 
o-HA group (36.1 ± 4.8) significantly increased 

compared with NS (8.3 ± 1.4, P<0.001) and h-HA (25.4 
± 3.4, P< 0.001) group. The Sham group was used as 
negative control (5.4 ± 0.7) (Figure 6B, E and Figure 
S4A). The increased counts of blood vessels were 
noted in the injury regions after o-HA treatment 
(n=4). The angiogenesis effect of o-HA may improve 
the myocardial outcome after MI.  

Next, Ki-67 immunohistochemical staining was 
used to analysis the effect of o-HA on cell prolifera-
tion ability in vivo. Remarkably, more Ki-67+ survival 
cells (brown) likewise exhibited in infarct heart tissues 
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in o-HA group compared to NS and h-HA group 
(Figure 6C and Figure S4B). The difference of Ki67 LI 
(%) was readily apparent on inspection of heart: the 
Ki67 LI (%) in o-HA group was 22.6 ± 4.1%, versus NS 
group (8.9 ± 1.3%, P<0.001) and h-HA group (18.5 ± 
2.7%, P<0.001). The Sham group was used as negative 
control (12.4 ± 2.5%) (Figure 6F). The results 
demonstrated a significant contribution to the cell 
proliferation in the cardiac function deficient mice 
with o-HA treatment, which provided function 
reconstruction for traumatic myocardium.  

These observations suggested a robust capability 
of o-HA to improve angiogenesis which furnish a 
compensatory recover the conditions of myocardial 
cells in the MI regions. Meanwhile, o-HA could be 
beneficial to cell proliferation which leaded to 
improvement of MI [38].  

Myocardial microenvironment analysis 
Subsequently, we aimed to figure out the in vivo 

mechanisms which could interpret the effect of o-HA 
on MI repair. In the microenvironment of 
injured-myocardium, many kinds of immune cells 
and stem cell populations could often be observed. 
The different cell populations had time-depended 
behavior. The influence of o-HA on several of these 
cell lines at different time (1 d, 3 d, 7 d, 14 d, 21 d) 
were analysis by flow cytometry (FCM) and the 
results were displayed in Figure 7 (n=4).  

Among macrophage populations, M2 type 
macrophage could promote injury repair. We used 
FCM to analysis the levels of macrophage polarization 
in LV after o-HA treatment. Compared with NS (1 d: 

18.5 ± 4.6%, 3 d: 19.1 ± 5.4%, 7 d: 10.8 ± 4.2%, 14 d: 19 ± 
3.8%) (P<0.01) and h-HA (1 d: 17.2 ± 4.4%, 3 d: 22.3 ± 
3.6%, 7 d: 13.1 ± 2.4%, 14 d: 30.4 ± 5.8%) group 
(P<0.01), o-HA group contained a greater number of 
M2 type macrophage (1 d: 32.4 ± 5.3%, 3 d: 42.9 ± 5%, 7 
d: 36.6 ± 5.5%, 14 d: 53.2 ± 5.1%) which indicated that 
o-HA could promote recruitment of M2 type 
macrophages. However, the M2 type macrophage 
decreased at 21 d in all the groups (NS: 2.2 ± 1.3%, 
h-HA: 3.2 ± 1.2%, o-HA: 5.7 ± 1.4%). The Sham group 
was used as negative control (1 d: 5.1 ± 1.3%, 3 d: 4.4 ± 
0.9%, 7 d: 3.8 ± 1.4%, 14 d: 5.4 ± 0.4%, 21 d: 1.3 ± 0.5%) 
(Figure 7A, C and Figure S5).  

Contemporary, removal the over-reaction events 
of neutrophils could be better for injured-myocard-
ium repair [18,19]. We used FCM to analysis the 
ability of o-HA to eliminate the excessive inflamm-
ation. As shown in Figure 7B and D, o-HA may 
maintain normal inflammatory response at early 
injury stage (1 d: 15.1 ± 3.3%, 3 d: 16.0 ± 4.3%) for 
scavenging of the necrotic cells and reduce the 
excessive inflammatory response as time prolong (7 d: 
19.2 ± 3.2%, 14 d: 25.2 ± 3.3%, 21 d:1.9 ± 0.2%). While, 
NS (1 d: 38.1 ± 5.5%, 3 d: 27.2 ± 4.3%, 7 d: 42.0 ± 5.6%, 
14 d: 47.5 ± 6.2%, 21 d: 4.0 ± 1.1%) (P<0.01) and h-HA 
(1 d: 33.6 ± 5.6%, 3 d: 23.0 ± 5.3%, 7 d: 31.1 ± 4.7%, 14 d: 
35.3 ± 4.3%, 21 d: 3.1 ± 0.7%) group (P<0.01) kept a 
higher percentage of neutrophils which could lead to 
excessive and persistent inflammation. The Sham 
group was used as negative control (1 d: 0.3 ± 0.1%, 3 
d: 0.2 ± 0.2%, 7 d: 0.14 ± 0.1%, 14 d: 4.1 ± 1.2%, 21 d: 1.1 
± 0.2%). 

 

 
Figure 7. FCM analysis in infarcted area microenvironment at 24 h, 72 h, 7 d, 14 d and 21 d. A, C) M2 type macrophages distribution after treatment. B, D) 
neutrophils inhibition. 
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In vivo myocardial microenvironment analysis 
showed o-HA could increase the number of 
macrophages in LV region, reflecting that o-HA had 
the recruitment function of macrophages, and could 
promote M2 macrophage polarization, thereby 
increasing cytokine secretion. In addition, o-HA could 
also suppress chronic inflammatory reactions that 
accelerated compensatory response of myocardial 
function.  

o-HA induced migration and invasion of 
macrophage  

To further investigate mechanisms that underlie 
the favorable activity of o-HA on myocardial regener-
ation, we then investigated the effect of o-HA on 
migration and invasion of macrophage. Wound- 
healing and transwell migration assays were 
performed using mice peritoneal macrophage. o-HA 
enhanced migration of macrophages in dose- 
dependent manners. Comparing with NS (22.4 ± 2.2%, 
P<0.001) and h-HA (26.3 ± 1.3%, P<0.001) group, 
o-HA with concentration of 250 μg/mL (67.6 ± 3.3%) 
and 500 μg/mL (91.4 ± 2.5%) could enhance 
macrophage migration (Figure 8A, D). Consistent 
results were obtained in transwell migration assay, 

o-HA (250 μg/mL: 81.3 ± 5.8%, 500 μg/mL: 94.5 ± 
7.4%) showed stronger enhancement on macrophage 
migration compared with h-HA (7.2 ± 2.1%, P<0.001) 
and NS (3.1 ± 1.1%, P<0.001) (Figure 8B, E). In 
transwell invasion assay, macrophages exhibited 
dramatically invasion capability in the presence of 
o-HA (250 μg/mL: 32.3 ± 4.5%, 500 μg/mL: 76.5 ± 
3.7%) compared with h-HA (8.4 ± 2.4%, P<0.001) and 
NS (0%, P<0.001) (Figure 8C, F). Altogether, our 
results showed that o-HA increased migration and 
invasion of macrophages.  

Macrophage polarization assay in vitro 
We also evaluated the polarization-inducing 

ability of o-HA on macrophages. o-HA induced 
higher level of polarization of M2 type macrophage 
(15.7 ± 2.7%) than h-HA (10.0 ± 2.5%, P<0.001) and NS 
(4.8 ± 0.5%, P<0.001) group (Figure 9A to D and F). 
The expression of VEGF (vascular endothelial growth 
factor) was also upregulated in the o-HA groups 
compared with NS and h-HA group (Figure 9E). In 
summary, the results suggested that o-HA, not only 
being a promotor-agent for polarization of M2 type 
macrophage, but also up-regulating VEGF secretion.  

 

 
Figure 8. Migration and invasion of peritoneal macrophages by o-HA. A) and D) promotion of o-HA on macrophages in “Wound healing” analysis. B) and E) 
Transwell migration of macrophages triggered by o-HA compared with NS and h-HA. C) and F) invasion of macrophage induced by o-HA in Transwell assay. 
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Figure 9. Polarization of peritoneal macrophages with o-HA in vitro. A, F) NS. B, F) h-HA, 500 μg/mL. C, F) o-HA, 250 μg/mL. D, F) o-HA, 500 μg/mL. E) VEGF 
expression by western blots assay of M2 macrophage. 

 
Transcriptomic analyses of o-HA on heart 
function 

To gain insight into the molecular mechanism of 
the enhanced heart function activity of o-HA, we 
leveraged transcriptomics data to study o-HA effects 
on macrophages. In Figure 10A, the expression 
profiles of o-HA, h-HA and NS samples were clearly 
separated and 5110 genes were found to be 
differentially expressed (false discovery rate < 0.05) 
between the o-HA and NS groups. Subsequently, to 
determine molecular pathways associated with o-HA, 
we performed KEGG analysis for biological function 
and signal pathway (Figure 10B and C). The analysis 
revealed significant enrichment for function of 
myocardial repair and related signal pathways of 
macrophage action [39-41]. Furthermore, 
well-characterized genes in the above signaling 
pathways were found to be upregulated in the 
transcriptomic data upon treatment of o-HA (Figure 
10D). The transcriptomic analyses revealed that o-HA 
could activate expression of chemokines (Ccl2, Cxcl5, 
ect.) for promoting macrophage polarization and 
stimulate MAPK and JAK/STAT signaling pathway 
for myocardial function reconstruction. Consistent 
with the functional studies above, these findings 

suggested that o-HA may activate macrophages for 
cardiac function recovery. 

Conclusions 
In this study, we have synthesized o-HA (4 ~ 5 

kDa) by enzymatic degradation and assigned it for the 
treatment of MI. The results indicated that o-HA 
could effectively reduce infracted area, concomitant 
reduce cardiomyocyte apoptosis, and increase 
myocardial angiogenesis in the ischemic area. But 
treatment with h-HA had only minor therapy effects. 
Additionally, we identified the crucial role of o-HA in 
regular ischemic myocardial microenvironment. 
Moreover, our study provided further evidence that 
o-HA could suppress neutrophil over-reaction caused 
chronic inflammatory response. We found that o-HA 
increased the recruitment of macrophages and 
promoted the polarization of M2 macrophages. The 
transcriptomic analyses revealed that o-HA could 
activate expression of chemokines such as Ccl2 and 
Cxcl5 for promoting macrophage polarization and 
stimulate MAPK and JAK/STAT signaling pathway 
for myocardial function reconstruction. In summary, 
our results suggested o-HA with 6~10 disaccharides 
might be a potential agent for reconstruction of 
cardiac function against MI. 
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Figure 10. (A) Heatmap depiction of differentially expressed genes among o-HA, h-HA and NS groups treated macrophages from two independent experiments. (B, 
C) KEGG analysis of all differentially function and signaling pathways enrichment between o-HA and NS treated macrophages. (D) Heatmap depiction of differentially 
expressed genes in signaling pathways among o-HA, h-HA and NS groups treated macrophages from two independent experiments. 
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