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Introduction

Dental pulp stem cells （DPSCs） can differentiate 
into vascular endothelial cells and display sprouting 
ability under endothelial induction1-3）. During this 
process, DPSC responses to the extracellular micro-
environment and cell-matrix interactions are critical 
for determining their ultimate cell fate. Heparan 
sulfate （HS） proteoglycans, which are composed of 
core protein and covalently binding HS glycosami-
noglycan chains, are a major component of extra-
cellular matrix （ECM） in all mammalian tissues4）. 
HS could enhance the binding force between 
growth factors and related receptors, modulating a 
variety of biological activities, including vascular 
formation and tumor progression5）. It was reported 
that proliferation and angiogenesis of vascular 
endothelial growth factor （VEGF）-stimulated endo-
thelial cells were dependent on HS, which is also 
highly involved in the blood vessel permeability6,7）. 
Furthermore, recent studies revealed that HS 
together with basic fibroblast growth factor 
promoted ischemic heart repair after myocardial 
infarction, and HS-bound VEGF165 enhanced func-
tional recovery from cerebral ischemia8,9）. One of 
the earliest studies showed that HS proteoglycans 
were a critical regulator for hematopoietic lineage 
differentiation, indicating a possible relationship 
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between HS and the vasculogenic development10）. In 
addition, HS has been implicated in the differentia-
tion of embryonic stem cells into endothelial cells in 
mouse embryoid bodies, which was further 
supported by an in vivo zebrafish embryo model11）. 
Despite these exciting results obtained based on 
embryonic models, the role of HS in endothelial 
differentiation and neovascularization of mesen-
chymal stem cells remains unknown yet.
	 To elucidate the role of HS in the vasculogenesis 
of DPSCs, we explored the vasculogenic behaviors 
of DPSCs under HS deficiency, by using surfen 
molecule, which acts as an HS antagonist12）; and by 
silencing exostosin 1 （EXT1）, which exerts a key 
function in regulating the HS initial biosynthesis13）. 
In addition, the role of HS in vascular formation 
was investigated in vivo by transplanting EXT1-
silenced DPSCs into mice subcutaneously14）. Here, 
our research findings to demonstrate that HS plays 
an important role in the vasculogenesis of DPSCs 
are summarized.

Inhibition of DPSC vasculogenesis  
by HS antagonist

A capillary-sprouting assay was carried out to 
evaluate the sprouting ability and reticular struc-
ture formation of DPSCs in three-dimensional 
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culture. It was revealed that DPSCs possessed 
great sprouting properties and reticular structure 
was gradually formed by inducing endothelial 
differentiation for up to 14 days （Fig. 1A）. 
However, the sprouting ability of DPSCs was 
suppressed by the addition of surfen to the media. 
Total lengths of sprouting branches were signifi-
cantly decreased in DPSCs cultured with increasing 
dosages of surfen （Fig. 1B）. These results indi-
cated that reduction of HS production by surfen 
suppressed endothelial differentiation of DPSCs. It 
was reported that positively charged surfen could 
bind to the negatively charged heparin/HS by 
electronic interactions12）. Surfen occupied the 
binding site between heparin/HS and growth 
factors, subsequently altering various cellular 
biological activities dependent on heparin/HS, 
including vasculogenesis15） （Fig. 2）.

Gene expression in EXT1-silenced DPSCs

Low-passage DPSCs were transfected with short 
hairpin RNA specific for EXT1 or scramble 
sequence control with green fluorescent protein 

（GFP）. Following induction with endothelial differ-
entiation medium for 14 days, transfected DPSCs 
were evaluated for mRNA expression levels by 
real-time PCR. It was observed that expression of 
pro-angiogenic markers vascular endothelial growth 
factor A （VEGFA） and C-X-C motif chemokine 
ligand 1 （CXCL1） were significantly lower in 
EXT1-silenced DPSCs （with the fold changes of 

0.39±0.07 and 0.07±0.04, respectively）, when 
compared with scramble sequence-transduced 
DPSCs （Fig. 3）. Conversely, the expression of 
stemness-related marker Nanog in EXT1-silenced 
DPSCs was significantly higher than that of control 
cells. These data suggested that HS deficiency 
inhibited endothelial differentiation potential and, at 
least in part, maintained the stemness property of 
DPSCs.

Impact of HS on vascular formation in vivo

Dental pulp tissue engineering model using tooth 
slice/scaffold has been developed as a research 

Figure 1. �Capillary-sprouting of DPSCs under surfen exposure. （A） Representative bright-field images of DPSCs with 
sprouting formation induced by endothelial differentiation medium containing 1, 5, or 10μM surfen for 7 and 
14 d. Scale bars: 200μm. （B） Quantification of total lengths of sprouts at corresponding time points （ *P < 
0.05; mean±SD, n=4）. Adapted from Li et al.14）, Copyright 2023, with permission from Sage.

Figure 2. �Possible mechanism of the suppressed vascu-
logenesis of DPSCs by surfen stimulation. 
Surfen binds to HS by electronic interaction, 
which interferes the combination between HS 
and growth factors （GFs）, subsequently 
inhibiting cellular activities dependent on HS, 
including vasculogenesis.
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method for investigating neovascularization and 
dentinogenesis of dental stem cells16-18）. To investi-
gate the role of HS on DPSC vasculogenesis in vivo, 
the biodegradable poly-L-lactic acid scaffolds seeded 
with EXT1-silenced or GFP-transduced control 
DPSCs were implanted into immunodeficient mice 
subcutaneously. Five weeks after transplantation, it 
was shown that the number of blood-containing 
vessels significantly decreased in scaffolds seeded 
with EXT1-silenced DPSCs compared with speci-
mens loaded with control DPSCs （Fig. 4A）. In 
addition, immunofluorescence staining revealed that 
control DPSCs formed blood cell-containing vessels 
positive for human-specific von Willebrand factor 

（vWF） （Fig. 4B）. This result indicated that 
vascular endothelial cells originating from DPSCs 
formed nascent blood vessels and anastomosed with 
the host vasculature. Taken together, these data 
demonstrate that EXT1 plays an important role in 
vascular formation of DPSCs, and HS is essential 
for regulating vasculogenic processes of DPSCs in 
vivo.

Conclusion

These findings demonstrated that HS acts as a key 
regulator on the vasculogenic process of DPSCs. 

Future investigations into the underlying functional 
signaling mechanisms will provide strong evidence 
for the potential utility of HS applications in dental 
pulp regeneration and tissue engineering.
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