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Narrowing of arteries supplying blood to the limbs provokes 
critical hindlimb ischemia (CLI). Although CLI results in irrever-
sible sequelae, such as amputation, few therapeutic options in-
duce the formation of new functional blood vessels. Based on 
the proangiogenic potentials of stem cells, in this study, it was 
examined whether a combination of dental pulp stem cells 
(DPSCs) and human umbilical vein endothelial cells (HUVECs) 
could result in enhanced therapeutic effects of stem cells for CLI 
compared with those of DPSCs or HUVECs alone. The DPSCs+ 
HUVECs combination therapy resulted in significantly higher 
blood flow and lower ischemia damage than DPSCs or HUVECs 
alone. The improved therapeutic effects in the DPSCs+ HUVECs 
group were accompanied by a significantly higher number of 
microvessels in the ischemic tissue than in the other groups. In 
vitro proliferation and tube formation assay showed that VEGF 
in the conditioned media of DPSCs induced proliferation and 
vessel-like tube formation of HUVECs. Altogether, our results 
demonstrated that the combination of DPSCs and HUVECs had 
significantly better therapeutic effects on CLI via VEGF-mediated 
crosstalk. This combinational strategy could be used to develop 
novel clinical protocols for CLI proangiogenic regenerative treat-
ments. [BMB Reports 2022; 55(7): 336-341]

INTRODUCTION

Peripheral artery disease (PAD) is a common circulatory problem 
involving narrowed arteries and reduced blood flow to the 
limbs. Critical hindlimb ischemia (CLI) is the most severe clin-
ical manifestation of PAD (1); it can lead to ischemic nonheal-
ing ulcers on the leg and feet and subsequent amputation to 
prevent secondary damage (2). The current CLI therapies include 
intra-arterial stent and bypass surgery (3, 4). However, they have 
a high risk of restenosis (5), because they only unclog blood ves-
sels without inducing angiogenesis. Therefore, novel CLI thera-
peutics that can induce the new functional blood vessels forma-
tion are needed.

Mesenchymal stem cells (MSCs) are the most widely used 
stem cells for regenerative medicine globally (6, 7). Given that 
the developmental origin of MSCs might be the perivascular 
region, their potential applications for angiogenesis have been 
suggested (8). Accordingly, MSCs are undergoing Phase I or II 
clinical trials for CLI at several clinical sites (9, 10). However, 
it is still controversial whether MSCs can differentiate into func-
tional endothelial cells, which is an essential component for 
angiogenesis (11). Instead, many studies have proposed that there 
are paracrine pro-angiogenic effects of MSCs (12, 13). Therefore, 
co-injection of MSCs and endothelial cells (ECs) might enhance 
the therapeutic effects of MSCs for CLI. 

Dental pulp stem cells (DPSCs) from dental pulp show MSC- 
like characteristics and have several advantages for use in CLI 
(14, 15). Most importantly, DPSCs have shown significant thera-
peutic efficacy in preclinical animal models for a wide range 
of conditions, including spinal cord injury, ischemic stroke, 
and CLI, that require angiogenesis as a recovery mechanism 
(16-18). Moreover, the combination of DPSCs and ECs has shown 
improved regenerative potentials in various pathological condi-
tions (19-21). DPSCs could be collected from extracted infantile 
teeth and stored for a long time, which would enable autografts 
of DPSCs for CLI patients (22). Since survival of transplanted 
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Fig. 1. Therapeutic effects of DPSCs and/or HUVECs transplantation 
for CLI. (A) Experimental schedule. (B) Leg images of CLI animal models. 
(C) The degree of the legs damages were analyzed and compared. 
n = 10 for each group. *P ＜ 0.05. (D) Blood flow in the legs of 
CLI animal models was measured by LDI. (E) The blood flow was 
analyzed and compared. n = 10 for each group. *P ＜ 0.05. 

Fig. 2. Histological analysis of CLI animal models. Ischemic hind limb 
muscles were retrieved at 14 days post-injection for histological analysis. 
(A) In the H&E staining, the severity of muscle degeneration and 
infiltration of immune cells were analyzed and compared. (B) The 
degree of fibrosis was assessed by Masson’s trichrome staining. (C) 
The fibrosis area was quantified from Masson’s trichrome staining and 
compared. (D) The number of vessels was assessed by immuno-
histochemistry against CD31. (E) The number of vessels was quantified 
and compared. n = 10 for each group. *P ＜ 0.05.

cells is important for making functional vessels with anastomosis 
in the host (23), autografts would be the most clinically applic-
able option to transplant stem cells.

The objectives of this study were to compare the therapeutic 
effects of DPSCs and human umbilical vein endothelial cells 
(HUVECs) co-injection in a CLI animal model with those of 
DPSCs or HUVECs injection alone and to elucidate molecular 
mechanisms of treatment effects.

RESULTS

Therapeutic effects of DPSCs and HUVECs in CLI animal 
model
To evaluate their therapeutic effects, HBSS (negative control), 
HUVECs, DPSCs, or DPSCs + HUVECs (1:1) were transplanted 
into CLI animal models (1.0 × 106 cells/ea), intramuscularly, 
after ligation of the femoral artery (Supplementary Fig. 1). MSC-like 
characteristics of DPSCs, such as bipolar morphology (Supple-
mentary Fig. 2A), expression of MSC-specific markers (Supple-
mentary Fig. 2B), and differentiation potential (Supplementary 
Fig. 2C) were confirmed. Ischemia damage score and blood 
flow were evaluated by observation and laser doppler imaging 
(LDI), respectively, at 0, 2, 4, 7, and 14 days post-injection 
(Fig. 1A). Images of the legs (Fig. 1B) revealed that the degree 
of ischemia damage in the DPSCs + HUVECs group was the 
lowest among the experimental groups, although both the DPSCs 
and DPSCs + HUVECs groups showed significantly lower scores 
compared with the HBSS negative control group (Fig. 1C). LDI 
showed that HBSS or HUVECs injection produced significantly 
less blood flow compared to DPSCs injection or DPSCs and 

HUVECs co-injection (Fig. 1D). However, although the DPSCs 
group showed recovered blood flow at 14 days, DPSCs and 
HUVECs co-injection resulted in significantly higher blood 
flow than DPSCs injection (Fig. 1E) at 14 days post-injection. 
These data suggested that co-injection of DPSCs and HUVECs 
had significantly greater therapeutic effects on CLI animal 
model than HBSS, DPSCs, or HUVECs injection.

Treatment mechanisms of DPSCs and HUVECs co-injection 
in CLI animal model
To measure the degree of fibrosis and angiogenesis, ischemic 
hindlimb muscles for animals in the four experimental groups 
were removed at 14 days post-injection. After hematoxylin and 
eosin (H&E) staining, the degree of inflammation and integrity 
of the muscles were analyzed. In the HBSS group, there was 
severe inflammation with numerous infiltrated leukocytes. The 
severity of inflammation in the HUVECs group was similar to 
that in the HBSS group. In the DPSCs and DPSCs + HUVECs 
groups, there was less inflammation and damaged muscles 
than in the other groups (Fig. 2A). The degree of fibrosis was 
further confirmed by Masson’s trichrome staining (Fig. 2B), 
which showed that the degree of fibrosis decreased significant-
ly with the co-injection of DPSCs and HUVECs, followed by 
DPSCs, HUVECs, and HBSS injection. Notably, the degree of 
fibrosis in the DPSCs + HUVECs group was significantly lower 
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Fig. 3. Angiogenic paracrine effects of DPSCs CM. (A) Effects of the 
DPSCs CM on the HUVECs differentiation were analyzed by the 
in vitro tube formation assay. (B) Effects of the DPSCs CM on the 
proliferation of HUVECs were analyzed. (C) Concentration of VEGF, 
HGF, and TNF-α was quantified by ELISA. n = 10 for each group. 
*P ＜ 0.05. n.s., not significant. LLOQ = lower limit of quantifica-
tion. (D) Effects of the DPSCs CM on the HUVECs signaling path-
ways were analyzed by western blot analysis.

Fig. 4. Proangiogenic effects of DPSCs mediated by VEGF. Effects of 
the DPSCs CM on differentiation (A), proliferation (B), and signaling 
pathways (C, D) of HUVECs with or without bevacizumab, a VEGF 
neutralizing antibody, were analyzed and compared. *P ＜ 0.05.

than that of the DPSCs group (Fig. 2C). The number of micro-
vessels was quantified by immunohistochemistry against CD31. 
As shown in Fig. 2D, the highest number of microvessels was 
observed in the DPSCs and HUVECs co-injection group. In 
addition, the microvessels quantification results showed that 
the co-injection group had significantly more microvessels than 
did the HBSS, HUVECs, or DPSCs group (Fig. 2E). These results 
suggest that co-injection of DPSCs and HUVECs increased angio-
genesis significantly and decreased inflammation and fibrosis 
of damaged muscles in the CLI animal models.

Pro-angiogenic paracrine factors of DPSCs
The combination of DPSCs and HUVECs significantly increased 
the number of microvessels (Fig. 2E) in the CLI animal models, 
which indicated that DPSCs might exert their therapeutic effects 
by promoting new vessel formation. In the in vitro tube forma-
tion assay, the conditioned media (CM) of DPSCs significantly 
increased the tube formation of HUVECs (Fig. 3A). Moreover, 
the in vitro proliferation of HUVECs was significantly induced 
by the CM of DPSCs (Fig. 3B). These results suggested that 
paracrine mediators of DPSCs provoke new vessel formation 
of HUVECs. Accordingly, high levels of pro-angiogenic factors 
such as vascular endothelial growth factor (VEGF) and hepato-
cyte growth factor (HGF) were measured in the DPSCs CM by 
ELISA assay (Fig. 3C). Compared with the neural stem cells (NSCs) 
CM and Warton’s Jelly-derived MSCs (MSCs), the DPSCs CM 
showed a significantly higher level of VEGF. Although the con-
centrations of HGF in the CM of MSCs and DPSCs were the 
same, they were much higher than that of NSCs. In contrast, 
the levels of TNF-α were not different among the CM of NSCs, 
MSCs, and DPSCs (Fig. 3C). Functionally, phosphorylation of 
Akt and Erk1/2 in HUVECs was increased by the DPSCs CM 
treatment (Fig. 3D). These results indicated that the paracrine 

mediators from DPSCs such as VEGF and HGF mediate the 
pro-angiogenic effects of DPSCs.

Pro-angiogenic effects of DPSCs mediated by VEGF
To confirm the paracrine mediator of pro-angiogenic activities 
of DPSCs, bevacizumab (Sigma-Aldrich), a VEGF-neutralizing 
antibody was used. When bevacizumab was added to the DPSCs 
CM, increased tube formation (Fig. 4A) and proliferation (Fig. 
4B) of HUVECs by the DPSCs CM disappeared, which indi-
cated that VEGF is the major paracrine factor that makes the 
pro-angiogenic effects of DPSCs. Accordingly, phosphorylation 
of Akt and Erk1/2 was not induced by the DPSCs CM when 
VEGF in the CM was neutralized by bevacizumab (Fig. 4C, D).

DISCUSSION

Stem cell therapies are emerging as alternative therapeutic op-
tions for CLI (24). MSCs are the most widely used stems cells 
in clinical trials for CLI, but the efficacy may not be enough to 
be developed commercially (25). In this study, we preclinically 
demonstrated that the therapeutic effects of stem cells can be 
potentiated significantly with a combination of two or more 
types of stem cells (26, 27). The use of multiple sources of stem 
cells might be inferior economically, which could be compen-
sated by improved isolation and/or primary culture techniques. 

Perivascular cell-like characteristics of MSCs (28) can be iden-
tified by the expression of pericyte markers, such as NG2, 
PDGFRβ, CD146, and α-SMA (29). In this study, DPSCs were 
also demonstrated to have perivascular cell-like characteristics 
that may be played important roles in in vitro and in vivo 
angiogenesis. Our findings suggested that DPSCs alone could 
not create functional microvessels in vitro and in vivo, this was 
in agreement with a previous report (30), which suggested that 
paracrine effects of DPSCs might not be enough to treat CLI. In 
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contrast, when DPSCs and HUVECs were co-injected into CLI 
animal models, they provoked significantly increased numbers 
of microvessel-like structures. These results are in agreement with 
a previous report (31). A previous report has suggested that VEGF/ 
VEGFR, PDGF-BB/PDGFR-α, and/or SDF-1/CXCR4 axis might 
relay communication between DPSCs and HUVECs (23). In this 
research, VEGF might be the critical paracrine factor, which 
mediates the paracrine pro-angiogenic activities of DPSCs. 

The injection route of stem cells is important clinically, since 
it can affect the efficacy of stem cells (32). In the CLI clinical 
trials, stem cells were transplanted via intramuscular or intra- 
arterial injection routes. In this study, DPSCs and HUVECs were 
transplanted intramuscularly at three points (Supplementary Fig. 
1). Weak points of intramuscular injection include possible leak-
age, uneven injection, and differences in injection sites across 
diverse patients’ body sizes. On the other hand, intra-arterial 
injection carries the danger of a surgical procedure under anes-
thesia. Moreover, injected stem cells might act as a new em-
bolus to induce new intraarterial blockages. After optimization, 
intramuscular transplantation methods will be available for CLI 
clinical trials.

The number of injected stem cells is another clinical trial 
challenge, because the efficacy of stem cells could increase 
with the number of transplanted cells. The human equivalent 
dose of a chemical drug can be calculated by converting pre-
clinical doses to those of humans based on a simple equation 
(33). However, it is not simple to convert a preclinical dose of 
stem cells into that of clinical trials, because they do not dis-
solve in the blood. In addition, they have different pharmaco-
kinetics compared with those of chemical drugs. Using the 
same calculation method used for chemical drugs, the number 
of co-injected DPSCs and HUVECs in this study (1 × 106 cells 
for a 20-gram mouse) could be translated into 5 × 108 cells for 
a 60 kg patient.

Presently, more than 12 clinical trials of CLI cell therapies 
can be found at ClinicalTrial.gov. In those trials, different types 
of cells have been hired. However, in most trials, a single type 
of stem cell or cells was transplanted for CLI patients. One 
clinical trial for CLI (NCT00390767) reported using ECs and 
smooth muscle cells (SMCs) simultaneously (34), which are iso-
lated from patients’ own short vein segments. Those ECs and 
SMCs are genetically modified to express angiopoietin I and 
VEGF, respectively. The genetic modifications might increase 
paracrine interactions between two types of cells or activate 
patients’ residual stem cells (35). However, the technique has 
its own disadvantages, such as potential mutagenesis and con-
tinuous systemic release of growth factors, which might provoke 
cells transformation (36).

Autologous transplantation of stem cells can minimize immune 
rejection, which could induce restenosis of vessels and/or sec-
ondary inflammation. It is more important in the treatment of 
CLI, since vessels continuously interact with circulating immune 
cells (37). Although autologous HUVECs can be isolated at birth, 
ECs are hard to isolate from older patients. In several preclin-

ical studies, ECs were derived from human-induced pluripo-
tent stem cells (iPSCs) (38). However, iPSCs could be an ade-
quate source of autologous ECs when their safety issues, such 
as teratoma formation after transplantation, are addressed properly 
(39). Direct conversion could be another solution to acquire 
autologous ECs (40). Despite the immunological pros of auto-
graft, the properties of DPSCs and ECs from various individuals 
could be different, leading to unequal therapeutic effects. Those 
inconsistencies need to be overcome using potency factors (i.e., 
VEGF) that guarantee the therapeutic potentials of stem cells. 

In this study, we demonstrated that DPSCs and HUVECs 
co-injection has significantly better therapeutic effects on CLI 
than DPSCs or HUVECs injection alone. The difference could 
originate from induced angiogenesis by the interaction between 
DPSCs and HUVECs, which might be mediated by VEGF from 
DPSCs. The combination strategy for CLI treatment in this study 
could be used in the development of clinical trial protocols for 
more effective CLI therapeutic agents.

Study approval
The use of DPSCs was approved by the Institutional Review 
Board of Samsung Medical Center (SMC, Seoul, South Korea) 
(IRB File No. SMC 2016-09-120). Animal experiments were 
approved by the Institutional Animal Care and Use Committee 
(IACUC) of Samsung Biomedical Research Institute (SBRI, Seoul, 
South Korea), approval number 20180813001.

MATERIALS AND METHODS

Further detailed information is provided in the Supplementary 
Information.
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