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INTRODUCTION
Ischemia caused by the occlusion of arteries is the main 

cause of cardiovascular diseases, stroke, and peripheral vascular 
diseases, which are known to be the leading causes of death 
and a major health-related issue worldwide [1,2]. In the field 
of peripheral arterial diseases (PAD), arterial occlusion is 

treated by either surgery or endovascular intervention, yet 
it is associated with high amputation and mortality rates 
[3]. In around 15%–40% of PAD patients, current surgical or 
endovascular treatment options are not feasible or exhausted, 
and this is referred to as no-option critical limb ischemia 
(CLI) [4]. Certain nonatherosclerotic vascular diseases, such as 
thromboangiitis obliterans (also known as Buerger disease), are 
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Purpose: Stem cell-based therapies are considered an alternative approach for critical limb ischemia (CLI) patients with 
limited or exhausted options, yet their clinical use is limited by the lack of sustainability and unclear mechanism of action. 
In this study, a substance P-conjugated scaffold was injected with mesenchymal stem cells (MSCs) into an animal model of 
CLI to verify whether angiogenesis could be enhanced. 
Methods: A self-assembling peptide (SAP) was conjugated with substance P, known to have the ability to recruit host 
stem cells into the site of action. This SAP was injected with MSCs into ischemic hindlimbs of rats, and the presence of 
MSCs was verified by immunohistochemical (IHC) staining of MSC-specific markers at days 7, 14, and 28. The degree of 
angiogenesis, cell apoptosis, and fibrosis was also quantified. 
Results: Substance P-conjugated SAP was able to recruit intrinsic MSCs into the ischemic site of action. When injected in 
combination with MSCs, the presence of both injected and recruited MSCs was found in the ischemic tissues by double IHC 
staining. This in turn led to a higher degree of angiogenesis, less cell apoptosis, and less tissue fibrosis compared to the 
other groups at all time points.
Conclusion: The combination of substance P-conjugated SAP and MSCs was able to enhance angiogenesis and tissue 
repair, which was achieved by the additive effect from exogenously administered and intrinsically recruited MSCs. This 
scaffold-based intrinsic recruitment approach could be a viable option to enhance the therapeutic effects in patients with 
CLI.  
[Ann Surg Treat Res 2024;107(1):50-57]
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also not amenable to current surgical/interventional therapies 
due to the lack of target runoff vessels. In these patients, other 
forms of treatment are required, and therapeutic angiogenesis 
has been proposed as a potential method for treatment. 

Therapeutic angiogenesis involves the formation and budding 
of new blood vessels to improve perfusion, and many studies 
have shown that a wide variety of substances ranging from 
growth factors to endothelial progenitor cells can be used to 
improve ischemia in clinical settings [5,6]. Stem cells, with 
their pluripotent characteristics, are another good candidate 
for therapeutic angiogenesis, and many clinical randomized 
controlled trials have been recently reported showing their 
potential effect to improve ischemia in different vascular 
beds [7]. Our group has also previously shown possibilities 
for applying stem cells to improve ischemia and prevent 
aneurysmal changes in multiple vascular disease models [8,9]. 
Despite the large amount of research that is being done on stem 
cells during the past 2 decades, it has not achieved widespread 
clinical application; one of the reasons being that their 
mechanism of action is not yet well understood. Additionally, 
it is unclear how long these stem cells survive and how 
they integrate into the tissue when administered externally, 
eventually requiring multiple repeated injections to obtain 
a sustained effect. Different approaches are being used to 
improve stem cell survival or enhance their effects in vivo, and 
one of them involves the use of biological scaffolds [10]. These 
scaffolds can create a 3-dimensional (3D) microenvironment in 
the form of extracellular matrices, which protects the stem cells 
and prolongs their survival. 

We have previously demonstrated that self-assembling 
peptides (SAP), when combined with mesenchymal stem 
cells (MSC), were able to improve angiogenesis in vitro and in 
vivo [11]. SAP consists of 8–16 amino acids with alternating 
hydrophilic and hydrophobic residues, where the hydrophilic 
portion has alternative units of positive and negative charged 
amino acids. This configuration allows for formation flexible 
nanofiber hydrogels of 7–20 nm in diameter under physiologic 
conditions, providing a stable 3D environment for cells and 
smaller particles [12,13]. The role of SAPs is not confined to 
prolongation of stem cell survival, but they can also be used to 
recruit intrinsic cells into their 3D configuration. A previous 
study demonstrated the ability of SAPs to recruit host MSCs 
into ischemic limbs in vivo to improve perfusion [14]. Its 
recruitment potential can be further enhanced by combining a 
functional motif in the sequence. Substance P, in particular, has 
been shown to promote recruitment of MSCs derived from the 
bone marrow to promote tissue repair [15-17]. 

In this study, we created an animal model of CLI and injected 
MSCs in combination with an SAP incorporating substance P. 
Through this approach, we attempted to verify whether the 
additional recruitment of host stem cells by SAP was able to 

synergistically enhance stem cell angiogenesis to prevent limb 
necrosis. 

METHODS

Isolation and culture of rat mesenchymal stem cell
MSCs were isolated directly from the femoral bones 

of 3–4-week Sprague-Dawley male rats using a protocol 
previously reported [11]. In brief, cells were cultured using 
Dulbecco’s modified Eagle’s medium (Sigma Aldrich), 10% 
fetal bovine serum (Gibco BRL), 100-U/mL penicillin, 100-µg/
mL streptomycin (Gibco BRL), and 2-mM L-glutamate (Gibco 
BRL) at 37 °C and 5% CO2 atmosphere. After 3–5 passages, cells 
were sorted using magnetic-activated cell sorting and CD105 
MultiSort kit (PE, Miltenyi Biotech) and characterized for rat-
specific MSC markers CD105, CD73, CD29, and CD45. These 
cells were then tagged with green fluorescent protein (GFP) by 
transfection with a lentivirus (Macrogen).

Self-assembling peptide preparation
An SAP named RADA 16-II (Peptron), with its characteristics 

having been already described elsewhere, and having the 
configuration AcN-RARADADARARADADA-CONH2 (hereinafter 
simplified as RADA) was used for this study [18]. Substance P was 
conjugated to RADA 16-II (hereinafter named as RSP) and had the 
configuration AcN-RARADADARARADADAGGRPKPQQFFGLM-
CONH2. RADA, and RSP were dissolved in sterile 295-nM sucrose 
at 1% (wt/vol) and sonicated for 30 minutes. 

In vivo testing on a rat hindlimb ischemia model
Under the approval of the Institutional Animal Care and 

Use Committee of Seoul National University Bundang Hospital 
(No. MSRI-52-17-001), a hindlimb ischemia rat model was 
created in 3–4-week Sprague-Dawley rats. After isoflurane 
general anesthesia, a longitudinal incision was made in the left 
thigh of the hindlimb, and the femoral artery was identified 
and meticulously dissected from its surrounding structures. 
The femoral artery was excised entirely after ligation of the 
proximal and distal ends. A total of 36 rats were divided into 
4 groups: MSC injection only (MSC group), RSP injection only 
(RSP group), combination of MSC with RADA and RSP (MSC 
+ RSP group), and control. MSCs (1 × 107 cells) were injected 
intramuscularly into the thigh at 4–5 different locations during 
model creation (day 0) and at postoperative day 3, while for 
RADA and RSP, they were mixed in 200 µL of phosphate-
buffered saline (PBS) and injected in the same manner. For the 
control group, 200 µL of PBS was injected, making sure that the 
same volume was injected in each group. 

Immunohistochemical staining 
Harvesting was performed at 7, 14, and 28 days by removal 
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of the thigh muscles and fixed in 10% formalin for 24 hours. 
After paraffin embedding and slicing (5–7 µm thickness), 
immunohistochemical (IHC) analysis was performed for MSC 
markers CD105, CD90, and CD29 by using their respective 
antibodies: anti-CD105/endoglin antibody (Abcam), anti-CD90/
Thy1 antibody (Abcam) and anti-CD29/integrin beta-1 antibody 
(Abcam). IHC staining was also performed for angiogenesis 
markers von Willebrand factor (vWF 1:100, Dako), CD31 
(1:200, Abcam), and α-smooth muscle actin (α-SMA 1:200, 
Abcam) using the respective primary polyclonal antibodies 
at 4 °C overnight and goat anti-rabbit immunoglobulin G 
(rhodamine, Abcam) as secondary antibody at 4 °C for 3 hours. 

Nuclei counterstaining was performed with 4’,6-diamidino-2-
phenylindole (DAPI, Vector Laboratories). Capillary density was 
measured by counting the positive stains at 6 different random 
fields 3 times at 100× magnification. 

Apoptosis and fibrosis
The terminal deoxynucleotidyl transferase deoxyuridine 

triphosphate nick end labeling (TUNEL) method was used to 
measure apoptosis. A TUNEL assay kit (Millipore) was used 
for staining the harvested tissues at days 7, 14, and 28, and 
the apoptosis ratio was calculated as the number of TUNEL-
positive nuclei divided by the total number of nuclei at 5 
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different random fields (200× magnification) using a Mantra 
quantitative pathology imaging system (Perkin Elmer). 

The degree of fibrosis formation was analyzed by staining 
with Masson’s trichrome stain and calculated as the area 
of fibrosis (per mm2) in 10 different random fields (100× 
magnification) using a Mantra quantitative pathology imaging 
system (Perkin Elmer). 

Statistical analysis
All continuous variables are presented as mean ± standard 

error of the mean. Statistical analysis between multiple 
comparison groups was done by one-way analysis of variance 

with post hoc testing using the Tukey method. IBM SPSS 
Statistics ver. 20 (IBM Corp.) was used for analysis, and 
differences were considered statistically significant when P < 
0.05. 

RESULTS

RSP recruits endogenous mesenchymal stem cells 
to rat ischemic hindlimbs
IHC staining of tissues harvested at 7, 14, and 28 days from 

rat ischemic hindlimbs for detection of MSCs are shown 
in Fig 1. Injected MSCs were detected in the MSC group, as 

Hyung Sub Park, et al: Scaffold-based enhancement of stem cell angiogenesis 

A

Control

MSC

RSP

MSC
+

RSP

DAPI CD31

D7

C
D

3
1

+
v
e
s
s
e
l
n
u
m

b
e
r

(m
m

)
2 60

50

40

30

20

10

0
D7 D14 D28

Control
MSC

RSP
MSC + RSP

v
W

F
+

v
e
s
s
e
l
n
u
m

b
e
r

(m
m

)
2 60

50

40

30

20

10

0
D7 D14 D28

Control
MSC

RSP
MSC + RSP

�-
S

M
A

+
v
e
s
s
e
l
n
u
m

b
e
r

(m
m

)
2 70

50

40

30

20

10

0
D7 D14 D28

Control
MSC

RSP
MSC + RSP

DAPI DAPICD31 CD31

D14 D28

DAPI vWF

D7

DAPI DAPIvWF vWF

D14 D28

DAPI �-SMA

D7

DAPI DAPI�-SMA �-SMA

D14 D28

B

C

Control

Control

MSC

MSC

RSP

RSP

MSC
+

RSP

MSC
+

RSP

*
*

*

*
*

*
* *

60

Fig. 2. Immunohistochemical 
staining and quantification of 
angiogenesis markers for MSC, 
RSP, MSC + RSP, and control. (A) 
CD31. (B) von Willebrand factor 
(vWF). (C) α-smooth muscle actin 
(α-SMA). MSC, mesenchymal 
stem cell; RSP, substance P 
conjugated to RADA 16-II; DAPI, 
4’,6-diamidino-2-phenylindole. 
*P < 0.05. †P < 0.05 for control 
vs. all other groups.



54

Annals of Surgical Treatment and Research 2024;107(1):50-57

shown by positive stains in green due to the presence of GFP, 
and in red for MSC-specific markers CD105, CD90, and CD29, 
at the different time points (days 7, 14, and 28). In the RSP 
group, in which no exogenous MSCs were injected (as shown 
by the negative stain for GFP), positive stains were seen for 
CD105, CD90, and CD29 at the different time points, which 
demonstrates that MSCs are recruited to the site of action and 
remain up to 28 days in the ischemic tissues. In the MSC + 
RSP group, the presence of all MSCs can be seen in red, while 
exogenously injected MSCs are stained in green. Therefore, 
when the 2 stains are merged, the yellow stains refer to the 
exogenously injected MSCs, while the remaining red stains 
represent MSCs that have been endogenously recruited by RSP. 
The merged images show a combination of yellow and red 
colored stains for the different MSC-specific markers across 
the different time points, demonstrating the presence of both 
injected and recruited MSCs in the ischemic tissues. Finally, 
the control group did not show any positive stain for all MSC 
markers, showing that endogenous recruitment of MSCs was 
related to the presence of RSP and not by the induction of 
ischemia alone. 

Improvement in angiogenesis by RSP
IHC staining of tissues harvested at 7, 14, and 28 days for 

angiogenesis markers CD31, vWF, and α-SMA was performed 
(Fig. 2). The results demonstrate that in comparison to the 
control group, the MSC, RSP, and MSC + RSP groups showed a 
significantly increased expression of angiogenic markers at days 
7, 14, and 28. When quantified, the MSC + RSP group showed 
an overall increase in number of angiogenic vessels compared 
to MSC or RSP alone, demonstrating that the combination of 

exogenously injected and endogenously recruited MSCs was 
able to exert a stronger angiogenic effect on ischemic tissue. 

Reduction of apoptosis and fibrosis by RSP
Histologic changes were assessed by measuring the degree 

of apoptosis and fibrosis. TUNEL staining to demonstrate the 
degree of apoptosis showed that the control group had the 
statistically highest rate of apoptosis compared to all other 
groups at all time points (Fig. 3). On the other hand, the MSC 
+ RSP combination group showed the lowest rate of apoptosis, 
followed by RSP and MSC groups. Additionally, apoptosis 
was highest at day 7 and tended to gradually lower at day 28, 
meaning that cell regeneration and tissue healing occurred as 
time progressed. A similar pattern was seen for tissue fibrosis, 
as shown by Masson’s trichrome staining (Fig. 4), where the 
control group showed the highest degree of fibrosis compared 
to all other groups at 7, 14, and 28 days. Overall, the MSC + 
RSP group showed the lowest degree of fibrosis, followed by 
the RSP and the MSC group. These results demonstrate that 
the combination of MSC and RSP had the strongest effect of 
preventing apoptosis and fibrosis at the cellular and histological 
levels up to 28 days, which was possible by the combined effect 
of exogenously injected and endogenously recruited MSCs. 

DISCUSSION
In this study, we were able to demonstrate that by 

conjugating substance P with an SAP, intrinsic stem cells could 
be recruited to the site of action in a rat model of hindlimb 
ischemia, which in turn led to an increase in markers 
associated with angiogenesis and a decrease in cell apoptosis 
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and fibrosis. Additionally, when the substance P-conjugated 
SAP was combined with an additional injection of MSCs, the 
presence of both exogenous and recruited MSCs was verified in 
the ischemic tissues, which again led to higher expressions of 
angiogenic markers and lower rates of apoptosis and fibrosis.

Cell-based therapies have been reported as a viable 
alternative in no-option CLI patients, and there are many 
ongoing phase III trials worldwide trying to develop a medical 
solution for the treatment of ischemia in different tissues [19]. 
Despite these efforts, it is not yet being widely used in our 
daily practice. In a recent meta-analysis, different kinds of cell 
types ranging from autologous peripheral blood cells to stem 
cells have been analyzed, but the results were mixed; and for 
bone marrow MSCs, the authors concluded that there was some 
beneficial effect in improving perfusion parameters, though 
it failed to improve amputation rates [20]. The reason for this 
may be related to the sustainability of the effects, since despite 
having performed repeated injections to sustain the effects 
of stem cells, it may not be strong enough to regenerate broad 
ischemic lesions needed to reduce amputation. In this respect, 
recruitment of endogenous stem cells may be an important 
strategy for overcoming the limitations of stem cell injection 
therapy in clinical practice.

We previously demonstrated that the SAP RADA 16-II had 
the potential to recruit host MSCs into the site of ischemia 
in a rat hindlimb model. However, when combined with 
exogenously injected MSCs, its recruiting effect was diminished 
and primarily functioned as a scaffold for these injected MSCs 
[11]. In order to potentiate the recruiting effect of RADA 16-II, 
substance P was conjugated into the C-termini of the peptide 
sequence separated by a GG spacer, since previous studies have 
shown that the incorporation of functional peptide motifs in 
this location allowed for SAPs to perform specific bioactive 
functions related with the incorporated motif [21]. Other 
studies have also shown that stem cell proliferation was only 
enhanced after adding specific binding sequences into SAPs, 
while proliferation was decreased when combined with SAPs 

without the binding motifs [22,23]. Substance P is well-known 
for its role as a neurotransmitter and a modulator of pain 
perception, but it has many other diverse functions related to 
gastrointestinal functioning, vasodilation, angiogenesis, and 
cell growth [24-26]; and as previously mentioned, has also been 
shown to have a role in recruiting stem cells under certain 
conditions. 

In this study, we were able to visualize the dual presence of 
injected and recruited MSCs in the ischemic lesions for up to 
28 days. There were no signs of interference or competition 
between the different sources of MSCs and the effects were 
additive in terms of angiogenesis, with the combination group 
(MSC + RSP) showing a tendency for the highest degree of 
angiogenesis at different time points. Additionally, there 
was no decrease in angiogenic effect from day 7 to day 28, 
demonstrating that the effect was sustained. The resulting 
effects of angiogenesis were also demonstrated by the decrease 
in cell apoptosis and tissue fibrosis, where the combination 
group showed the lowest degree of apoptosis and fibrosis, 
with a gradual decrease from day 7 to day 28. Therefore, the 
conjugation of substance P to SAP allowed for additional 
recruitment of intrinsic stem cells to work synergistically with 
injected MSCs, leading to the additive angiogenic effects in vivo.

Our study has several limitations, including the small 
number of animals in each group which may have led to a lack 
of statistical significance in some of the results despite showing 
a good overall tendency. This lack of statistical significance, 
especially between the RSP and MSC + RSP groups in terms 
of angiogenesis, makes it unclear whether the effect of the 
combination group is truly additive or mainly from RSP alone. 
However, the dual presence of MSCs (injected and intrinsic) up 
to 28 days suggests that the effect is probably additive, and this 
is further complemented by a significant decrease in apoptosis 
and fibrosis. 

In conclusion, conjugation of substance P to a SAP RADA 16-II 
was able to recruit intrinsic MSCs into ischemic tissues in a rat 
model of hindlimb ischemia. When combined with injections 
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of MSCs, there was an additive effect in terms of angiogenesis, 
which in turn led to a decrease in cellular apoptosis and tissue 
fibrosis. Although further studies are required for clinical 
applicability, this strategy of combining exogenous stem 
cells with an endogenous stem cell recruiting factor may be a 
viable option to overcome the current limitations of stem cell 
injection therapies in CLI patients and achieve more sustainable 
outcomes. 
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