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Abstract
Background  Vascular insufficiency is associated with the pathogenesis and therapeutic outcomes of diabetic 
foot ulcers (DFU). While mesenchymal stem cells (MSCs) hold potential for DFU treatment, further enhancement in 
promoting angiogenesis in the challenging DFU wounds is imperative.

Methods  The differential expression of pro- and anti-angiogenic factors during both normal and diabetic wound 
healing was compared using quantitative PCR. MSCs derived from the umbilical cord was prepared, and the 
engineered MSC (MSCANG1) overexpressing both the candidate pro-angiogenic gene, angiopoietin-1 (ANG1), 
and green fluorescent protein (GFP) was constructed using a lentiviral system. The pro-vascular stabilizing effects 
of MSCANG1 were assessed in primary endothelial cell cultures. Subsequently, MSCANG1 was transplanted into 
streptozotocin (STZ)-induced diabetic wound models to evaluate therapeutic effects on angiogenesis and wound 
healing. The underlying mechanisms were further examined both in vitro and in vivo.

Results  The comprehensive analysis of the temporal expression of pro- and anti-angiogenic factors revealed a 
consistent impairment in ANG1 expression throughout diabetic wound healing. MSCANG1 exhibited robust EGFP 
expression in 80% of cells, with overexpression and secretion of the ANG1 protein. MSCANG1 notably enhanced the 
survival and tubulogenesis of endothelial cells and promoted the expression of junction proteins, facilitating the 
establishment of functional vasculature with improved vascular leakage. Although MSCANG1 did not enhance the 
survival of engrafted MSCs in diabetic wounds, it significantly promoted angiogenesis in diabetic wound healing, 
fostering the establishment of stable vasculature during the healing process. Activation of the protein kinase B (Akt) 
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Introduction
The global population of individuals with type 2 diabetes 
(T2D) is increasing, currently exceeding 500 million [1]. 
It is reported that around 20% of these patients will suffer 
from non-healing diabetic foot ulcers (DFU). Due to the 
absence of a definitive healing protocol, DFU can prog-
ress to necrosis or even necessitate amputation, causing 
significant distress to patients and imposing a heavy bur-
den on society [2].

Vascular insufficiency is closely associated with the 
onset and prognosis of DFU [3]. The restoration of func-
tional vascularity is crucial among the various treat-
ment approaches for DFU. Despite significant progress 
in enhancing angiogenesis in diabetic wounds through 
the supplementation of angiogenic cells or growth fac-
tors, challenges with degradation and uncontrolled 
release, safety issues, and economic burdens have lim-
ited the clinical translation of these advancements [4, 
5]. Mesenchymal stem cells (MSCs), renowned for their 
immunoregulatory and pro-regenerative capabilities, 
hold substantial promise in treating a range of critical 
diseases. While MSCs-based therapies have shown safety 
and effectiveness in addressing DFU, their efficacy is 
compromised by the unfavorable pathological conditions 
in DFU. One promising strategy to enhance the thera-
peutic efficacy of MSCs therapy in DFU involves geneti-
cally modifying MSCs to incorporate specific therapeutic 
molecules, such as appropriate angiogenic factors, cus-
tomized to the specific pathological conditions of DFU.

Angiopoietin-1 (ANG1), a 70 kDa glycoprotein belong-
ing to the angiopoietin family, is synthesized by perivas-
cular support cells such as pericytes and vascular smooth 
muscle cells [6, 7]. It exerts its effects by binding specifi-
cally to the Angiopoietin-Tie receptor 2 (Tie2) receptor 
through a paracrine mechanism, which leads to the phos-
phorylation of the Tie2 receptor on endothelial cells and 
facilitates the maturation and stabilization of new blood 
vessels [6, 7]. In the context of wound healing, ANG1 
plays a critical role in the angiogenic process by promot-
ing endothelial cell survival and migration, as well as the 
recruitment and maturation of pericytes. Notably, ANG1 
plays a significant role for enhancing vascular maturation 
and stability and preventing leakage [6]. However, MSCs 

generally do not produce adequate levels of ANG1. Previ-
ous studies have demonstrated that bone marrow-derived 
MSCs engineered with the ANG1 gene could signifi-
cantly enhance wound healing in normal wound models 
by providing a sufficient supply of ANG1 [8]. However, 
the expression levels of pro- and anti-angiogenic factors 
underlying the impaired DFU angiogenesis, as well as the 
therapeutic effects of ANG1-engineered MSCs on the 
ischemic DFU, are still not fully understood.

In the present study, we conducted a comparative anal-
ysis of the dynamic changes in angiogenic factors dur-
ing normal and diabetic wound healing. Our findings 
revealed a significant impairment of ANG1 throughout 
the process of diabetic wound healing when compared 
to normal healing. To address this, we constructed track-
able engineered MSCs (MSCANG1) stably expressing 
angiogenic factor ANG1 and green fluorescent protein 
(GFP). Although the overexpression of ANG1 did not 
directly improve the survival of transplanted MSCs, it 
significantly enhanced angiogenesis and promoted dia-
betic wound healing. Moreover, MSCANG1 demonstrated 
a notable influence on the survival, migration, and for-
mation of functional tight junctions in endothelial cells 
through activation of Akt/mTOR pathway and inhibition 
of Src pathway,

Methods
Preparation of the primary MSCs and endothelial culture
All studies involved with human samples were per-
formed in accordance with the ‘Ethical Guiding Prin-
ciples on Human Embryonic Stem Cell Research’ and 
Helsinki Declaration. Umbilical cords were donated 
with the signed informed consent and ethical approval 
from the first affiliated hospital of Soochow University 
(2019 − 136). MSCs were isolated and cultured as pre-
viously described [9, 10]. Briefly, Wharton’s jelly in the 
umbilical cord was dissected and minced into 1-mm3 
pieces, followed by inoculation in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 medium (D/F; BC–M–
002, Bio-Channel, China) with 10% fetal bovine serum 
(FBS; FND500, ExCell, China). The tissue blocks were 
removed when cells reached 50% confluence.

pathway and suppression of proto-oncogene tyrosine kinase Src (Src) activity in MSCANG1-treated diabetic wounds 
confirmed efficient angiogenesis process. Consequently, epidermal and dermal reconstruction, as well as skin 
appendage regeneration were markedly accelerated in MSCANG1-treated diabetic wounds compared to MSC-treated 
wounds.

Conclusion  Treatment with MSCs alone promotes angiogenesis and DFU healing, while the engineering of MSCs 
with ANG1 provides substantial additional benefits to this therapeutic process. The engineering of MSCs with ANG1 
presents a promising avenue for developing innovative strategies in managing DFU.
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Human umbilical vein endothelial cells (HUVECs) were 
isolated as previously described [11]. Briefly, collagenase 
was injected into the umbilical vein, and the digest was 
subsequently collected and centrifuged to obtain cells. 
Cells were plated and maintained in an endothelial cul-
ture medium (ECM; 1001, Sciencell, USA) [12].

Lentivirus production and preparation of engineered MSCs
The coding sequence (CDS) fragment of mouse ANG1 
(NM_009640.4) was synthesized (Miaoling, China), and 
incorporated into the lentiviral plasmid pLVX-CMV-
EGFP (Miaoling, China) through t2A linker to prepare 
pLVX-CMV-ANG1-EGFP plasmid.

The lentivirus ANG1-EGFP or EGFP were generated 
in HEK 293T cells co-transfected with three package 
plasmids and pLVX-CMV-ANG1-EGFP or pLVX-CMV-
EGFP lentiviral vectors, respectively [9]. The MSCs were 
infected with lentivirus at MOI = 1 in the D/F medium 
supplemented with 8  µg/mL of polybrene (40804ES, 
Yeasen, China) for 5–6 h. 48 h later, GFP immunostaining 
was used to determine the purity of engineered MSCs, 
and the culture with > 70% MSCs expressed GFP was 
used for the subsequent experiments.

Cell treatment
For preparation of the conditional medium (CM), MSC-
GFP or MSCANG1 (P3-P5) were washed, and re-fed with 
serum-free D/F medium. 48 h later, the medium was col-
lected and centrifuged at 2000 g for 5 min. The superna-
tant was then harvested and stored at -80 ℃. The D/F 
medium incubated without MSCs for 48  h was set as 
control (Ctrl).

The primary HUVECs plated at a density of 5 × 105/well 
in 6-well plates and cultured until they reach 70–80% 
confluence. Cells were washed with PBS, followed by 
incubation with D/F containing 50% of CM or Ctrl for 
48 h. HUVECs cultured with D/F containing 200 ng/mL 
ANG1 (HY-P74412A, MCE, USA) were set as positive 
controls.

Evaluation of cell viability
The cell viability was evaluated using an Annexin 
V-FITC/PI apoptosis detection kit (V13241, Invitrogen, 
USA) or Calcein-AM/PI double stain kit (C2015S, Beyo-
time, China). For Annexin V-FITC/PI staining, HUVECs 
were detached using 0.25% trypsin, followed by incuba-
tion with 5 µL of Annexin V-FITC and 5 µL of Propidium 
Iodide (PI) at RT for 30 min. Stained cells were analyzed 
using a Novo Cyte 2000R (Agilent, USA), and data were 
analyzed using NovoExpress software version 1.5.0 (Agi-
lent, USA). For Calcein-AM and PI staining, HUVECs 
were incubated with Calcein-AM and PI for 30  min at 
37  °C. The images were acquired using a fluorescent 
microscope (×100 magnification; NIB900, NOVEL, 

China) and analyzed with ImageJ software (National 
Institutes of Health, USA).

Tube formation assay
In vitro angiogenesis assays were performed using 
Matrigel basement membrane matrix (354277, Corn-
ing, USA) according to the manufacturer’s instructions. 
Matrigel was thawed overnight at 4 °C and added to pre-
chilled 96-well plates and incubated to solidify at 37  °C 
for 30  min. HUVECs were plated, treated with ECM 
containing 50% of CM or Ctrl for 4 h as described previ-
ously [13, 14]. The tube formation images were acquired 
using a phase-contrast microscope (×100 magnification; 
NIB410, NOVEL, China). The experiment was replicated 
three times and the total length of tubes in five randomly 
selected regions per well was measured using ImageJ 
software.

In vitro permeability assay
HUVECs were grown onto transwell membrane with 
0.4  μm pore size (353095, Falcon, China) till confluent, 
and incubated with ECM containing 50% of CM or Ctrl 
for 48 h. The tracer FITC-labeled dextran (1 mg/mL) was 
added to the top chamber for 45 min. Then the intensity 
of FITC in the bottom chamber was measured at a wave-
length of 520 nm (Excitation: 485 nm) with a microplate 
reader (Varioskan LUX, Thermo, USA).

Preparation of normal and diabetic wound models
This study has been reported in line with the ARRIVE 
guidelines 2.0. All animal experiments were conducted in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and approved 
by the Biological Research Ethics Committee of the Chi-
nese Academy of Sciences (Ref.no. 2021–B13). Adult 
male C57BL/6J mice (7–8 weeks old) (Cavens Lab Ani-
mals Co., Ltd., China) were housed under specific patho-
gen-free conditions with a 12/12-hour light/dark cycle. 
The mice were fed a high-fat diet comprising 60 kcal% fat 
(FBSH, China) for one week, followed by intraperitoneal 
injections of streptozotocin (STZ, 50  mg/kg/d; 13104, 
Cayman, USA) for five consecutive days. Blood glucose 
levels were monitored every five days using a glucometer 
(Accu-Chek Performa, Roche Diagnostics, USA). Mice 
exhibiting blood glucose levels ≥ 16.7 mM for two consec-
utive weeks were considered diabetic. Control mice were 
maintained on a standard diet.

To avoid the influence of mice skin contraction, we fol-
lowed a two-layer patch method [15] for wound prepa-
ration and the subsequent transplantation experiments. 
At the age of 12–13 weeks, mice were depilated, anesthe-
tized with 3% isoflurane (RWD, China) and coated with a 
3 cm × 2 cm antibacterial film (REF6640, Drape Antimi-
crob, 3 M, USA) on the back skin. Two of full-thickness 
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wounds (Φ = 8 mm) were created by skin biopsy instru-
ment (Honglong, China) within the film area of each 
mouse. Two wounds were cut with a distance of at least 
1  cm to minimize the interference between wounds. 
After the engrafting experiment, the wounds were cov-
ered with another 3 × 2 cm film to keep sterile and pre-
vent skin contraction. Each mouse was raised in separate 
cages after operation. Each wound was considered an 
experimental unit to avoid individual and locational 
differences.

Animal treatment and wound area assessment
The first cohort of mice were divided into two groups: the 
diabetic mice (n = 12) served as the experimental group, 
and the normal mice (n = 12) served as the control group. 
Neither group received any treatment from the time of 
wound creation (Day 0, D0) until sacrifice (Day 28, D28). 
Wound sizes were documented on D0, D7, D14, D21, and 
D28 post-surgery from a perpendicular viewpoint using a 
digital camera, and calculated using ImageJ software. The 
wound tissues were collected for immunostaining and 
qPCR at D7, D14, D21 and D28, respectively.

Fibrin Glue (FG), formed in situ by mixing fibrinogen 
and thrombin, was used as a basic scaffold to load MSCs 
in the present study [15–18]. The second cohort of all 
diabetic mice (n = 18) was randomly (RAND; Microsoft 
Excel) divided into three groups: (1) control group (n = 6), 
which received 10 µL fibrinogen and 10 µL thrombin per 
wound; (2) MSCGFP group (n = 6), which received a mix 
of 10 µL fibrinogen containing 1 × 106 MSCGFP cells and 
10 µL thrombin per wound; (3) MSCANG1 group (n = 6), 
which received a mix of 10 µL fibrinogen containing 
1 × 106 MSCANG1 cells and 10 µL thrombin per wound. 
All the mice were received transplantation on D0 and 
D14, and wound sizes were recorded on D0, D7, D14, 
D21, and D28. The wound tissues were collected for his-
tological staining, qPCR and Western blot at D14 and 
D28, respectively.

Immunohistochemistry
Mice were euthanized with carbon dioxide. The wound 
tissues containing both the wound bed and the regener-
ated surrounding skin (Φ = 8 mm) were harvested. Tissue 
samples were cut along the midline. Half was used for 
total RNA or protein extraction; the other half was fixed 
with 4% paraformaldehyde and then paraffin sectioned 
(6 μm thickness). Sections were processed for hematoxy-
lin and eosin (H&E) staining or immunofluorescence (IF) 
staining using the appropriate primary antibodies: anti-
GFP (ab13970, Abcam, US), anti-cluster of differentiation 
34 (CD34) (ab8158, Abcam, US), anti-Keratin 14 (K14) 
(ab181595, Abcam, US), anti-K17 (sc-393091, Santa 
Cruz, USA), anti-alpha-smooth muscle actin (α-SMA) 
(ab5694, Abcam, US), anti-vascular endothelial cadherin 

(VE-Cadherin) (ab205336, Abcam, US). Immunoreac-
tivity was visualized using appropriate Alexa Fluor-con-
jugated secondary antibodies and observed using the 
confocal microscope (A1R HD25, Nikon, Japan).

Quantitative PCR (q-PCR)
Total RNA from the wounded skin samples (right half ) 
was harvested using Trizol (15596026, Thermo, USA) 
and quantified using a NanoDrop 2000 (Thermo, USA). 
The extracted RNA was reverse transcribed with 5 × 
primerscript RT master mix (R323-01, Vazyme, China). 
q-PCR was performed on Bio-Rad CFX96 PCR System 
by using TB Green Premix Taq (RR042B, TAKARA, 
Japan) and proper primers (Table S1). The housekeeping 
gene GAPDH served as an internal reference.

Western blot (WB)
Wound tissue (right half ) or cells were lysed in cell lysis 
buffer (P0013, Beyotime, China; ). After determining 
the protein concentration (BCA method), samples were 
separated on 10-15% polyacrylamide gels and transferred 
to polyvinylidene difluoride (PVDF) membranes. The 
membranes were blocked and incubated overnight at 
4  °C with primary antibodies against ANG1 (ab183701, 
Abcam, US), CD34 (ab8158, Abcam, US), Tie2 (53067, 
SAB, USA), p-Tie2 (13477, SAB, USA), protein kinase 
B (Akt) (4691 S, CST, USA), p-Akt (4060 S, CST, USA), 
and VE-Cadherin (ab205336, Abcam, US). Specific pro-
tein bands were observed using enhanced chemilumi-
nescence (P0018, Beyotime, China) and quantitatively 
analyzed using ImageJ software (National Institutes of 
Health, USA).

Statistical analysis
Numerical data are presented as mean ± SD. Statistical 
analyses were subjected to unpaired t-tests or analysis of 
variance (ANOVA) with appropriate post-hoc tests, uti-
lizing GraphPad Prism version 8.0 (GraphPad Software, 
USA). The level of significance was set at p < 0.05.

Results
Reduced angiogenesis and ANG1 levels in the diabetic 
wound healing
Wound healing in diabetic mice was notably slower com-
pared to normal mice, as evidenced by the larger wound 
areas observed at 7 days, 14 days, and 21 days post-injury, 
starting from the same initial wound area (Fig.  1A and 
B). Consistent with the understanding that angiogenesis 
plays a pivotal role in the development and outcome of 
DFU [3], our results revealed a significantly lower pres-
ence of vessel-like structures containing CD34-positive 
hematopoietic and endothelial cells in the regenerated 
tissue of diabetic wounds compared to normal wounds 
at 14 days and 28 days post-injury (Fig.  1C and D). 
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These observations suggest inadequate angiogenesis and 
delayed healing in diabetic wounds relative to normal 
wounds.

The temporal expression of pro- and anti-angiogenic 
factors during normal and diabetic wound healing was 
examined to identify a suitable candidate for engineered 
MSCs construction. Consistent with the noted reduc-
tion in angiogenesis during diabetic wound healing, 
there was a general trend towards reduced expression 

levels of pro-angiogenic factors like fibroblast growth 
factor 2 (FGF2), ANG1, epidermal growth factor (EGF), 
and the transcription factor hypoxia-inducible factor-1 
(HIF1), with concurrent increases in anti-angiogenic fac-
tors such as sprouty RTK signaling antagonist 2 (SPRY2), 
thrombospondin 1 (TSP1), kisspeptin-1 (KISS1), and 
type IV collagen a1 chain (COL4A1). The interaction 
between these angiogenic factors in diabetic wound 
healing is complex, as some pro-angiogenic factors like 

Fig. 1  The impaired ANG1 signaling and angiogenesis in diabetic wound healing. (A) A comparison of the wound healing process between normal mice 
and diabetic mice. (B) Quantitative analysis showing the dynamic changes in wound areas during the healing process in normal and diabetic mice. n = 6. 
(C) Representative immunostaining images of CD34, a marker of vascular endothelial cells, in normal and diabetic wounds at 14 or 28 days post-wound 
creation. W, wound central areas and E, wound edges. (D) Quantitative analysis of CD34+ vessel-like structures in the wound edge area of diabetic wounds 
compared to normal wounds. n = 6. (E) The results of q-PCR revealing the differential expression levels of various molecules regulating angiogenesis on 
days 7, 14, 21, and 28 during normal and diabetic wound healing. Notably, the expression levels of ANG1 were significantly lower throughout the diabetic 
wound healing process compared to normal healing. All data are presented as mean ± SD. Scale bar: 100 μm in C and 20 μm in the magnified figure in 
C. * p < 0.05, ** p < 0.01, ***p < 0.001
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matrix metallopeptidase 9 (MMP9) were upregulated, 
while anti-angiogenic factors like tissue inhibitor of 
matrix metalloprotease 1 (TIMP1) and platelet factor 4 
(PF4) were down-regulated in the later stages of diabetic 
wound healing compared to normal healing (Fig.  1E). 
Given the intricate interplay of pro- and anti-angiogenic 
factors during angiogenesis, the expression levels of these 
factors displayed dynamic and varied changes through-
out the healing process. Notably, the consistently reduced 
expression of the pro-angiogenic factor ANG1 across the 
entire diabetic wound healing process (Fig. 1E) suggests 
that ANG1 may serve as a crucial therapeutic target to 
enhance inadequate angiogenesis and represents an opti-
mal candidate for constructing engineered MSCs for dia-
betic wound healing applications.

Construction of trackable MSCs stably expressing ANG1
A lentiviral plasmid containing both ANG1 and GFP 
genes linked via a t2A linker was designed and con-
structed (Fig.  2A), and the lentiviral infected MSCs 
(MSCANG1) were evaluated for the stable expression of 
these two exogeneous proteins. Immunostaining for 
GFP indicated that MSCANG1 exhibited comparable GFP 
fluorescence levels to MSCs infected with a GFP lenti-
virus (MSCGFP) (Fig. 2B and C). The average proportion 
of GFP-expressing cells within the MSCANG1 and MSC-
GFP populations was approximately 80% (Fig. 2B and C), 
indicating that the engineered MSCs expressed exog-
enous genes robustly and were suitable for subsequent 
experiments.

Flow cytometry analysis revealed that MSCANG1 
and untreated MSC shared similar expression profiles; 

Fig. 2  Construction and characterization of engineered MSCs stably expressing ANG1 (MSCANG1). (A) Schematic illustration of the lentiviral plasmids 
carrying GFP, or both ANG1 and GFP. (B) Representative immunostaining images of GFP showing the presence of GFP in MSCs infected with GFP (MSC-
GFP) and ANG1 (MSCANG1) lentivirus. (C) Quantitative analysis of GFP intensity in MSCGFP and MSCANG1. n = 6. (D) Statistical analysis of GFP intensity in the 
diabetic wounds engrafted with MSCGFP and MSCANG1 for 7 days. (E) Representative images of GFP immunostaining showing the survival of MSCGFP or 
MSCANG1 engrafted onto the diabetic wounds for 7 days. The areas in the white boxes were enlarged and shown in the right panel. (F) WB showed the 
expression levels of ANG1 in MSCANG1 and MSCGFP, as well as the levels in CM of MSCANG1 and MSCGFP. Full-length blots are presented in Fig. S3 (G) WB 
showed the expression levels of ANG1 in CM of MSCANG1 cultured for 12 h, 24 h, 48 h, and 72 h, respectively. Full-length blots are presented in Fig. S3. Scale 
bar: 50 μm in B, 100 μm in left panel of D and 20 μm in right panel of D. All data are presented as mean ± SD
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they both expressed high levels of mesenchymal-spe-
cific markers such as CD90 and CD105, and did not 
express the hematopoietic marker CD34 and the leuko-
cyte marker CD45 (Fig. S1A). Furthermore, MSCANG1 
retained their ability to differentiate into osteognic (Fig. 
S1B) and adipogenic (Fig. S1C) lineages under specific 
induction conditions. WB analysis revealed a substantial 
increase in ANG1 expression levels in the lysate and CM 
of MSCANG1 cells compared to MSCGFP cells (Fig.  2F), 
confirming the successful expression and secretion of the 
angiogenic factor ANG1. The content of ANG1 in the 
CM of engineered MSCs exhibited a temporal increase, 
further confirming that ANG1 protein was released from 
MSCANG1 cells and gradually accmulated in the CM. 
(Fig. 2G).

Subsequently, we examined the impact of ANG1 on 
the survival of transplanted engineered MSCs in diabetic 
wounds. By tracking the transplanted cells using GFP 
immunostaining, we observed that MSCANG1 exhibited 
a similar survival pattern to MSCGFP cells 7 days after 
transplantation into the diabetic wounds (Fig. 2D and E). 
This indicated that ANG1 production in MSCs did not 
affect the in vivo survival of MSCs.

MSCANG1 promoted survival, tubulogenesis as well as akt 
activation of HUVECs
Considering that MSCs exert their therapeutic effects 
primarily through paracrine mechanisms, we evalu-
ated the impact of MSCANG1 on endothelial cells by 
treating HUVECs with CM from various engineered 
MSCs. MSCGFP displayed moderate protective effects 
on the survival of HUVECs, as indicated by significantly 
increased cell number (Fig. 3A) and fewer apoptotic cells 
positive for both Annexin V and PI in HUVECs treated 
with MSCGFP-CM compared to the Ctrl group (Fig.  3B 
and C). Moreover, MSCANG1-CM further enhanced the 
survival of HUVECs in comparison to MSCGFP-CM, 
underscoring the synergistic effects of ANG1 and MSCs 
on the survival of endothelial cells (Fig.  3A-C). Such 
effects were confirmed through calcein-AM and PI stain-
ing. HUVECs treated with MSCANG1-CM exhibited a 
significantly higher number of Calcein-AM-stained live 
cells and fewer PI-stained dead cells as compared to 
either Ctrl- or MSCGFP-CM-treated ones (Fig. 3D-F). The 
application of ANG1 protein produced similar protec-
tive effects on the survival of HUVECs (Fig. S2), further 
highlighting the protective role of ANG1. Endothelial 
cells possess the capability to form capillary-like struc-
tures in vitro, reflecting their angiogenic potential in vivo. 
Similarly, treatment with MSCGFP-CM enhanced the for-
mation of capillary-like structures in HUVECs, and this 
effect was further significantly amplified with MSCANG1-
CM treatment (Fig. 3G and H).

The Akt pathway is closely associated with the survival 
and angiogenic capacity of endothelial cells. Through 
WB analysis, we observed increased phosphorylation 
and activation of Tie2, the specific receptor of ANG1 on 
endothelial cells, in HUVECs treated with MSCANG1-CM 
compared to Ctrl and MSCGFP-CM-treated ones (Fig. 3I 
and J). Additionally, elevated Akt phosphorylation levels 
were observed in MSCANG1-CM-treated HUVECs, pro-
viding evidence that MSCANG1 significantly enhanced 
Akt activation via the Tie2 (Fig. 3I and J). It is noteworthy 
that HUVECs treated with MSCGFP-CM also exhibited 
slight activation of Tie2 and Akt proteins, aligning with 
the observation that MSCGFP-CM modestly improved the 
survival and angiogenic capacity of endothelial cells.

MSCANG1 promoted functional maturation of HUVECs
ANG1 plays a pivotal role in vascular stabilization and 
structural integrity during the angiogenesis process 
[19]. To assess the impact of engineered MSCs on endo-
thelial cell integrity, HUVECs were cultured with CM 
from the engineered MSCs, and the permeability of the 
HUVECs monolayer was evaluated by quantifying the 
fluorescent dye Dextran-FITC that penetrated through 
the cells (Fig.  4A). Notably, HUVECs incubated with 
MSCANG1-CM exhibited significantly reduced Dextran-
FITC penetration compared to both Ctrl and MSCGFP-
CM incubated HUVECs (Fig. 4B), indicating that ANG1 
effectively decreased endothelial barrier leakage, thereby 
promoting vascular integrity.

VE-Cadherin, a critical component of endothelial 
cell-to-cell adherent junctions responsible for calcium-
dependent cell adhesion, plays a key role in maintain-
ing vascular integrity [20]. Our observations revealed an 
upregulation in VE-cadherin expression at the cell border 
of HUVECs following incubation with MSCANG1-CM, 
in contrast to Ctrl and MSCGFP-CM-treated HUVECs 
(Fig. 4C and D). WB analysis also demonstrated the sig-
nificantly enriched VE-cadherin expression in these 
MSCANG-CM treated HUVECs (Fig. 4E and F). Further-
more, the phosphorylation of proto-oncogene tyrosine-
protein kinase Src (Src) has been associated with reduced 
VE-cadherin stability at cell junctions [21]. MSCANG1-
CM treatment led to reduced levels of phosphorylated 
Src in HUVECs compared to the Ctrl and MSCGFP-CM 
treatment (Fig. 4E and F).

In line with previous findings suggesting that naive 
MSCs possess some angiogenic potential, we observed 
that MSCGFP-CM treatment also modestly improved 
permeability, increased VE-cadherin expression, and 
reduced Src phosphorylation in HUVECs (Fig.  4A-F). 
Overall, exogenous ANG1 expression in MSCs is shown 
to further enhance their angiogenic capacity by promot-
ing the functional maturation of endothelial cells.
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Fig. 3  MSC ANG1 promoted the survival, tubulogenesis and Akt activation in HUVECs. (A) CCK8 assay showing the total number of HUVECs treated with 
Ctrl, MSCGFP-CM, and MSCANG1-CM for 48 h. n = 6. (B) Flow cytometry of PI and Annexin-V in HUVECs treated with Ctrl, MSCGFP-CM or MSCANG1-CM for 48 h. 
(C) Statistical analysis of apoptosis (PI+/Annexin-V+) in HUVECs treated with Ctrl, MSCGFP-CM or MSCANG1-CM for 48 h. n = 3. (D) Representative images of 
Calcein-AM and PI staining, illustrating HUVECs treated with Ctrl, MSCGFP-CM, or MSCANG1-CM for 48 h. (E and F) Statistical analysis of the mean fluores-
cence intensity (MFI) for Calcein-AM (E) and PI (F). n = 6. (G) Representative images showing the tube formation of HUVECs treated with Ctrl, MSCGFP-CM, 
and MSCANG1-CM for 4 h. (H) Quantitative analysis of the length of tubes in HUVECs. n = 9. (I) Representative WB images of p-Tie2, Tie2, p-Akt and Akt ex-
pression levels in HUVECs after treatment with Ctrl, MSCGFP-CM, and MSCANG1-CM for 48 h. β-Actin was the internal control. Full-length blots are presented 
in Fig. S3. (J) Semi-quantitative analysis of the phosphorylation of Tie2 (p-Tie2/Tie2) and Akt (p-Akt/Akt) in HUVECs. n = 9. Scale bar: 100 μm in C. All data 
are presented as mean ± SD. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001
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MSCANG1 engraftment promoted angiogenesis in diabetic 
wound healing
The angiogenesis in diabetic wound healing post-engraft-
ment with various engineered MSCs was evaluated by 
examining both the presence and maturation of vas-
culature 14 days after transplantation. Double immu-
nostaining for CD34 and α-SMA, a pericyte marker, 
demonstrated a notable increase in vessel-like struc-
tures characterized by CD34+ cells in the inner layer 
and α-SMA+ cells in the outer layer in the wound tis-
sues transplanted with MSCANG1, in comparison to the 

control and those transplanted with MSCGFP (Fig. 5A and 
B). WB analysis further confirmed elevated CD34 expres-
sion in the regenerated wound tissue from MSCANG1-
transplanted diabetic wounds (Fig. 5C and D).

Multiple molecular signaling pathways involved in the 
wound healing process ultimately converge on the acti-
vation of Akt, with impaired Akt activation commonly 
observed in diabetic wound healing [22, 23]. In the pres-
ent study, WB analysis revealed significant phosphoryla-
tion of the Tie2 receptor and downstream Akt pathways 
in MSCANG1-transplanted diabetic wounds (Fig.  5E and 

Fig. 4  MSC ANG1promoted VE-Cadherin expression, vascular integrity, and inhibited Src activation. (A) Schematic diagram illustrating the evaluation of 
endothelial barrier integrity. (B) Statistical analysis of the fluorescence intensity of FITC-Dextran that permeated through the monolayer of HUVECs treated 
with Ctrl, MSCGFP-CM, or MSCANG1-CM for 48 h. n = 3. (C) Representative immunostaining images of VE-Cadherin in HUVECs following treatment with Ctrl, 
MSCGFP-CM, and MSCANG1-CM for 48 h. (D) Quantitative analysis of VE-Cadherin fluorescence intensity in HUVECs post-treatment. n = 9. (E) Representa-
tive WB images depicting the expression levels of p-Src, Src, and VE-Cadherin in HUVECs after treatment with Ctrl, MSCGFP-CM, and MSCANG1-CM for 48 h. 
β-Actin served as the internal control. Full-length blots are presented in Fig. S3. (F) Semi-quantitative analysis of Src phosphorylation levels (p-Src/Src) and 
VE-Cadherin expression in HUVECs. n = 9. Scale bar: 50 μm in C. All data are presented as mean ± SD. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001
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F), suggesting that the activation of the ANG1/Tie2/
Akt pathway contributes to the angiogenic mechanism 
underlying MSCANG1-enhanced angiogenesis in diabetic 
wound healing.

The expression of the inter-endothelial junction pro-
tein VE-Cadherin was examined to assess the integrity 
and maturation of vasculature in the regenerated wound 
tissues. Immunostaining for CD34 and VE-Cadherin 
revealed that wounds treated with MSCANG1 exhibited 
a significantly higher presence of vessel-like structures 
positive for both CD34 and VE-Cadherin, as compared 
to those treated with control and MSCGFP (Fig.  6A and 
B). The elevated expression of VE-Cadherin in MSCANG1-
treated wounds was further validated through WB analy-
sis (Fig. 6C and D). Additionally, WB analysis revealed a 
reduction in Src expression in MSCANG1-treated wounds 
when compared to those treated with control and MSC-
GFP (Fig. 6C and D). These findings suggest that MSCANG1 
effectively suppressed Src activity, thereby promoting the 
expression of its downstream effector, VE-Cadherin.

Taken together, these results indicate that MSCANG1 
treatment significantly activates the Akt pathway and 
inhibits Src activity through binding to the Tie2 receptor, 
resulting in enhanced angiogenesis and improved vascu-
lar integrity during diabetic wound healing.

MSCANG1 engraftment accelerated diabetic wound 
healing
We proceeded to investigate whether MSCANG1 engraft-
ment could enhance the process of diabetic wound 
healing. Consistent with the observed promotion of 
angiogenesis in the wound tissues by MSCANG1, the 
wound areas engrafted with MSCANG1 exhibited signifi-
cantly smaller sizes compared to those engrafted with 
control or MSCGFP at 7, 14, and 21 days post-engraftment 
(Fig. 7A and B). These findings indicate that engineered 
MSCANG1 can significantly expedite wound healing.

Epithelial recovery is crucial for reestablishing the 
wound barrier, a critical event of the wound healing 
process [24]. Utilizing Hematoxylin and Eosin (HE) 

Fig. 5  MSC ANG1 promoted angiogenesis and activated Tie2/Akt pathway in diabetic wound healing. (A) Representative images of double staining for 
CD34 and αSMA in the diabetic wounds treated with control, MSCGFP, and MSCANG1 for 14 days. W, the center area of wounds, and E, the transitional area 
of wounds. The area in the dashed box was enlarged and shown in the insets. Arrows indicated the vessel-like structure positive for both CD34 and αSMA. 
(B) Quantitative analysis of the vessel-like structures positive for CD34, or CD34 and αSMA. n = 6. (C) Representative WB image revealing the expression 
levels of CD34 in diabetic wounds treated with control, MSCGFP, and MSCANG1 for 14 days. β-Actin was set as the internal control. Full-length blots are 
presented in Fig. S3. (D) Semi-quantitative analysis of CD34 expression in diabetic wounds. n = 9. (E) Representative WB images of p-Tie2, Tie2, p-Akt and 
Akt expression levels in diabetic wounds treated with control, MSCGFP, and MSCANG1 for 14 days. β-Actin was set as the internal control. Full-length blots 
are presented in Fig. S3. (F) Semi-quantitative analysis of the phosphorylation of Tie2 (p-Tie2/Tie2) and Akt (p-Akt/Akt) in the diabetic wound healing. n = 9. 
Scale bar: 100 μm in A, 20 μm in the insert panel of A. All data are presented as mean ± SD. ⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001
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staining and immunostaining against K14, an epithelial 
marker, we observed that diabetic wounds engrafted with 
MSCANG1 displayed the narrowest epithelial gap (EG) at 
14 days post-engraftment compared to those engrafted 
with control and MSCGFP (Fig.  7C, D, and F). By the 
28th day post-transplantation, all wounds were epithe-
lium-covered, with significantly increased dermal thick-
ness (THK) in the wounds engrafted with MSCGFP and 
MSCANG1 compared to the control (Fig.  7C, D, and G). 
Notably, the dermal thickness in the wounds engrafted 
with MSCGFP and MSCANG1 showed no significant dis-
parity (Fig.  7C and G), suggesting that MSCANG1 treat-
ment did not induce excessive proliferative effects on 
dermal fibroblasts.

Angiogenesis plays a pivotal role in the functional 
regeneration of skin appendages [25]. Through double 
immunostaining for K14 and K17, a marker of the regen-
erated hair follicles, we observed a higher number of 
K14- and K17-colocalized hair follicles in the transitional 
region of diabetic wounds at both 14 and 28 days post-
engraftment following MSCANG1 transplantation (Fig. 7E 

and H). Altogether, these findings suggest that MSCANG1 
accelerates diabetic wound healing by facilitating epider-
mal and dermal reconstruction, as well as promoting skin 
appendage regeneration.

Discussion
Inadequate blood flow and compromised circulation are 
significant hurdles in the healing of diabetic skin ulcers, 
highlighting the importance of boosting angiogenesis 
and enhancing blood perfusion in diabetic wound care. 
Our study reveals that treatment with MSCs alone pro-
motes angiogenesis and facilitates the healing of diabetic 
foot ulcers, while the engineering of MSCs with ANG1 
provides additional benefits to this therapeutic process. 
Together, these treatments offer a promising avenue for 
the development of novel strategies in the management 
and prevention of diabetic foot ulcers.

Angiogenesis is a critical process essential for the for-
mation of granulation tissue, a key milestone in wound 
healing [26]. The intricate orchestration of angiogenic 
events relies on a delicate equilibrium between various 

Fig. 6  MSC ANG1 promoted the VE-Cadherin expression and inhibited Src activation in diabetic wound healing. (A) Representative images of double 
staining for CD34 and VE-Cadherin in the diabetic wounds treated with control, MSCGFP, and MSCANG1 for 14 days. W, the center area of wounds, and E, 
the transitional area of wounds. The area in the dashed box was enlarged and shown in the insets. Arrows indicated the vessel-like structures positive 
for both CD34 and VE-Cadherin. (B) Quantitative analysis of vessel-like structure positive for both CD34 and VE-Cadherin in diabetic wounds. n = 6. (C) 
Representative WB images showing the expression levels of p-Src, Src VE-Cadherin in diabetic wounds treated with control, MSCGFP, and MSCANG1 for 14 
days. β-Actin served as the internal reference. Full-length blots are presented in Fig. S3. (D) Semi-quantitative analysis of Src activation (p-Src/Src) and 
VE-Cadherin expression levels in the diabetic wounds. n = 9. Scale bar: 100 μm in A, 20 μm in the insert panel of A. All data are presented as mean ± SD. 
⁎p < 0.05, ⁎⁎p < 0.01, ⁎⁎⁎p < 0.001
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pro- and anti-angiogenic factors. Upon injury, local 
microvascular disruption-induced hypoxia triggers the 
activation of HIF-1α, which stimulates angiogenesis 
through diverse mechanisms including the production 
of key angiogenic growth factors such as vascular endo-
thelial growth factor (VEGF-A), stromal cell-derived fac-
tor-1 (SDF-1) and so on [27, 28]. Subsequent to the peak 

in vessel density, an upregulation of anti-angiogenic fac-
tors including Sprouty2 and pigment epithelium-derived 
factor (PEDF) ensues, leading to the regression of the 
vascular network [29, 30]. The maturation of the vascu-
lar network necessitates the stabilization of capillaries by 
pericytes and vascular smooth muscle cells (vSMCs) [31], 
and platelet-derived growth factor-BB (PDGF-BB) plays 

Fig. 7 (See legend on next page.)
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a crucial role in the pericyte recruitment and differentia-
tion [32]. Furthermore, the intricate interplay of ANG1 
and Angiopoietin-2 (ANG2) in conjunction with the 
receptor Tie2 intricately regulate angiogenesis and vascu-
lar network maturity [33]. This intricate regulation high-
lights the complexity of diabetes-impaired angiogenesis 
in the wound healing process. In our study, we conducted 
a thorough comparison of the expression levels of various 
pro- and anti-angiogenic factors and identified ANG1 as 
likely the most affected and impaired angiogenic factor in 
the healing of DFU, suggesting ANG1 as a potential inno-
vative target for addressing impaired angiogenesis during 
diabetic wound healing. Consistent with our observa-
tions, previous research has indicated a decreased ANG1 
to ANG2 ratio in diabetic wounds, indicating a disrup-
tion in the diabetic wound angiogenesis to progress 
towards a mature phenotype [34, 35].

Many studies have explored the use of ANG1 for 
wound treatment. In experiments involving STZ-induced 
diabetic wounds, adenoviral-mediated overexpression 
of ANG1 resulted in an increase in endothelial progeni-
tor cells (EPCs) and enhanced neovascularization by day 
7 post-injury [36]. With the discovery of MSCs, these 
cells have emerged as superior candidates for delivering 
exogenous ANG1 to therapeutic sites due to their potent 
immunoregulatory and pro-regenerative capabilities, as 
well as their stability in integrating and expressing exog-
enous genes [37]. MSCs can be isolated from various tis-
sues, including bone marrow [38], adipose tissue [39], 
amniotic fluid [40], and umbilical cord [15], etc. In the 
current study, umbilical cord-derived MSCs were chosen 
due to their high yield, purity, and low rates of senescence 
[41].

In our study, it was found that the modification with 
ANG1 had an insignificant impact on the mesenchymal 
characteristics and survival after engraftment; however, 
it altered the release pattern of MSCs, thereby facilitat-
ing the formation of a functional vasculature both in 
vitro and in vivo. As widely reported in literature, the 
therapeutic efficacy of MSCs primarily derived from 
their paracrine effects [42]. The regenerative potential 

of MSCs-releasing factors has been attributed to a com-
plex interplay of various DNA, microRNAs, proteins, 
cytokines, and membrane lipids, etc [43]. Certain cargo 
molecules in MSC-derived exosomes have been iden-
tified to govern the functional activities of endothelial 
cells; for instance, proteins like VEGF and ANG2, and 
microRNAs such as miR-30b and miR-126, play pivotal 
roles in regulating endothelial cell proliferation, migra-
tion, and angiogenesis [43]. These findings are in line 
with our observation that MSCs alone demonstrate pro-
angiogenic effects in DFU healing. Particularly, the inclu-
sion of ANG1 in the MSCs release profile exhibited an 
additional impact on angiogenesis in DFU healing, spe-
cifically contributing to the maturation and stabilization 
of capillaries.

The underlying signaling pathways in MSCANG1-pro-
moted DFU healing have also been investigated. The 
phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian 
target of rapamycin (mTOR) pathway is known to play a 
pivotal role in various cellular functions including pro-
liferation, adhesion, migration, invasion, metabolism, 
survival, as well as the angiogenesis under normal and 
pathological conditions [44–46]. Activation of the Akt 
pathway by various pro-angiogenic factors, including 
VEGF, nitric oxide, and ANG, not only stimulates down-
stream pathways but also regulates the secretion and 
expression of these crucial angiogenic factors [44]. Apart 
from Akt, Src activity is well known for its contributions 
to the vascular leakage [47]. Src-mediated degradation 
of VE-cadherin has been identified as a factor contribut-
ing to endothelial barrier breakdown under pathological 
conditions [48, 49]. Studies have indicated that sustained 
activation of ANG1 can activate Akt, thereby restoring 
Src activity to basal levels and protecting the endothelial 
barrier [50]. Furthermore, the Akt and Src pathways are 
dysregulated in diabetic wounds, making them potential 
therapeutic targets for enhancing angiogenesis and pro-
moting diabetic wound healing [51, 52]. The observed 
increase in Akt phosphorylation and inhibition of Src 
activity further validates the establishment of an effective 
vasculature in MSCANG1-treated diabetic wounds.

(See figure on previous page.)
Fig. 7  MSC ANG1 treatment promoted diabetic wound healing process. (A) Representative images displaying the dynamic changes in skin wounds of 
diabetic mice treated with control, MSCGFP, and MSCANG1. (B) MSCANG1 treatment resulted in a substantial reduction in wound area in diabetic mice models 
at various time points compared to control and MSCGFP treatment. The percentage of wound healing area was calculated as 100% × (initial wound area 
- wound area at different time points) / initial wound area. n = 6. (C) Hematoxylin and Eosin (H&E) staining of diabetic wounds transplanted with control, 
MSCGFP, and MSCANG1 for 14 and 28 days, respectively. (D) Representative immunostaining images of K14 in diabetic wounds transplanted with control, 
MSCGFP, and MSCANG1 for 14 and 28 days, respectively. The epithelial gap (EG) signifies the area of the wound that remained uncovered by the K14-positive 
epidermis. (F) Representative images of double immunostaining for K14 and K17 in diabetic wounds transplanted with control, MSCGFP, and MSCANG1 for 
14 and 28 days, respectively. The area within the dashed box was magnified and presented in the right panel. Arrows indicate hair follicles positive for 
both K14 and K17. (F) Statistical analysis indicating that MSCANG1-treated diabetic wounds depicted a notably reduced EG compared to the control or 
MSCGFP-treated wounds. n = 6. (G) Statistical analysis illustrating that MSCANG1 and MSCGFP-treated wounds exhibited significantly increased dermal thick-
ness (THK) of the regenerated tissues compared to the control. THK was defined as the dermal thickness in the central area of the regenerated tissues. 
n = 6. (H) Statistical analysis demonstrating that MSCANG1-treated diabetic wounds displayed significantly more hair follicles positive for both K14 and K17 
compared to the control and MSCGFP-treated wounds. n = 6. Scale bar: 1 mm in C and D, 100 μm in the left three panel of E and 20 μm in the right panel 
of E. All data are presented as mean ± SD. * p < 0.05, ** p < 0.01, ***p < 0.001
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Enhanced angiogenesis resulting from MSCANG1 
treatment in diabetic wounds has shown significant 
improvements in wound healing outcomes. At 14 days 
post-injury, MSCANG1-treated wounds displayed notable 
advancements in epithelialization and dermal reconsti-
tution, with no excessive dermal proliferation observed 
by day 28, confirming the positive impact of ANG1-
engineered MSCs on wound healing. Recent studies 
have showed the mutualistic cellular crosstalk between 
hair follicles and blood vessels [53], where angiogenesis 
controls hair growth and follicle sizes [25]. Our findings 
align with this, as MSCANG1-treated wounds demon-
strated enhanced hair follicle regeneration. During nor-
mal wound healing, ANG1-engineered MSCs has been 
reported to promote the development of a more mature 
and stable vasculature, leading to improved therapeutic 
outcomes [8]. Our study further highlighted the synergis-
tic effects of MSCs and ANG1 in enhancing angiogenesis 
and faciliating functional recovery in challenging patho-
logical conditions like DFU.

Collectively, our finding has demonstrated that ANG1 
signaling is compromised in the context of diabetic 
wound healing, and the treatment involving the engi-
neering of MSCs with ANG1 has shown additional 
therapeutic benefits by enhancing the angiogenic pro-
cess. While this discovery introduces a novel therapeutic 
strategy for addressing wounds in diabetic patients, it has 
been noted that the intricate multi-domain structure of 
native human ANG1 limits its widespread therapeutic 
application. The future advancement of more precisely 
engineered variants, such as cartilage oligomeric matrix 
protein-angiopoietin-1 (COMP-ANG1), which exhibits 
a more potent activation of the Tie2 pathway, holds the 
potential for achieving enhanced therapeutic outcomes 
[54].

Conclusion
Our findings revealed a notable deficiency in ANG1 dur-
ing the diabetic wound healing process. Through the 
construction of trackable engineered MSCs that express 
the angiogenic factor ANG1 (MSCANG1), it was observed 
that MSCANG1 had a noteworthy impact on the survival, 
migration, and formation of functional tight junctions 
in endothelial cells. Additionally, MSCANG1 was dem-
onstrated to promote angiogenesis and enhance vascu-
lar integrity in diabetic wound healing. The activation 
of Akt and the inhibition of Src activity were key play-
ers in the underlying mechanism of MSCANG1-induced 
angiogenesis. In line with the increased angiogenesis, 
epidermal and dermal reconstruction, as well as hair 
follicle regeneration, were significantly accelerated in 
MSCANG1-treated diabetic wounds as compared to MSC-
treated ones. Collectively, the engineering of MSCs with 
ANG1 provides substantial synergistic advantages for 

therapeutic outcomes, and offers a promising avenue for 
developing innovative strategies in the management of 
DFU.
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