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ABSTRACT

Objective: Human adipose tissue-derived mesenchymal stem cells (ASCs) have been 
reported to promote angiogenesis and tissue repair. However, poor survival and engraftment 
efficiency of transplanted ASCs are the major bottlenecks for therapeutic application. The 
present study aims to improve the therapeutic efficacy of ASCs for peripheral artery diseases.
Methods: Hydrogen peroxide (H2O2) was used to induce apoptotic cell death in ASCs. 
To measure apoptosis, we used flow cytometry-based apoptosis analysis and terminal 
deoxynucleotidyl transferase dUTP nick end labeling staining. A murine hindlimb ischemia 
model was established to measure the ASC-mediated therapeutic angiogenesis and in vivo 
survival ability of ASCs.
Results: We identified that the inhibitor of lamin A-progerin binding, JH4, protects ASCs 
against H2O2-induced oxidative stress and apoptosis. Co-administration of ASCs with JH4 
improved ASC-mediated blood reperfusion recovery and limb salvage compared to that of the 
control group in a mouse hind limb ischemia model. Immunofluorescence showed that JH4 
treatment potentiated ASC-mediated vascular regeneration via reducing ASC apoptosis post 
transplantation.
Conclusion: JH4 exerts anti-apoptotic effects in ASCs in conditions of oxidative stress, and 
contributes to the repair of ischemic hind limb injury by improving cell survival.

Keywords: Mesenchymal stem cells; Apoptosis; Oxidative stress; Peripheral artery disease; 
Apoptosis

INTRODUCTION

Peripheral artery disease is characterized by poor circulation in the lower extremities.
This cardiovascular disease has been reported to have affected more than 236 million 

J Lipid Atheroscler. 2020 Sep;9(3):460-473
https://doi.org/10.12997/jla.2020.9.3.460
pISSN 2287-2892·eISSN 2288-2561

Original Article

Received: Jul 28, 2020
Revised: Sep 4, 2020
Accepted: Sep 7, 2020

Correspondence to
Jae Ho Kim
Department of Physiology, Pusan National 
University College of Medicine, 49 
Busandaehak-ro, Mulgeum-eup,  
Yangsan 50612, Korea.
E-mail: jhkimst@pusan.ac.kr

Copyright © 2020 The Korean Society of Lipid 
and Atherosclerosis.
This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial 
use, distribution, and reproduction in any 
medium, provided the original work is properly 
cited.

ORCID iDs
Sang Mo Kwon 
https://orcid.org/0000-0001-5951-2877
Sun Sik Bae 
https://orcid.org/0000-0002-1027-6639
Jae Ho Kim 
https://orcid.org/0000-0003-4323-4790

Funding
This study was funded by a two years grant 
from Pusan National University.

Conflict of Interest
The authors have no conflict of interest to 
declare.

Soon Chul Heo,1,2 Yang Woo Kwon,2 Gyu Tae Park,2 Sang Mo Kwon ,2  
Sun Sik Bae ,3 Bum-Joon Park,4 Jae Ho Kim  2,5

1�Department of Oral Physiology and Periodontal Diseases Signaling Network Research Center, School of 
Dentistry, Pusan National University College of Medicine, Yangsan, Korea

2Department of Physiology, Pusan National University College of Medicine, Yangsan, Korea
3Department of Pharmacology, Pusan National University College of Medicine, Yangsan, Korea
4Department of Molecular Biology, College of Natural Science, Pusan National University, Busan, Korea
5�Research Institute of Convergence Biomedical Science and Technology, Pusan National University Yangsan 
Hospital, Yangsan, Korea

Mesenchymal Stem Cell-Mediated 
Therapy of Peripheral Artery Disease 
Is Stimulated by a Lamin A-Progerin 
Binding Inhibitor

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-5951-2877
https://orcid.org/0000-0001-5951-2877
https://orcid.org/0000-0002-1027-6639
https://orcid.org/0000-0002-1027-6639
https://orcid.org/0000-0003-4323-4790
https://orcid.org/0000-0003-4323-4790
https://orcid.org/0000-0001-5951-2877
https://orcid.org/0000-0002-1027-6639
https://orcid.org/0000-0003-4323-4790
http://crossmark.crossref.org/dialog/?doi=10.12997/jla.2020.9.3.460&domain=pdf&date_stamp=2020-09-14


Author Contributions
Conceptualization: Heo SC, Kwon SM, Park BJ, 
Kim JH; Data curation: Heo SC, Kwon YW, Bae 
SS, Park BJ; Formal analysis: Heo SC, Kwon 
YW, Park GT, Bae SS; Funding acquisition: 
Kim JH; Investigation: Park GT, Kwon SM; 
Methodology: Heo SC, Kwon YW, Park GT, 
Kwon SM, Bae SS; Project administration: Kim 
JH; Resources: Kwon YW, Park GT, Park BJ; 
Supervision: Park BJ, Kim JH; Validation: Heo 
SC, Kwon YW, Kwon SM, Bae SS, Park BJ, Kim 
JH; Visualization: Heo SC; Writing - original 
draft: Heo SC, Kim JH; Writing - review & 
editing: Heo SC, Kim JH.

people worldwide in 2015.1 Blood flow in arteries is blocked by plaques comprising excess 
cholesterol, calcium, and fatty substances, which hardens and narrows the arteries. Critical 
limb ischemia (CLI) is considered the most advanced stage of peripheral artery disease. The 
clinical manifestations of CLI comprise pain at rest and ischemic gangrene or ulceration of 
the forefoot or toes, which can result in limb amputation. Several risk factors associated with 
the development of CLI, such as age, diabetes mellitus, and smoking, have been reported.2 
Revascularization of the ischemic limb through surgical bypass or endovascular approaches 
is the first-line treatment to restore perfusion in CLI. However, 10%–30% of these patients 
are not eligible for surgery due to the lack of suitable autogenous vein grafts, extensive 
lesions, and comorbidities.3,4 Therefore, it is urgent to develop an alternative treatment 
strategy for blood flow recovery in patients with CLI.

Mesenchymal stem cells (MSCs) were first isolated from the bone marrow stroma5 but lately, 
they have been identified in a variety of tissues, such as synovial tissue,6 umbilical cord 
blood,7 dental pulp,8 adipose tissues,9 and in virtually all postnatal tissues.10 MSCs have been 
widely studied in animal models as well as in clinical trials due to their immunomodulation 
potential and because they are easy to isolate.11 Adipose tissue-derived MSCs (ASCs) are 
highly promising candidates for cell therapy for peripheral artery disease, because of their 
potential to differentiate into cardiovascular lineages, such as cardiomyocytes,12 endothelial 
cells,13 and vascular smooth muscle cells.14 Furthermore, ASCs can induce angiogenesis and 
arteriogenesis to promote peripheral perfusion by releasing various angiogenic factors, 
including vascular endothelial growth factor, hepatocyte growth factor (HGF), insulin-
like growth factor-1, and extracellular vesicles.15-17 A phase 1 clinical trial reported that 
intramuscular injections of autologous ASCs in patients with CLI who did not have any 
surgical options resulted in improved transcutaneous oxygen pressure and wound healing.18 
Although a growing body of experimental and clinical evidence suggests that ASC therapy 
might be promising in patients with CLI, the therapeutic efficacy of ASCs is greatly limited 
by the poor survival of the donor ASCs in the hostile host environment post transplantation. 
Once transplanted into the ischemic environment, ASCs are exposed to a hypoxic and 
nutrient-poor habitat, inflammatory reactions, and oxidative stress.19 Reactive oxygen 
species (ROS), such as superoxide and hydrogen peroxide (H2O2), are major products of 
oxidative stress and are normally counterbalanced by the protective mechanisms. However, 
excessive increase in ROS can lead to DNA, protein, and lipid damage, resulting in defects in 
proliferation or induction of apoptosis.20,21

Lamin A/C (encoded by LMNA) is an intermediate filament protein, and nuclear lamina is 
a critical structural domain, essential for the maintenance of genomic stability and gene 
regulation.22,23 Since the first report in 1999 showed that LMNA mutations cause autosomal-
dominant Emery–Dreifuss muscular dystrophy,24 more than a dozen clinical disorders 
with signs of accelerated ageing have been reported.25-29 Lamin A/C contains conserved 
proteolytic sites which are cleaved during apoptosis, and lamin mutations result in the 
production of a typical apoptotic phenotype, characterized by chromatin condensation and 
nuclear shrinkage.30 In addition, abundant evidence shows that oxidative stress and lamins 
are interdependent. Mutation or depletion of lamins affects the oxidative stress response, 
and oxidative stress modulates the expression and posttranslational modifications of 
lamins.31,32 Recently, Lee et al., identified a novel chemical compound, JH4, that efficiently 
alleviated nuclear deformation via blocking the pathological progerin-lamin A/C binding in 
Hutchinson-Gilford progeria syndrome cells.33 However, the effects of JH4 on the survival 
and efficacy of ASCs with respect to the treatment of ischemic diseases are still unknown.
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This study aimed to investigate the effects of JH4 on ASCs in the background of H2O2-induced 
oxidative stress. We hypothesized that JH4 might improve the protective effect of ASCs 
for peripheral artery disease. We examined the role of JH4 on the survival of exogenously 
transplanted ASCs into ischemic tissues and examined the effects of JH4 treatment on ASC-
mediated blood perfusion recovery, ischemic salvage, and neovascularization in a murine 
hind limb ischemia model.

MATERIALS AND METHODS

1. Materials
α-Minimum essential medium, Hank's balanced salt solution (HBSS), trypsin, penicillin-
streptomycin, and fetal bovine serum were purchased from Invitrogen (Carlsbad, CA, USA). 
Culture plates were purchased from Nunc (Roskilde, Denmark). H2O2 was purchased from 
Sigma-Aldrich (St. Louis, MO, USA). The JH4 compound was synthesized as previously 
reported.33

2. Cell culture
Subcutaneous adipose tissue was collected from elective surgeries after obtaining patient 
consent. This study was approved by the Institution Review Board of Pusan National University 
Hospital (H-2008-116; Pusan, Korea). To isolate ASCs, adipose tissue samples were washed 
at least 3 times with sterile HBSS and treated with an equal volume of collagenase type I 
suspension (1 mg/mL in HBSS buffer) for 60 minutes at 37°C with intermittent shaking. 
The stromal-vascular fraction was separated by centrifugation at 300 × g for 5 minutes and 
resuspended in α-minimum essential medium supplemented with 10% FBS and 100 U/mL 
penicillin-streptomycin, after which the cells were seeded in tissue culture dishes at a density 
of 3,500 cells/cm2. Primary MSCs were cultured for 4–5 days at 37°C in an atmosphere 
containing 5% CO2 until they reached confluence; this was defined as passage “0”. The 
passage number of ASCs used in these experiments was between 5 and 10. The ASCs were 
positive for CD29, CD44, CD73, CD90, and CD105, all of which have been reported to be 
MSCs markers, and did not express CD31, CD34, and CD45, which are hematopoietic lineage 
markers (data not shown).

3. Cell survival assay
To explore the effects of H2O2 and the chemical JH4 on the survival of ASCs, a colorimetric 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was employed. 
Cells were seeded in a 24-well culture plate at a density of 1×104 cells/well, cultured for 12 
hours before treatment. The cells were pretreated with JH4 which blocks lamin A-progerin 
binding for 30 minutes before being treated with H2O2 in serum free α-minimum essential 
medium for 48 hours. The cells were washed twice with HBSS and incubated with 200 μL of 
MTT (0.5 mg/mL) for 2 hours at 37°C. Formazan granules generated in cells were dissolved in 
100 μL of dimethyl sulfoxide, and the absorbance of the solution was determined at 562 nm 
using a Power WaveX microplate spectrophotometer (Bio-Tek Instruments, Inc.; Winooski, 
VT, USA) after dilution to a linear range, and expressed as the relative percentage of control.

4. Evaluation of apoptosis using fluorescence-activated cell sorting (FACS)
Cells were pretreated with JH4 for 30 minutes before being treated with H2O2 for 48 hours, 
and cell monolayers were dissociated using trypsin/EDTA. Then, cells were resuspended in 
binding buffer and stained with 5 μL of FITC-Annexin V and 5 μL of PI, which were included 
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in the FITC-Annexin V Apoptosis Detection Kit I (BD Pharmingen). After incubating for 15 
minutes at 25°C in the dark, stained cells were analyzed on FACS Canto II using the DIVA 
software (Becton Dickinson, Franklin Lakes, NJ, USA).

5. Cell cycle analysis
Cells were pretreated with JH4 for 30 minutes before being treated with H2O2 for 24 hours, 
and the cell monolayers were dissociated using trypsin/EDTA. Cold 70% ethanol was added 
dropwise to the cells while vortexing to fix the cells for 30 minutes at 4°C. After 2 washes with 
HBSS, 50 µL of RNase (100 µg/mL) and 200 µL of PI (50 µg/mL) were added. Stained cells 
were analyzed on FACS Canto II using the DIVA software.

6. �Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining

For the in situ detection of apoptotic cells, a TUNEL assay was performed (Roche, 
Indianapolis, IN, USA). The ASCs were pretreated with JH4 for 30 minutes before 
being treated with H2O2 for 48 hours. The cells were washed with HBSS and fixed in 4% 
paraformaldehyde for 1 hour at room temperature, and then incubated for 10 minutes on ice 
in a permeabilization solution (0.1% Triton X-100 prepared in 0.1% sodium citrate). TUNEL 
staining was performed according to the manufacturer's instructions and counter stained 
with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) for visualizing nuclei.

7. Murine hind limb ischemia animal model
Animal treatment and maintenance were performed in accordance with the Principles of 
Laboratory Animal Care, and animal experiments were performed using protocols approved 
by the Pusan National University Institutional Animal Use and Care Committee (PNU-2016-
1381). C57BL/6J wild–type male mice (6–week old; 22–25 g) were purchased from Orient, Co., 
Ltd. (Gapyeong, Korea). All mice were anesthetized using an intraperitoneal injection of 400 
mg/kg of 2,2,2–tribromoethanol (Avertin; Sigma-Aldrich) for femoral artery resection and 
laser doppler perfusion imaging (LDPI). The fur was completely shaved from both hind limbs 
to facilitate limb perfusion measurements. One femoral artery per animal was excised from 
its proximal origin—as a branch of the external iliac artery—to its distal bifurcation into the 
saphenous and popliteal arteries. Immediately after surgery, the medial thighs of ischemic 
hind limbs were injected with 1×106 ASCs in the presence or absence of 1 μM JH4 into 3 sites 
(20 μL per each site) in the gracilis muscle.

8. Measurement of blood flow and tissue necrosis
Blood flow in ischemic and normal limbs was measured using a LDPI analyzer (Moor 
Instruments, Ltd., Devon, UK) on days -1, 0, 7, 14, 21, and 28 after surgery. Contralateral 
hind limbs served as internal controls. Perfusions in ischemic and contralateral limbs were 
calculated by counting red- and blue-colored histogram pixels, which indicated high and 
low perfusion, respectively. Blood perfusions are presented as LDPI indices (defined as the 
ratio of ischemic limb blood flow versus non-ischemic contralateral limb blood flow). Hind 
limb necrosis severity scores were recorded on day 28 after surgery (0 = limb salvage; 1 = toe 
amputation; 2 = foot amputation; and 3 = limb amputation).

9. Immunofluorescence staining
For immunostaining, the hind limb muscles were excised, formalin–fixed, paraffin embedded, 
and sectioned (5 μm thick). Blood vessels were stained with anti–CD31 (BD), anti–α–smooth 
muscle actin (SMA), or anti-green fluorescent protein (GFP) (Abcam Plc., Cambridge, MA, 
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USA) antibodies, and then incubated with goat anti-rat Alexa Fluor 488 or goat anti-rabbit Alexa 
Fluor 568 secondary antibodies (Life Technologies, Carlsbad, CA, USA). The sections mounted 
with VECTASHIELD medium containing DAPI and were observed under a laser scanning 
confocal microscope (Olympus FluoView FV1000; Olympus, Tokyo, Japan). Capillary and blood 
vessel densities were counted by identifying CD31– or α–SMA–positive vascular structures. Four 
randomly selected microscopic fields from 3 serial sections in each tissue block were examined 
per limb by 2 independent observers who were blinded to the experimental conditions.

10. Lentiviral expression of GFP in ASCs for cell tracking analysis
pLKO.1-puro-enhaced GFP lentiviral vectors bearing control short hairpin RNA (SHC005) 
were purchased from Sigma-Aldrich. To generate lentiviral particles, HEK293FT cells were 
co-transfected with the pLKO.1-puro-enhanced GFP plasmid and ViraPower Lentiviral 
packaging mix (pLP1, pLP2, pLP-VSV-G; Invitrogen) using Lipofectamine 2000 (Invitrogen), 
and the culture supernatants containing lentivirus were harvested 48 hours after 
transfection. For lentiviral transduction, ASCs were treated with culture supernatants from 
HEK293FT cells in the presence of 5 µg/mL polybrene (Sigma-Aldrich), and stable cell-lines–
expressing GFP were generated using puromycin selection (5 µg/mL). GFP expression was 
confirmed using fluorescence microscopy before transplantation.

11. Statistical analysis
Results of multiple observations are presented as mean ± standard error of the mean. 
Comparisons between 2 groups were performed using Student's t-test. For analyzing 
multivariate data, group differences were assessed using 1-way or 2-way analysis of variance, 
followed by Scheffe's post hoc test.

RESULTS

1. JH4 protects ASCs from H2O2-induced cytotoxicity
To examine the cytotoxicity of H2O2 on ASCs, the cells were exposed to different concentrations 
(0.1, 0.2, 0.5, and 1 mM) of H2O2 for 48 hours. The morphology of ASCs was observed by 
phase-contrast microscopy and their viability was determined by MTT assay. Incomplete 
cellular membranes and vacuole degeneration were observed in cells treated with H2O2 in a 
dose-dependent manner, and the MTT assay revealed a significant decrease in cell viability 
upon treatment with 0.5 mM and 1 mM of H2O2 (Fig. 1A and B). A previous study reported 
that treatment with moderate concentrations of exogenous H2O2 induced apoptosis, while 
elevated concentrations caused necrosis.34 Therefore, in this study, 0.5 mM H2O2 was used in 
the subsequent experiments. Recently, a novel chemical compound, JH4, has been reported 
to efficiently block progerin-lamin A/C binding,33 a phenomenon that is associated with severe 
nuclear defects and DNA damage leading to early cellular senescence and apoptosis.35,36 To 
investigate the protective effect of JH4 on H2O2-induced cytotoxicity, ASCs were pretreated 
with JH4 for 30 minutes before treatment with H2O2. JH4 dose-dependently inhibited the 
H2O2-induced cell death with a maximal inhibition at 1 μM (Fig. 1C). Furthermore, JH4 
pretreatment ameliorated the abnormal morphological changes caused by H2O2 (Fig. 1D). We 
further investigated the effects of JH4 treatment (i.e., in the absence of H2O2-induced oxidative 
stress) on survival or proliferation of ASCs. The cell survival or proliferation was not affected 
by treatment with JH4 (Fig. 1E) and even by long term treatment for more than 7 passages with 
JH4 (data not shown). These results suggest that pretreatment with JH4 significantly alleviated 
the H2O2-induced morphological changes and cell death in ASCs.
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2. JH4 shows protective effects on H2O2-induced apoptosis of ASC
To verify whether the cytotoxicity caused by H2O2 results in apoptosis, and if JH4 
pretreatment can prevent it, the annexin V/PI apoptosis assay was performed. Representative 
flow cytometry results shown in Fig. 2A indicate that JH4 pretreatment significantly reduced 
the percentage of apoptotic ASCs (annxinV+/PI− and annexinV+/PI+) compared to that in 
control cells (H2O2 treated). However, it had no significant effect on the percentage necrotic 
population (Annexin V−/PI+; Fig. 2B). Sub-G1 population was measured via FACS analysis 
to confirm the inhibitory effects of JH4 on H2O2-induced ASCs apoptosis. As expected, 
the fraction of ASCs in the sub-G1 phase was significantly increased after H2O2 treatment. 
However, pretreatment with JH4 reduced this population (Fig. 2C and D). In addition, the 
number of TUNEL-positive ASCs was also significantly reduced in JH4 pretreated cells 
compared to that in control cells (H2O2 treated; Fig. 2E and F). These results suggest that JH4 
has the potential to protect ASCs from oxidative stress-induced apoptosis.

3. �JH4 potentiates ASC-mediated blood perfusion recovery and limb salvage 
in a mouse hind limb ischemia model

To determine whether JH4 treatment improves the engraftment of ASCs in an ischemic 
environment, we established a mouse hind limb ischemia model. After ligation of the femoral 
arteries, ASCs transduced with GFP lentiviral vector were transplanted intramuscularly into 
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Fig. 1. Effects of JH4 pretreatment on the H2O2-induced cell death of ASCs. (A) H2O2-induced cell death of ASCs. ASCs were treated with 0.5 mM H2O2 or vehicles 
for 48 hours, and cell images were taken under microscope. (B) Dose-dependent effects of H2O2 on cell viability of ASCs. ASCs were treated with the indicated 
concentrations of H2O2 for 48 hours, and cell viability was measured using the MTT assay. (C) Effects of JH4 on H2O2-induced cell death of ASCs. ASCs were 
pretreated with the indicated concentrations of JH4, treated with 0.5 mM H2O2 for 48 hours, followed by measurement of cell viability. (D) Effects of JH4 on 
H2O2-induced morphological change of ASCs. ASCs were treated with 0.5 mM H2O2 for 48 hours in the absence or presence of 1 μM JH4, followed by capturing 
cell images. (E) Effects of JH4 on cell viability of ASCs. ASCs were treated with the indicated concentrations of JH4 for 48 hours, followed by measurement of cell 
viability. The data represent the mean ± standard error of the mean. Scale bar, 200 μm. 
H2O2, hydrogen peroxide; NS, not significant; ASC, adipose tissue-derived mesenchymal stem cell; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. 
*p<0.001 vs. control; †p<0.05; ‡p<0.01; §p<0.001 vs. H2O2 only by 1-way analysis of variance.



466https://doi.org/10.12997/jla.2020.9.3.460

Survival of Mesenchymal Stem Cells

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

A Control JH4

H2O2 H2O2+JH4PI

Annexin V

1.1 10.7

87.1 1.2

0.1 3.3

94.2 2.4

2.1 47.3

32.8 17.8

2.1 19.0

69.0 9.9

0

20 A
po

pt
ot

ic
 c

el
ls

 (%
)

B

40

60

80

Control JH4 H2O2 H2O2+JH4

‡ †

E Control JH4

H2O2 H2O2+JH4

TUNEL/DAPI

0

20TU
N

EL
+ 

ce
lls

/H
PF

 (%
)

F

40

60

80

Control JH4 H2O2 H2O2+JH4

‡ ‡

0

10su
b-

G
1 p

op
ul

at
io

n 
(%

)

D

20

30

40

Control JH4 H2O2 H2O2+JH4

*‡
C

Control
Sub-G1: 4.0
G1/0: 87.1
S: 0.9
G2/M: 7.7

JH4
Sub-G1: 11.0
G1/0: 80.5
S: 1.1
G2/M: 6.9

H2O2

Sub-G1: 31.5
G1/0: 60.9
S: 1.8
G2/M: 5.1

H2O2+JH4
Sub-G1: 17.9
G1/0: 74.2
S: 1.6
G2/M: 5.8

Fig. 2. Effects of JH4 on H2O2-induced apoptosis in ASCs. The cells were pretreated with 1 μM JH4 for 30 minutes, 
followed by treatment with 0.5 mM H2O2 for 48 hours. (A) Flow cytometric analysis of the Annexin V-FITC/PI 
staining in ASCs and (B) quantitative analysis of Annexin+ apoptotic cell population. (C) Flow cytometric analysis 
of the sub-G1 cell death population and (D) quantitative analysis of the sub-G1 cells. (E) TUNEL-positive cells 
were determined by calculating the percentage in high-power field. Arrows indicate the nuclei of TUNEL-positive 
cells. (F) Quantitative analysis of TUNEL assay. The data represent the mean ± standard error of the mean. Scale 
bar, 100 μm. 
H2O2, hydrogen peroxide; ASC, adipose tissue-derived mesenchymal stem cell; TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling; DAPI, 4′,6-diamidino-2-phenylindole. 
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ischemic limbs. Recovery of blood flow was measured by laser doppler imaging for 4 weeks 
after surgery and representative images on day 28 were shown in Fig. 3A. The intramuscular 
administration of ASCs in the absence of JH4 significantly recovered blood perfusion during 
early phase of experimental period; however, no significant increase of blood flow was 
observed at the rest of experimental period from day 14 compared to HBSS-injected control 
group. Whereas, intramuscular injection of ASCs with JH4 resulted in a further increase in 
blood perfusion, which became evident from day 14 (Fig. 3B). The HBSS-injected control 
ischemic limbs showed severe necrosis and amputation, and no significant limb salvage 
was observed in the mice transplanted ASCs without JH4. The co-transplantation of ASCs 
with JH4 resulted in a further decrease of the necrosis score (Fig. 3C). These results suggest 
that JH4 promotes ASC-stimulated blood perfusion and provides tissue protection from 
ischemic damage.

4. JH4 improves ASC-induced neovascularization in ischemic limbs
Because neovascularization is thought to be crucial for perfusion recovery and tissue repair, 
we next examined the number of CD31-positive capillaries and α-SMA-positive vessels by 
immunofluorescence in ischemic limbs. Transplantation of ASCs increased the number 
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of CD31-positive capillaries in the ischemic limbs compared to that in the HBSS-injected 
control limbs. Moreover, the number of ASC-induced CD31-positive capillaries further 
increased in response to co-administration of ASC with JH4 (Fig. 4A and B). Similarly, the 
density of α-SMA-positive arteries/arterioles was improved in ischemic limbs transplanted 
with ASCs alone, and improved even further upon co-administration of ASCs with JH4 
(Fig. 4C and D). These results suggest that JH4 treatment enhances ASC-mediated 
neovascularization in ischemic limbs.

5. JH4 alleviates ASC survival in ischemic limbs
To clarify the effects of JH4 on ASC survival upon transplantation, TUNEL staining was 
performed on ischemic limb tissues on day 7. Co-administration of ASCs with JH4 resulted 
in a marked decrease in TUNEL-positive ASCs in the ischemic limbs compared to that 
mock-treated ASCs (Fig. 5A and B). To investigate whether ASCs can be differentiated into 
α–SMA-positive smooth muscle cells and incorporated in arteries/arterioles, the population 
of ASCs integrated into the α–SMA-positive arteries/arterioles was analyzed on day 28. 
The population of GFP-positive ASCs in α–SMA-positive arteries/arterioles was higher in 
ischemic limbs co-transplanted with ASCs together with JH4 than that in ischemic limbs 
transplanted with ASCs alone (Fig. 5C and D). These results strongly suggest that co-
administration of ASCs with JH4 improves ASC-mediated neovascularization via enhancing 
survival of transplanted ASCs.
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DISCUSSION

In this study, we demonstrate for the first time that JH4 exerts anti-apoptotic effects in the 
background of oxidative stress. Here, we show that oxidative stress generated by H2O2, which 
has been widely used to mimic the harsh microenvironment surrounding the transplanted 
cells in injured tissues in vivo,37 successfully induced apoptosis in ASCs as demonstrated 
through TUNEL and flow cytometry-based apoptosis assays. It has been established that lower 
doses of ROS induce cell survival responses, whereas higher doses trigger death processes 
such as autophagy, necroptosis, and apoptosis.38 The present study demonstrates that in the 
background of H2O2-induced oxidative stress in ASCs, pretreatment with JH4 significantly 
reduces the TUNEL- or Annexin V-positive apoptotic population. A wide variety of antioxidant 
defense systems equilibrate the ROS level in the cells, and these are modulated by enzymatic 
scavengers, including superoxide dismutase, catalase, and glutathione peroxidase, as well 
as non-enzymatic scavengers such as vitamins C and E, glutathione, lipoic acid, and iron 
chelators.39 To elucidate whether JH4 could scavenge ROS, we measured ROS level in ASCs after 
treatment with JH4. Flow cytometry with DCFDA dye did not detect any effect on ROS level 

469https://doi.org/10.12997/jla.2020.9.3.460

Survival of Mesenchymal Stem Cells

https://e-jla.org

Journal of 
Lipid and 
Atherosclerosis

*

A DAPI GFP OverlayTUNEL B

0

40

TU
N

EL
+ 

ce
lls

/G
FP

+ 
AS

Cs
 (%

)

20

60

80

ASCs ASCs+JH4

AS
Cs

AS
Cs

+J
H

4

*

C DAPI GFP Overlayα-SMA D

0

10

G
FP

+ 
AS

Cs
/α

-S
M

A+
 v

es
se

ls
 (%

)

5

15

20

ASCs ASCs+JH4

AS
Cs

AS
Cs

+J
H

4

Fig. 5. Effects of JH4 treatment on in vivo survival and blood vessel forming ability of ASCs. ASCs were transduced with GFP-expressing lentivirus, followed by 
transplantation of the cells into ischemic limb with or without JH4. (A) Effects of JH4 treatment on in vivo survival of ASCs. Tissue section from the ischemic 
limbs on day 7 were analyzed by immunostaining with anti-GFP antibodies (green) and TUNEL staining kit. Nuclei were counterstained with DAPI (blue). (B) 
The percentage of TUNEL-positive apoptotic ASCs/GFP-positive ASCs were quantified. (C) Effects of JH4 treatment on ASC-mediated vasculogenesis in vivo. 
Tissue sections from the ischemic limbs on day 28 were analyzed by immunostaining with anti-GFP (green) and anti-α-SMA (red) antibodies. Nuclei were 
counterstained with DAPI (blue). (D) The percentage of GFP+ ASCs per α-SMA+ blood vessels was quantified. The data represent the mean ± standard error of 
the mean. Scale bar, 100 μm. 
ASC, adipose tissue-derived mesenchymal stem cell; DAPI, 4′,6-diamidino-2-phenylindole; GFP, green fluorescent protein; TUNEL, terminal deoxynucleotidyl 
transferase dUTP nick end labeling; α-SMA, α-smooth muscle actin. 
*p<0.05 by Student's t-test.



after treatment with JH4. In addition, the 2,2-diphenyl-1-picryl-hydrazyl-hydrate assay revealed 
that JH4 does not have any antioxidant potential (data not shown), suggesting that the anti-
apoptotic effects of JH4 on ASCs are not mediated via ROS modulation.

Accumulating evidence suggests that the expression and stability of lamin proteins are altered 
in response to oxidative stress, and are closely related to cellular proliferation, senescence, 
and apoptosis. Lamins contain conserved VEID sites cleaved by caspase-1 and -6, which play 
a central role in the execution phase of cell apoptosis. Lamins with mutations at these sites 
are resistant to cleavage and lead to augmented cell survival.30 In addition, it is known that the 
expression of lamins is driven by the tumor suppressor p53, a master transcription factor that 
modulates cell cycle, senescence, autophagy, and apoptosis. Lamins are involved in oxidative 
stress induced-cell death through a p53-dependent transcriptional pathway.40 Based on the 
present knowledge about the association of lamins with oxidative stress-induced cell death, 
in the current study it was predicted that lamins are the target in oxidative stress-induced 
ASC apoptosis. JH4 was first discovered as the chemical that blocks the interaction between 
progerin and lamins A/C, and was used for the treatment of human progeria syndromes such 
as Hutchinson-Gilford progeria syndrome.33 This report shows that JH4 can selectively bind 
to progerin, a truncated version of the lamin A protein, and alleviate different senescence 
features of Hutchinson-Gilford progeria syndrome cells with minimal and nonspecific side 
effects, indicating that JH4 has potential for use as a drug for lamin-related diseases. Our study 
could not clearly elucidate the involvement of lamins in the protective effects of JH4 against 
oxidative stress-induced apoptosis in ASCs. Further studies should be carried out to identify 
the mechanisms responsible for the anti-apoptotic effects of JH4.

Cell therapy has been shown to be the potentially useful for controlling pain and minor 
ulceration in patients with significant CLI.18 Although bone marrow-derived MSCs have 
been considered a major source of stem cells in regenerative medicine, recent studies have 
shown that subcutaneous ASCs have a clear advantage over other sources, as they are easily 
accessible in large quantities with a minimal invasive procedure such as liposuction.9,10 
In the process of ischemic tissue regeneration, increasing evidence confirmed that ASC 
transplantation can contribute to new vessel formation via either an integration into the 
vascular network or a paracrine mechanism. ASCs directly contribute to the formation of 
new blood vessels by differentiating into vascular endothelial cells and vascular smooth 
muscle cells.41,42 In our study, engrafted ASCs were capable of differentiating into α–SMA-
positive smooth muscle cells and were found to be incorporated within the vascular network 
in ischemic limbs. Moreover, JH4 treatment potentiated the incorporation of transplanted 
ASCs into α–SMA-positive vessels via improvement of cell survival, leading to the stimulation 
of neovascularization in ischemic limbs. However, we could not observe any trans-
differentiation of ASCs into CD31-positive vascular endothelial cells in the ischemic limbs. 
ASCs are also known to secrete various angiogenesis-related growth factors and cytokines 
such as platelet-derived growth factor, vascular endothelial growth factor, HGF, interleukin 
(IL)-6, and IL-8.15,17 As JH4 treatment did not affect the paracrine function of ASCs (data not 
shown), it is likely that stimulation of blood reperfusion and neovascularization by JH4 are 
largely attributed to the improvement of ASC survival.

In this study, we showed that JH4, which blocks the interaction between progerin and lamin 
A, protected ASCs against oxidative stress by inhibiting apoptosis. Co-administration of 
ASCs with JH4 improved ASC survival upon transplantation in a mouse hind limb ischemia 
model and stimulated ACS-mediated neovascularization, which resulted in increased blood 
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perfusion and limb salvage. These results suggest that JH4 treatment can increase the 
therapeutic efficacy of ASC by enhancing survival of transplanted cells.
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