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This study aims to monitor how the change of cell survival of transplanted adipose-derived stem cells
(ADSCs) responds to myocardial infarction (MI) via the hexadecyl-4-124I-iodobenzoate (124I-HIB)
mediated direct labeling method in vivo. Stem cells have shown the potential to improve cardiac function
after MI. However, monitoring of the fate of transplanted stem cells at target sites is still unclear. Rat
ADSCs were labeled with 124I-HIB, and radiolabeled ADSCs were transplanted into the myocardium of
normal and MI model. In the group of 124I-HIB-labeled ADSC transplantation, in vivo imaging was
performed using small-animal positron emission tomography (PET)/computed tomography (CT) for
9 days. Twenty-one days post-transplantation, histopathological analysis and apoptosis assay were
performed. ADSC viability and differentiation were not affected by 124I-HIB labeling. In vivo tracking of
the 124I-HIB-labeled ADSCs was possible for 9 and 3 days in normal and MI model, respectively. Apoptosis
of transplanted cells increased in the MI model compared than that in normal model. We developed a
direct labeling agent, 124I-HIB, and first tried to longitudinally monitor transplanted stem cell to MI. This
approach may provide new insights on the roles of stem cell monitoring in living bodies for stem cell
therapy from pre-clinical studies to clinical trials.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Myocardial infarction (MI) occurs when blood supply reduced
to a part of heart tissue, and is the leading cause of mortality
and morbidity in developed country [1–3]. MI induced loss and
necrosis of resident cardiomyocytes, and the injured myocardium
replaced with scar tissue by fibrosis to maintain structural rigidity.
Stem cell therapy shows promise in patients with heart disease,
including in those with acute MI and chronic ischemia. Various
types of stem cells can be isolated from different tissues such as
bone marrow, skin, amniotic fluid, and adipose tissue [4–8]. In
particular, adipose-derived stem cells (ADSCs) have been a focus
of study due to their general abundance, easy cell isolation, and
ability to proliferate and differentiate [9–11]. Injected ADSCs can
be engraft and differentiate into cardiomyocytes and endothelial
cells in MI model [9], and ADSCs therapy for MI repair has shown
improvement on cardiac function through elevation of angiogene-
sis via paracrine factor [12], and cardiac remodeling attenuation
[13]. To date, numerous studies including preclinical study and
clinical trials have demonstrated that transplantation of circulating
progenitor cells (CPCs) or mesenchymal stem cells can recover
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regional perfusion and improve cardiac function in the myocardial
infarction [14–16]. However, the monitoring of the fate of trans-
planted stem cells at target sites is poorly understood. Although,
histological evaluation can provide the information about effect
on stem cell therapy, but they cannot monitor longitudinal change
for transplanted stem cells. Thus, serial monitoring the fate of
transplanted stem cells for cardiac repair is an important part of
regenerative medicine.

Positron emission tomography (PET) provides high sensitivity,
good spatial resolution, and cell tracking imaging for transplanted
stem cells [17]. Therefore, PET can be applied for a noninvasive
imaging technique to monitor for longitudinal stem cell tracking.

In this study, we first tried to monitor the fate of the trans-
planted stem cells with PET using 124I-HIB for 9 days in normal
and MI model.
2. Materials and methods

2.1. Cell isolation and characterization

ADSCs were isolated from male Sprague–Dawley (SD) rats
(250 ± 10 g, Narabio, Seoul, Korea) euthanized via carbon dioxide
(CO2) inhalation. Visceral fat encasing the stomach and intestine
was dissected and minced to 1–3 mm. The isolated tissue was dis-
sociated for 15 min at 37 �C using 0.1% (w/v) collagenase type I
(Worthington Biochemical Corp., Lakewood, NJ). The solution was
passed through 70 lm nylon mesh, neutralized using Dulbecco’s
Modified Eagle’s Medium (DMEM) (WELGENE Inc., Daegu, Korea)
with 10% (v/v) fetal bovine serum (FBS) (JRScientific, Inc., Wood-
land, CA), and centrifuged at 250�g for 5 min. The cell pellet was
re-suspended in DMEM (WELGENE Inc.) containing 10% (v/v) FBS
(JRScientific, Inc.) and 1% (v/v) penicillin/streptomycin solution.
Cultures were maintained in a 37 �C incubator with 5% CO2, and
the medium was changed every 3 days.

Expression of stem cell-specific surface markers using fluores-
cein isothiocyanate (FITC)-conjugated CD44 (LSBio, Seattle, WA),
phycoerythrin (PE)-conjugated CD90, PE-conjugated CD31, and
FITC-conjugated CD45 antibodies (eBioscience, Inc., San Diego,
CA) was evaluated with a FACSCalibur flow cytometer (BD Biosci-
ence, San Jose, CA). Isotype control antibodies were used as a neg-
ative control.
2.2. Radiochemical synthesis and in vitro study

The radioactive cell labeling agent using in this study,
hexadecyl-4-tributylstannylbenzoate, is covered by the patent
(publication number: WO 2010074532 A2). 124I-NaI was produced
at the Korea Institute of Radiological & Medical Sciences (KIRAMS)
via 50 MeV cyclotron irradiation. 124I-NaI (20–92 MBq)-added
50 lL 1 N HCl was added to a mixture of hexadecyl-4-
tributylstannylbenzoate (50 lg) in 50 lL of ethyl acetate and
50 lL of 3% H2O2, respectively. The mixture reacted for 10 min at
room temperature (RT), and then the reaction was terminated by
adding 100 lL of saturated NaHSO3. The radioactive 124I-HIB was
purified through high performance liquid chromatography (HPLC)
(Luna C8 column, 5 lm, 4.6 � 50 mm, mobile phase 95%
acetonitrile/H2O, flow rate of 1 mL/min). The collected pure 124I-
HIB was completely dried under a vacuum and dissolved in 20%
dimethyl sulfoxide (DMSO)/phosphate buffered saline (PBS) solu-
tion for subsequent cell labeling studies. The radiolabeling yield
and purity were determined with radio-thin layer chromatography
(TLC) using a mobile phase of hexane: EtOAC (20:1 v/v) on a silica
plate.

A solution of 124I-HIB (6.3–22.2 MBq, 200 lL) in 20% DMSO/PBS
or 2-18F-fluoro-2-deoxy-D-glucose (18F-FDG) (37–74 MBq, 200 lL)
was added to a suspension of 5 � 106 rat ADSCs in 1 mL PBS, and
the mixture was incubated at 37 �C for 1 h. After centrifugation
(250�g, 5 min), the supernatant was removed, and the cells were
washed twice with PBS. The radioactive content of the isolated
pellet and supernatant was measured to calculate radiolabeling
efficiency using a radioisotope calibrator (CRC�-127R; Capintec,
Inc., Ramsey, NJ). This procedure was repeated three times to
ensure accurate and efficient cell labeling.

Cell viability of 124I-HIB-labeled ADSCs (n = 3) was determined
via the trypan blue dye exclusion test. Leakage ratio of 124I-HIB-
labeled ADSCs (9.3–18.5 MBq) (n = 3) in culture medium was
investigated by checking radioactivity in the supernatant and cell
pellets at various times for 24 h in vitro. Also, the release of
124I-HIB (n = 3) from cell death by distilled water (D.W.) treatment
was calculated from the radioactivity ratio of the supernatant and
cells.

2.3. Differentiation of 124I-HIB-labeled ADSCs

124I-HIB-labeled ADSCs (3.7–4.0 MBq) were differentiated into
osteogenic, chondrogenic, and adipogenic lineages using a
STEMPRO� Osteogenesis, Chondrogenesis, and Adipogenesis
Differentiation Kit (Gibco, Carlsbad, CA). Each differentiation
procedure was performed according to the manufacturer’s
instructions.

After differentiation, the each cell was fixed with 4% parafor-
maldehyde for 30 min for the staining procedure. Alizarin Red S,
Alcian Blue, and Oil Red O staining were used to investigate osteo-
genic, chondrogenic, and adipogenic differentiation, respectively.
Cardiomyogenic differentiation was processed as described by
Carvalho et al. [18].

2.4. Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis

Total RNA from cardiomyogenic induced radiolabeled ADSCs
and rat heart were extracted using TRI Reagent (Molecular
Research Center, Inc., Cincinnati, OH). Five microgram of total
RNA were reverse-transcribed using SuperScript III Reverse
Transcriptase (Invitrogen, Grand Island, NY) and random hexamers
to generate cDNA. GATA binding protein 4 (GATA-4), NK2 tran-
scription factor related locus 5 (Nkx2-5), ventricular myosin light
chain type 2 (MLC-2v), alpha-myosin heavy chain (a-MHC) and
b-actin expression were analyzed. Primers for RT-PCR were shown
in Supplementary Table 1. After a denaturation phase of 5 min at
94 �C, amplification was performed at an annealing temperature
of 56–65 �C for 30 s for 30–35 cycles, then elongation performed
at 72 �C for 5 min.

2.5. MI induction and cell transplantation

Female SD rats (250 ± 10 g, Narabio) were used, and the animals
were anesthetized with 2% isoflurane (Foran, Choongwae Pharma
Co., Seoul, Korea), intubated and maintained on a ventilator. The
animals underwent left thoracotomy, and a MI was induced by
permanent ligation of the left anterior descending coronary artery.
Cell transplantation performed by single intramuscularly injection
at the myocardium. 124I-HIB-or 18F-FDG-labeled ADSCs were
suspended in PBS (5 � 106 cells/50 lL) and kept on ice until
transplantation. The 124I-HIB-labeled (1.18–1.48 MBq, n = 3) or
18F-FDG-labeled ADSCs (1.18–1.48 MBq, n = 2) were intramuscu-
larly injected to left myocardium of the normal model. The
124I-HIB-labeled (1.18–1.48 MBq, n = 4) or 18F-FDG-labeled ADSCs
(1.18–1.48 MBq, n = 2) were transplanted into the left myocardium,
at the infarct site.
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2.6. In vivo imaging of 124I-HIB- or 18F-FDG-labeled ADSCs

The care, maintenance, and treatment of animals in these
studies followed protocols approved by the Institutional Animal
Care and Use Committee of KIRAMS.

Transplanted stem cells were monitored in vivo using a
small-animal PET/computed tomography (CT) scanner (Inveon™;
Siemens Preclinical Solutions, Malvern, PA). Animals were
anesthetized with 2% isoflurane (Foran, Choongwae Pharma Co.)
during the imaging process. The 124I-HIB- or 18F-FDG-labeled
ADSCs-transplanted animal PET imaging was performed for
30 min for 9 or 1 day after stem cell injection, respectively. CT
images were acquired at 70 kVp of X-ray voltage with a 400 lA
anode current with a 200 ms exposure time for each step. PET
emission data were acquired with three spans and 79 ring differ-
ences through a 350–650 keV energy window and 3.43 ns timing
windows. The 124I-HIB- or 18F-FDG-labeled ADSC uptake was mea-
sured during the PET imaging analysis from a region of interest
Fig. 1. In vitro characterization and differentiation potential of radiolabeled ADSCs. (A)
Cell viability of 124I-HIB-labeled ADSCs for 144 h. (D) Remaining radioactivity of 124I-HIB-
ADSCs (ratio of cell death; ⁄P < 0.05 vs. 124I-HIB-labeled ADSCs in PBS, leaking ratio of 124

�200), Alcian Blue (magnification �100), and Oil Red O (magnification �200) staining of l
mRNA expression of cardiomyogenic differentiated 124I-HIB-labeled ADSCs.
(ROI) in the target region. All data are expressed as mean ± stan-
dard deviation (SD) with decay corrected radioactivity concentra-
tion ROI value.

2.7. Histopathological and apoptosis analysis

Rats were sacrificed and myocardial tissue was obtained at
21 days after MI. Rat myocardium transplanted with 124I-HIB-
labeled ADSCs was fixed with 4% paraformaldehyde for 24–48 h.
The tissue was embedded in paraffin, and 4 lm sections were
deparaffinized and rehydrated for staining. Hematoxyin and eosin
(H&E) staining, Masson’s Trichrome (MT) (Dako, Carpinteria, CA),
and terminal transferase dUTP nick end labeling (TUNEL) staining
was performed using an ApopTag� Peroxidase In Situ Apoptosis
Detection Kit (Millipore, Billerica, MA) according to the manufac-
turer’s instructions. Stained tissues were examined with an
Olympus IX51 inverted microscope (Olympus). The apoptotic
index was determined at �200 magnification as the proportion
Chemical structure of 124I-HIB. (B) Schematic diagram of a 124I-HIB-labeled cell. (C)
labeled ADSCs for 24 h. (E) Ratio of dead cells and leaking 124I-HIB from D.W. treated
I-HIB; �P < 0.05 vs. 124I-HIB-labeled ADSCs in PBS). (F) Alizarin Red S (magnification
ineage-specific differentiated naïve, and 124I-HIB-labeled ADSCs. (G) Cardiac-specific



Fig. 2. Small-animal PET/CT imaging of transplanted 124I-HIB-labeled ADSCs in normal and MI model, and longitudinal quantification of the relative percent of injected dose
(%ID). (A and B) Small-animal PET/CT images of transplanted 124I-HIB-labeled ADSCs in normal (A) and MI model (B) for 9 days. (C and D) Longitudinal quantification of the
relative %ID of transplanted 124I-HIB-labeled ADSCs in normal (C, ⁄P < 0.05 vs. day 1) and MI model (D, ⁄P < 0.05, ⁄⁄P < 0.001 vs. 2 h) for 9 days. (E and F) H&E staining of heart
tissues from normal (E) and MI model (F). Dotted line indicated the presumptive site of ADSC injection (magnification �100). Arrows indicate the inject site of 124I-HIB-
labeled ADSCs. A = anterior, P = posterior, RV = right ventricle, LV = left ventricle.
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of TUNEL-positive cells relative to the minimal total of 1000 cells in
10 fields. Data are expressed as mean ± SD.

2.8. Statistical analysis

All the data were analyzed using statistical software (SPSS� for
windows version 19.0, SPSS Inc., Chicago, IL). One-sample t-test
was performed to compare mean differences within group, and dif-
ferences among groups were assessed using one-way analysis of
variance. All statistical analyses were considered as significant if
P < 0.05.

3. Results

3.1. Radiochemical synthesis of 124I-HIB and characterization of 124I-
HIB-labeled ADSCs

124I-HIB was prepared with a radiolabeling yield of 97.59 ±
0.43%. Radiochemical purity of 124I-HIB was 92.36 ± 0.28%. The
chemical structure of 124I-HIB and cell labeling diagram are shown
in Fig. 1. Cell labeling efficiency of 124I-HIB was 51.26 ± 1.20%
(n = 3), which was 1.8-fold higher than that of 18F-FDG (28.50 ±
10.8%) (n = 3, P < 0.05). After 144 h of 124I-HIB-labeling, cell viabil-
ity was 98.21 ± 2.07% (n = 3) (Fig. 1C). The remaining 124I-HIB
radioactivity of ADSCs was 96.54 ± 0.59% at 24 h (n = 3) (Fig. 1D).
In the 124I-HIB-labeled ADSCs in PBS, ratio of dead cells was
1.45 ± 0.92% and leaking ratio of 124I-HIB from ADSCs was
2.52 ± 1.02%. Following distilled water (D.W.) treatment, the ratio
of dead cells increased by 53.74 ± 8.97% (P < 0.05), and the leaking
ratio of 124I-HIB from ADSCs increased by 21.05 ± 0.45%, compared
to 124I-HIB-labeled ADSCs in PBS (Fig. 1E).

3.2. The phenotype of ADSCs

The adherent cells began to proliferate rapidly and grew into
spindle shaped cells (Supplementary Fig. 1A). Also, the ADSCs
highly expressed stem cell related markers such as CD44
(47.95%) and CD90 (94.04%) but were nearly negative for expres-
sion of endothelial and hematopoietic markers such as CD31
(0.32%) and CD45 (0.30%) (Supplementary Fig. 1B).

3.3. Differentiation of 124I-HIB-labeled ADSCs

The appearance of ADSCs changed from an elongated fibroblas-
tic shape to a round, polygonal configuration in the osteogenic
medium. Larger mineralized nodules were formed and stained
intensely red with Alizarin Red S 21 days after osteogenic
induction. The ADSCs formed cellular spheres and proteoglycan
deposits when stained with Alcian Blue 14 days after chondrogenic
induction via micro-mass culture. The number of cells filled with
lipid droplets increased, and these lipid droplets were stained
intensely red with Oil Red O on day 14 of adipogenic induction
(Fig. 1F). Fig. 1G showed that cardiomyogenic differentiated
124I-HIB-labeled ADSCs expressed several cardiac-specific tran-
scription factors such as GATA-4 and Nkx2.5 as well as MLC-2v
and a-MHC, respectively.



Fig. 3. Small-animal PET/CT imaging of transplanted 18F-FDG-labeled ADSCs in normal and MI model, and longitudinal quantification of relative % ID. (A and B) Small-animal
PET/CT images of transplanted 18F-FDG-labeled ADSCs in normal (A) and MI model (B) for 1 day. (C and D) Longitudinal quantification of relative %ID of transplanted 18F-FDG-
labeled ADSCs in normal (C, ⁄⁄⁄P < 0.0001 vs. 2 h) and MI model (D, ⁄P < 0.05 vs. 2 h) for 1 day. Arrows indicate the inject site of 18F-FDG-labeled ADSC. A = anterior,
P = posterior, RV = right ventricle, LV = left ventricle.

Fig. 4. Collagen deposition and apoptosis of transplanted 124I-HIB-labeled ADSC in normal and MI model. (A) MT staining of myocardial tissue of PBS-injected, 124I-HIB-
labeled ADSCs transplanted, and sham-operated group. Each box represents higher magnification (�400) of images. (B) H&E and TUNEL staining (magnification �100) of
transplanted 124I-HIB-labeled ADSC in normal and MI model. Arrows indicate TUNEL positive cells. (C) Apoptotic index of transplanted 124I-HIB-labeled ADSC in normal (open
bar) and MI model (solid bar) (⁄⁄⁄P < 0.0001, normal vs. MI model).
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3.4. In vivo imaging of transplanted 124I-HIB-labeled ADSCs

In normal model, the transplanted 124I-HIB-labeled ADSCs were
monitored in the left myocardium until 9 days. In the normal
model, radioactivity of the transplanted 124I-HIB-labeled ADSCs
at 9 days after transplantation remained at 24.67 ± 1.18% of the
day 1 value (100%) (P < 0.05).

In MI model, monitoring of transplanted 124I-HIB-labeled ADSCs
was possible only until 3 days. In MI model, radioactivity of the
transplanted 124I-HIB-labeled ADSCs at 3 days after transplantation
exhibited at 13.62 ± 7.66% of the 2 h value (100%) (P < 0.05).
Twenty-one days after cell injection, dense staining of 124I-HIB-
labeling ADSCs deposits with hematoxylin was identified in the
normal and MI model, at near the presumptive sites of ADSC injec-
tion, respectively (Fig. 2).

3.5. In vivo imaging of transplanted 18F-FDG-labeled ADSCs

In the normal and MI model, the transplanted 18F-FDG-labeled
ADSCs were monitored until 2 h (Fig. 3A and B). After 1 day, radio-
activity of 18F-FDG-labeled ADSCs in the normal and MI model
declined to below 1% of their initial injected dose (Fig. 3C and D).

3.6. Collagen deposition in the MI induced myocardium and apoptosis
of transplanted 124I-HIB-labeled ADSCs

In the group of PBS-injected or 124I-HIB-labeled ADSC transplan-
tation, the infarct area changed with fibrotic tissue and was den-
sely stained with MT, but there was no MT staining-positive area
in the sham-operated group (Fig. 4A).

TUNEL positive, apoptotic cells were detected in normal and MI
model and transplanted 124I-HIB-labeled ADSCs (Fig. 4B). In the
transplanted 124I-HIB-labeled ADSC area, the apoptotic index, the
percentage of TUNEL-positive nuclei, were significantly higher in
the MI (16 ± 1.22%) than in the normal model (4.8 ± 1.30%)
(P < 0.0001) (Fig. 4C).
4. Discussion

We evaluated the 124I-HIB as a direct labeling agent for in vivo
survival monitoring of ADSCs in the normal and MI model, and
therapeutic efficacy of ADSCs in MI.

124I-HIB-labeled ADSCs, which were transplanted into normal
and MI model, can be visualized via cell-associated radioactivity
on PET/CT imaging. 124I-HIB-labeled ADSCs clearly visualized the
site of the transplanted ADSCs in the heart tissue (Fig. 2).
124I-HIB-labeled ADSCs transplanted in normal model could be
tracked for 9 days (Fig. 2), but that in MI model could be tracked
for 3 days (Fig. 2). ADSC-like immature cells were detected in the
presumptive cell injection site in normal and MI model (Fig. 2).
Myocardial infarction influences the character of transplanted
stem cells such as morbidity and mobility [19]. Penna et al. inves-
tigated the change of morphology and marker expression of mes-
enchymal stem cells (MSCs) implanted in isolated beating heart
including normal and MI. They reported that morphological change
and expression of differentiation marker GATA4 was observed in
transplanted MSC in normal heart. Yet, MSCs in the infarcted
hearts they maintain typical round shape, and form clusters of
round-shaped cells in the border-zone of the infarcted area [19].

This difference reflects the poor viability of transplanted ADSCs
in MI model due to harsh microenvironments in the infracted
lesion [20]. Indeed, the percentage of apoptotic cell population in
MI model transplanted 124I-HIB-labeled ADSCs was higher com-
pared to that in normal model at injection site (Fig. 4C). In the cur-
rent study, visualization of transplanted ADSCs by PET imaging in
MI was shorter than normal model, may reflect the harsh condition
of MI.

Although the direct labeling method using 124I-HIB cannot pro-
vide long-term imaging of viable cells as with reporter genes [21],
it can provide the relatively more lasting cell survival rate of trans-
planted stem cells through a longitudinal quantitative image
analysis than pre-established direct labeling agents with short
half-lives such as 99mTc-hexamethylpropyleneamine oxime
(99mTc-HMPAO) and 18F-compound. Promising advantage of the
current approach is the membrane inserting agent could be supe-
rior to 18F-FDG or cell penetrating agent. 18F-FDG uptake might be
dependent on cellular characteristic including glucose transporter
and hexokinase expression level. In general, 18F-FDG can be highly
uptake in cancer cell rather than non-proliferating cells including
stem cell [22]. Penetrating agent such as 99mTc-HMPAO and
111In-oxine can be trapped in cell and easily released from cell
[23,24]. Direct labeling agents for stem cell monitoring must have
a high level of cell labeling efficiency, be non-toxic to target cells,
and produce no adverse effects for stem cell differentiation. To
provide the safety of 124I-HIB as a labeling agent, we checked ADSC
viability after 124I-HIB labeling. 124I-HIB labeled ADSC was nearly
100% viable state up to 144 h, and stable in vitro for 24 h. In this
study, ADSC labeling efficiency with 124I-HIB was superior to that
of 18F-FDG at same labeling condition and also higher than that of
hexadecyl-4-18F-fluorobenzoate (18F-HFB) as anchoring to cell
membrane in which labeling yield is 25% using rat mesenchymal
stem cell previously reported [25]. To make sure of maintenance
of ADSC characteristic as progenitor cell after 124I-HIB labeling, we
checked differentiation potential of 124I-HIB-labeled ADSCs.
124I-HIB-labeled ADSC could differentiate into osteo-, chondro-,
adipo- and cardiomyogenic lineage (Fig. 1F and G). This result sug-
gests that radiolabeling of ADSCs using 124I-HIB did not compromise
stem cell differentiation potential of stem cells. Therefore, these
results strongly provide that stem cell labeling with 124I-HIB was
a safe and appropriate method to monitor transplanted stem cells
due to no adverse effect to ADSC characteristic as progenitor cell.
However, 124I-HIB has no gene product compared to that of reporter
gene imaging, so it is free from immunogenic problems. Thus,
124I-HIB is free from previously noted obstacles in clinical trials [26].

This is the first report for monitoring the behavior change of
stem cells in normal and ischemic conditions using a direct label-
ing agent, 124I-HIB-based radionuclide via PET imaging. Stem cell
labeling with 124I-HIB was a safe, simple, and appropriate method
to monitor transplanted stem cells. This method provided rela-
tively long-term monitoring after cell transplantation, and reflects
stem cell behavior in ischemic conditions due to its long half-life.
Therefore, this novel approach may provide new insights on the
roles of stem cell monitoring in living bodies for stem cell therapy
from pre-clinical studies to clinical trials.
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