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Abstract
Purpose This study was performed to evaluate the effect of
111In-labeling on the cell growth, cycle and viability of bone
marrow mesenchymal stem cells (BMSCs).
Methods Rat BMSCs were labeled with various doses of
111In (0.4–11.1 Bq/cell). The growth curve of 111In-BMSCs
was obtained up to 14th day of labeling. The cell cycle was
evaluated by 5-bromo-2-deoxyuridine (BrdU) labeling or
propidium iodide (PI) staining. Senescent cells were
counted under a light microscope after staining with 5-
bromo-4-chloro-3-indolyl-D-galactopyranoside. Flow
cytometry was performed to measure apoptotic and necrotic
fractions after staining with annexin V-FITC and PI.

Results The growth of BMSCs labeled with higher doses of
111In (4.4 or 11.1 Bq/cell) was significantly inhibited from
the 3rd day of labeling. Flow cytometry revealed less BrdU-
positive BMSCs at 11.1 Bq 111In/cell during all measure-
ment days and G1 arrest at 4.4 and 11.1 Bq 111In/cell.
Significant increases in apoptosis and necrosis were also
observed at 4.4 (3.04%/1.35%) and 11.1 Bq 111In/cell
(9.07%/3.18%) on the 14th day (control01.60%/0.39%).
However, no cellular senescence was visualized up to the
14th day.
Conclusion A high dose of 111In-labeling induced cell cycle
arrest and death in BMSCs; therefore, it should be used with
a careful dosimetry in case of applying it to humans.

Keywords 111In-tropolone .Mesenchymal stem cells . Cell
cycle . Apoptosis . Necrosis

Introduction

For more than a decade, investigators have sought an effec-
tive method to use stem cells as a regenerative therapy for
various diseases. Allogeneic as well as autologous bone
marrow mesenchymal stem cells (BMSCs) have been
attempted to repair heart or brain diseases, which are sup-
ported by the fact that adult stem cells raise few ethical
issues as opposed to embryo-derived stem cells [1–3]. In
those trials, BMSCs improved left ventricular function in
addition to symptoms in patients with myocardial infarction
and induced functional recovery in patients with strokes [2,
3].

With the success of cell therapies, a lot of attention has
been paid to the monitoring of transplanted stem cells. Non-
specific imaging methods providing morphological or func-
tional information such as perfusion or metabolism are
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readily available and useful in evaluating the efficacy of cell
therapy; however, specific in vivo imaging methods are
necessarily required to understand the mechanism and the
fate of therapeutic cells [4, 5].

One of the earlier attempts for this purpose is the direct
cell labeling with radionuclide [6]. 99mTc-hexamethylpropy-
leneamine oxime (HMPAO) was used to label several types
of bone marrow-derived cells, which were transfused to
assess the migration, in vivo distribution and the efficacy
of the infusion method in ischemic heart disease [7]. 18F-
fluoro-2-deoxy-D-glucose (FDG), which is widely used in
clinic for evaluating cancers, cardiac or neurologic disease,
was also used to label bone marrow cells in order to monitor
in vivo delivery of those cells in patients with myocardial
infarction [8]. However, it is generally accepted that 111In is
the most suitable radionuclide for tracking cells due to its
relatively longer half-life (2.81 days), although positron
emitters such as 18F (110 min) or 64Cu (12.7 h) generate
higher quality images and 99mTc (6 h) is cheap and easy to
handle. A few researchers have already demonstrated the
feasibility of monitoring various therapeutic cells with 111In,
where sequential images could be obtained over 2 weeks
without killing the animals, by injecting 111In-labeled mes-
enchymal stem cells, and whole-body images could be
acquired in patients receiving CD133+ cell therapy by la-
beling a fraction cells with 111In [9, 10]. We, recently, also
have carried out the study on the migration of rat BMSCs to
the traumatically injured brain using 111In-labeling, in which
homing of intravenously injected BMSCs to the boundary
of the traumatic region was displayed by gamma camera and
confocal microscope [11]. However, in the course of that
study, we unexpectedly observed that the proliferation of
BMSCs was significantly inhibited and the morphology of
cells was changed by labeling with a high dose of 111In-
tropolone.

In the current study, we therefore investigated further to
elucidate the inhibitory effect of 111In-labeling on the
growth, cell cycle and the viability of BMSCs.

Materials and Methods

Isolation and Culture of Rat Bone Marrow Mesenchymal
Stem Cells

Isolation and culture of rat BMSCs was performed as de-
scribed previously [11]. Briefly, femurs were removed from
adult male Sprague-Dawley rats (Orient Co, Sungnam,
Korea) weighing 300 g (8 weeks old) and end-removed
bones were centrifuged at 1,800 rpm for 20 min. After
centrifugation, cells were rinsed with phosphate buffered
saline (PBS; Gibco, USA) and resuspended in low-glucose
Dulbecco’s modified Eagle’s medium (DMEM, low

glucose; Gibco, USA) containing 10% fetal bovine serum
(FBS; Gibco, USA) and 1% penicillin/streptomycin (Gibco,
USA). After incubation at 37°C in 5% CO2 for 10 days,
cells were detached by 0.25% trypsin/0.1% EDTA (Sigma,
USA), and replated on a 100-mm culture dish in fresh
medium. Cells at passage 2 were frozen down and stored
in the liquid nitrogen tank until enough cells were collected.
We confirmed that isolated cells had the characteristics of
BMSCs using anti-CD34, CD105 and Stro-1 antibodies. Rat
BMSCs at passage 4 were used in the study.

Labeling of Rat Bone Mesenchymal Stem Cells
with 111In-Tropolone

One to two milligrams of tropolone (Sigma, St. Louis, USA)
was dissolved in 1 ml normal saline, and then 80 μl tropo-
lone solution was mixed with 37-111 MBq (1-3 mCi) of
111InCl3 (physical half-life02.83 days, γ-energy0245 and
173 keV, PerkinElmer, Waltham, USA) in 0.05 N HCl. The
reaction mixture was incubated for 15 min at room temper-
ature (pH07.2). Before labeling, the BMSCs were washed
with PBS, centrifuged at 1,000 rpm for 3 min, and resus-
pended in 1 ml PBS. Various doses of 111In-tropolone (0.4,
1.1, 4.4, and 11.1 Bq/cell) were then added to the BMSC
suspensions and incubated at room temperature for 20 min.
After incubation, BMSCs were centrifuged at 1,000 rpm for
3 min, and supernatants were removed. BMSC pellets were
further suspended with PBS or other solutions according to
the procedure.

Proliferation and Light Microscopic Examination
of 111In-BMSCs

After labeling with four different doses (0.4, 1.1, 4.4 and
11.1 Bq/cell) of 111In-tropolone, 3.0 × 104 BMSCs were
seeded in 60-mm culture dishes and grown at 37°C in a
5% CO2. To obtain growth curves, cells were detached and
counted at the 3rd, 6th, 10th and 14th day. For comparison,
control BMSCs, which were incubated in PBS without
111In-tropolone, were also grown and counted. On each
measurement day, cells were visually examined under a
light microscope for morphological changes. The experi-
ment was performed in triplicate for accuracy.

Cell Cycle Analysis

For cell cycle analysis, 111In-BMSCs were labeled with 5-
bromo-2-deoxyuridine (BrdU; Sigma) and were stained
with propidium iodide (PI) (50 μg/ml; BD Pharmingen,
USA) at the 3rd, 6th, 10th, and 14th day. For BrdU labeling,
111In-BMSCs were labeled with BrdU and analyzed using
flow cytometer (BD Bioscience, San Jose, USA). A stock
solution of 2.5 μl, 10 μM BrdU (in DMSO) was added to
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the 111In-BMSCs (0.4, 1.1, 4.4 and 11.1 Bq/cell) in 10 ml
sterile culture medium, and then, it was incubate at 37°C in a
5% CO2 atmosphere for 1 h. Following incubation, cells were
washed twice with PBS and re-suspended in ice-cold PBS
containing 10% FBS and 1% sodium azide (5×106 cells/ml).
Cell suspensions (5×105 cells/100 μl) and primary antibody
(10 μg/ml, abcam, USA) were mixed and incubated in a tube
for overnight at 4°C. Cells were washed three times and
incubated with 0.5 ml secondary antibody (2 mg/ml, Alexa
Fluor 488 goat, anti-rat IgG; Invitrogen, USA) in 3% BSA/
PBS for 30 min at 4°C. And then, those cells were washed
three times and resuspended in ice-cold PBS with 3% BSA
and 1% sodium azide for flow cytometry analysis. For PI
staining, BMSCs labeled with four different doses of 111In-
tropolone (0.4, 1.1, 4.4 and 11.1 Bq/cell) were divided into
three dishes (4.0×105 cells), and cells were detached on the
6th day. As a control, unlabeled BMSCs (4.0×105 cells) were
used. Cells were trypsinized, rinsed twice in 5 ml 0.1% BSA/
PBS, fixed with 3 ml cold 70% ethanol, and samples stored in
a -20°C freezer until analysis. On the day of analysis, samples
were transferred to FACS tubes and resuspended twice with
PBS. After removing supernatant, 200 μl of RNase A stock
solution (500 μg/ml in PBS; Qiagen, USA) was added to each
tube and incubated at 37°C for 30 min. Then, 200 μl PI was
added to each tube, incubated on ice for 30min in the dark and
analyzed by FACS with Flowjo software (ver. 7.2.4). The
experiment was performed in triplicate.

Cell Senescence Assay

Cell senescence assaywas also performedwith a commercially
available kit (Innoprot, Spain) according to the manufacturer’s
guidelines. In brief, fixing solution stocks were prepared by
diluting a stock solution in PBS (1:100). A total of 100 ml
staining solution was made by mixing an 5-bromo-4-chloro-3-
indolyl-β-galactopyranoside (X-gal) solution with staining
solutions and PBS (50 μl X-gal solution, 10 μl staining solu-
tion A, 10 μl staining solution B, 2 μl staining solution C,
200 μl staining solution D and 728 μl PBS). Non-labeled
BMSCs (control) and 111In-labeled BMSCs (1.1, 4.4 and
11.1 Bq/cell) were plated on 12-well plates and incubated at
37°C, 5% CO2 for 3, 6, 10 and 14 days. At each time-point,
culture medium including unlabeled 111In-tropolone was re-
moved and cells were fixed by incubating 1 ml fixing solution
for 5 min at room temperature. Fixing solution was removed
by rinsing the cells with PBS, and then, those cells were
incubated with 1 ml staining solution cells at 37°C for 12-
24 h, protected from light. Stained cells were rinsed twice with
PBS to remove staining solution and examined under a light
microscope. Blue-stained cells were determined as senescent
cells. The positive control, incubated in a senescent environ-
ment, the fasting state, for 7 days was stained with SA-β-
galactosidase solution.

Apoptosis and Necrosis Assay

Apoptosis and necrosis assays for 111In-labeled BMSCs
were performed with a commercially available kit (BD
Pharmingen, USA) and a flow cytometer according to the
manufacturer’s guideline. BMSCs labeled with four differ-
ent doses of 111In-tropolone (0.4, 1.1, 4.4 and 11.1 Bq/cell)
were divided into three dishes (4.0×105 cells) respectively,
and grown from the 3rd to 14th day. At each time-point,
111In-labeled BMSCs and control cells were detached with
trypsin, and then the cells were washed twice with cold
PBS, and resuspended in binding buffer. For each tube,
5 μl annexin V-fluorescein isothiocyanate (FITC) and 5 μl
PI were added and the mixture was incubated for 15 min at
room temperature in the dark. Within 1 h of incubation, the
cells were analyzed by flow cytometer. The experiment was
performed in triplicate for accuracy.

Statistical Analysis

Comparison of growth curve, apoptosis/necrosis fraction and
G1 cell fraction among subgroups was done using analysis of
variance (ANOVA), followed by Student-Newman-Keuls test
for pairwise comparison. A p vlaue less than 0.05 was con-
sidered to be significant.

Results

Proliferation of 111In-labeled BMSCs

The growth curve and the light microscopic images of 111In-
BMSCs are shown in Fig. 1a, b, respectively. 111In-labeling
inhibited the proliferation of BMSCs significantly from the
3rd to 14th day in a dose-dependent manner (p<0.001 on
the 3rd, 6th and 14th day, and p00.002 on the 10th day by
ANOVA, Fig. 1a). BMSCs labeled with the highest dose
(11.1 Bq/cell) of 111In did not proliferate throughout the
measurement days. Moreover, those labeled with 4.4 Bq of
111In/cell proliferated slowly and the number of cells was
significantly decreased on the 10th and 14th day compared
with the controls, which suggested that they could not
recover from the effect of 111In-labeling. On the other hand,
the number of BMSCs labeled with 0.4 or 1.1 Bq 111In /cell
was not significantly different from that of controls except a
slight reduction on the 3rd day. Based on the light micro-
scopic images, BMSCs labeled with the lowest concentration
of 111In (0.4 Bq/cell) reached confluency on the 14th day,
whereas those with the highest dose (11.1 Bq/cell) of 111In
did not proliferate (Fig. 1b). Furthermore, those labeled with
11.1 Bq 111In/cell showed morphological changes such a
swelling or an increase size.
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Cell Cycle of 111In-labeled BMSCs

BrdU staining revealed a similar pattern of cell cycle graph in
BMSCs labeled with 0.4 Bq/cell of 111In and control (Fig. 2a).
However, those with 1.1, 4.4 and 11.1 Bq/cell of 111In showed
decreased BrdU(+) fractions on the 3rd day compared with the
control. Among these, BMSCs labeled with 4.4 or 11.1 Bq of
111In/cell showed a consistent decrease in BrdU(+) from the
3rd to 14th day, while the pattern of those labeled with 1.1 Bq
111In/cell recovered on the 6th day.

Cell cycle analysis by PI staining revealed G1 arrest in
BMSCs labeled with 4.4 or 11.1 Bq of 111In/cell (Fig. 2b).
On the 6th day of labeling, G1 fractions of BMSCs labeled
with 4.4 and 11.1 Bq of 111In were significantly higher than
that of control (48.6% and 53.1% vs 40.0%, all p<0.05).

Cellular Senescence of 111In-labeled BMSCs

Under the light microscope, blue-stained, senescent cells
were rarely observed at all concentrations (1.1, 4.4 and
11.1 Bq 111In/cell) from the 3rd to 14th day. There were
no more than three blue-stained cells in one high power field
(×200) of each slide (Fig. 3).

Apoptosis and Necrosis of 111In-labeled BMSCs

Annexin V-FITC/PI staining results of 111In-BMSCs are shown
in Fig. 4. Apoptotic and necrotic fractions were rarely seen
from the 3rd to 10th day after radiolabeling. However, there
was a significant difference in both apoptosis and necrosis
among subgroups on the 14th day (Fig. 4) and pairwise

Fig. 1 a The growth curve of
BMSCs obtained from day 0 to
14 after labeling with different
doses of 111In (0.4, 1.1, 4.4 and
11.1 Bq/cell). This experiment
was performed in triplicate with
error bars showing standard
error; p values by ANOVA are
marked on each day. b Light
microscopic images of control
and BMSCs labeled with the
lowest (0.4 Bq/cell) and the
highest doses (11.1 Bq/cell) of
111In (magnification0×200).
Concentrations of 111In were
presented as Bq/cell. Bq
Becquerel; *p<0.05 compared
with the control
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comparison revealed a significant increase in apoptosis/necro-
sis by 4.4 (3.04%/1.35%) or 11.1 Bq 111In/cell (9.07%/3.18%)
compared with the controls (1.60%/0.39%). Even though there
was a significant difference in apoptosis and necrosis among
subgroups on the 10th day, no significant increase was ob-
served in either apoptosis or necrosis by pairwise comparison.

Discussion

In the present study, we evaluated the effect of 111In-labeling
on BMSCs by means of the growth curve, cell cycle and cell
death analysis including apoptosis, necrosis and senescence.
As a result, 111In-labeling, at high concentrations, inhibited
the proliferation of BMSCs and induced G1 cell cycle arrest.

Moreover, 111In-labeling resulted in both apoptotic and ne-
crotic cell death. To our knowledge, this is the first report
indicating that cell cycle arrest and cell death were induced
in BMSCs by 111In-labeling at slightly higher doses than
that used in the clinical cell imaging.

The detrimental effect of 111In-labeling on stem cells has
already been reported a few times. 111In-tropolone of more
than 0.14 Bq/cell, which is almost the same as our lowest
dose in consideration of its labeling efficiency (0.4 Bq/cell,
labeling efficiency035.9%), decreased the viability of
BMSCs in a dose-dependent manner [12]. In addition, hu-
man mesenchymal stem cells (hMSCs) labeled with 800 Bq
111In/cell did not proliferate as they were adherent, while the
doubling time was not influenced within the range 15-
260 Bq 111In/cell [13]. According to our results, at 11.1 Bq

Fig. 2 a BMSCs labeled with
four different doses of 111In
(0.4, 1.1, 4.4 and 11.1 Bq/cell)
were grown for 3, 6, 10 and
14 days, and then were
incubated with
BrdU-containing media for 1 h.
Separation between BrdU(+)
and BrdU(-) was done with a
BrdU(-) control (not shown).
Percentage of BrdU(+) was
calculated by the number of
BrdU(+) cells divided by total
cell count (10,000 cells).
b BMSCs labeled with the same
doses of 111In were grown for
6 days, and then the cell cycle
was analyzed by flow
cytometer after PI staining; p
value by ANOVA is marked
above the bars. Concentrations
of 111In were presented as
Bq/cell; *p<0.05 compared
with the control
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111In/cell there was no significant change in the number of
BMSCs throughout the measurement days. This growth
inhibition is thought to be caused by cell cycle arrest. When
we evaluated the cell cycle, the BrdU(+) fraction was no
more than 4% from the 3rd to 10th day, while the G1
fraction was significantly increased on the 6th day (13.1%

higher than control). Furthermore, on the 14th day, there
was a significant increase in apoptosis and necrosis, mean-
ing that cell death proceeded in some of those arrested cells
after a few days of arrest. On the other hand, at 4.4 Bq
111In/cell, the number of cells gradually increased over
time, even though it was significantly smaller than that

Fig. 4 BMSCs labeled with
four different doses of 111In
(0.4, 1.1, 4.4 and 11.1 Bq/cell)
were grown for 3, 6, 10 and
14 days, and then were stained
with annexin V-FITC and
propidium iodide for apoptosis
(a) and necrosis (b) assay; p
values by ANOVA are marked
on each day. Percentage
indicates the number of
apoptotic or necrotic cells
divided by total cells; * p<0.05
compared with the control

Fig. 3 BMSCs labeled with
three different doses of 111In
(1.1, 4.4 and 11.1 Bq/cell) were
grown for 3, 6, 10 and 14 days,
and then were stained with
SA-β-galactosidase solution for
24 h for the light microscope
examination. Blue-stained cells
indicate senescent cells. The
positive control was grown in a
senescent environment (fasting
state for 7 days)
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of control on the 3rd, 10th and 14th day. In line with the
proliferation, the BrdU(+) fraction was initially very low,
from 4.0 to 6.4%, owing to G1 arrest, nevertheless it
increased up to 64.3% on the 14th day. Additionally,
apoptosis and necrosis on the 14th day were only slightly
higher than that of the controls. From these results, it is
presumed that at this dose of 111In, a considerable num-
ber of arrested cells re-enter the cycle and proliferate
when this occurs. Meanwhile, 1.1 Bq 111In/cell showed
only a transient growth inhibition and a decrease in
BrdU(+) fraction on the 3rd day without leading to a
significant cell cycle arrest or cell death. BMSCs labeled
with the lowest dose of 111In (0.4 Bq/cell) did not show
any unfavorable change in terms of the proliferation, cell
cycle and viability.

Ionizing radiation is known to induce cell cycle arrest and
to promote apoptotic cell death in BMSCs. Both G1/S and
G2/M arrest were induced by 9-Gy X-ray irradiation, and
additionally a 5.2% increase in apoptotic cell death was also
observed [14]. On the other hand, γ-ray irradiation (12 Gy,
137Cs) caused G2 arrest (24% increase) with apoptosis (6%
increase) and senescence [15]. Unlike those studies, not
only apoptosis but also necrosis occurred with 111In at 4.4
or 11.1 Bq/cell, indicating a different level of DNA damage.
Furthermore, only G1 arrest was shown and no senescent
cells could be seen in this study.

It is very important to consider carefully whether
111In-labeling enhances the proliferation of BMSCs or
not in that tumors may develop from BMSCs. It has
been reported that tumor having the features of Ewing’s
sarcoma was generated from the bone-marrow derived
mesenchymal progenitor cells [16]. However, in this
study, the proliferation of BMSCs was not augmented
by 111In-labeling with the concentrations from 0.4 to
11.1 Bq/cell, which indicates that 111In within this range
can be used in clinic without worrying about
tumorigenesis.

We determined the minimum labeling dose (0.4 Bq/cell)
in view of the number of therapeutic BMSCs in stroke
patients (108 cells) as well as the maximum administered
activity for adults (40 MBq) in the clinical leukocyte imag-
ing for infection/inflammation [3, 17]. According to our
results, we could use the dose between 0.4 and 1.1 Bq/cell
because 0.4 Bq 111In/cell showed no adverse effect on
BMSCs, while 1.1 Bq 111In/cell resulted in a transient
growth inhibition on the 3rd day without cell death. In
consideration of the average labeling efficiency of 111In-
BMSCs (35.9%), approximately 1–3×108 cells are required
for tracking, which is comparable with the number of
hMSCs (1.3–2.0×108) applied to track therapeutic cells in
patients with liver cirrhosis in a recent report [18]. Half of
the hMSCs were labeled by 111In-oxine and monitored up to
10 days after infusion without adverse effects within

1 month. Therefore, we could apply 111In-labeling to cell
tracking in humans on condition that we adjust the dose
carefully.

The limitation of the current study is that we could
not estimate the in vivo status of radiolabeled stem cells
from in vitro results, because BMSCs may behave dif-
ferently between in vivo and in vitro. Interestingly, it
has been suggested recently that BMSCs could be more
protective from the radiation in vivo [19]. Although
those results are favorable for the clinical use of 111In-
labeling for cell tracking, in vivo the effect of 111In-
labeling on BMSCs has to be evaluated further in a
follow-up study.

Another limitation of the current study is that we did
not compare surface markers before and after 111In-label-
ing for the characterization of BMSCs nor did we eval-
uate the differentiation capacity after radiolabeling. We
have analyzed surface markers to confirm the isolation of
BMSCs before radiolabeling only. In relation to changes
in the characteristics of BMSCs after 111In-labeling, a
recent study demonstrated that hMSCs labeled with
30 Bq 111In-tropolone/cell (labeling efficiency025%)
and unlabeled control showed identical gene expression
after stimulation by vascular endothelial growth factor
(VEGF)-A165 and similar surface marker expression
(CD73 and CD90). Furthermore, 111In-labeled hMSCs
behaved like endothelial cells after VEGF-A165 stimula-
tion [13]. Another recent study supported the fact that
111In-labeling did not affect on the differentiation capac-
ity and characteristics (CD73, CD90 and CD105) of
hMSCs [20]. On the other hand, the metabolic activity
and migration capacity of hMSCs were impaired by
111In-labeling [20]. Reduced migration capacity by
111In-labeling was also observed in hematopoietic pro-
genitor cells [21]. Taking these reports into consider-
ation, characterization including metabolic activity and
migration capacity after radiolabeling is required prior
to use in vivo.

In conclusion, a high dose of 111In-labeling could
retard cellular proliferation by G1 arrest and might
result in apoptotic or necrotic cell death in vitro. There-
fore, further in vivo evaluation and a careful dosimetry
with characterization of BMSCs are necessary before
applying 111In-labeling to patients for the monitoring
of therapeutic BMSCs.
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