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ABSTRACT
Background Little is known about the affinity and stability of
99mTc-labeled 2-methoxyisobutylisonitrile (99mTc-MIBI) and
tetrofosmin (99mTc-TF) for imaging of multiple drug resistance
transporters in cancer. We examined the affinity of 99mTc-la-
beled compounds for these transporters and their stability.
Methods 99mTc-MIBI and 99mTc-TF were incubated in ves-
icles expressing P-glycoprotein (MDR1), multidrug resistance-
associated protein (MRP)1–4, or breast cancer resistance pro-
tein with and without verapamil (MDR1 inhibitor) or MK-
571 (MRP inhibitor). Time activity curves of 99mTc-labeled
compounds were established using SK-N-SH neuroblastoma,
SK-MEL-28 melanoma, and PC-3 prostate adenocarcinoma

cell lines, and transporter expression of multiple drug resis-
tance was measured in these cells. The stability was evaluated.
Results In vesicles, 99mTc-labeled compounds had affinity for
MDR1 and MRP1. 99mTc-TF had additional affinity for
MRP2 and MRP3. In SK-N-SH cells expressing MDR1 and
MRP1, MK-571 produced the highest uptake of both 99mTc-
labeled compounds. 99mTc-MIBI uptake with inhibitors was
higher than 99mTc-TF uptake with inhibitors. 99mTc-TF was
taken up more in SK-MEL-28 cells expressing MRP1 and
MRP2 than PC-3 cells expressing MRP1 and MRP3. 99mTc-
MIBI was metabolized, whereas 99mTc-TF had high stability.
Conclusion 99mTc-MIBI is exported via MDR1 and MRP1
(MRP1>MDR1) at greater levels and more quickly compared
to 99mTc-TF, which is exported via MDR1 and MRP1–3
(MRP1>MDR1; MRP1, 2 >MRP3). Because 99mTc-MIBI
is metabolized, clinical imaging for monitoring MDR and
shorter examination times may be possible with an earlier scan-
ning time on late phase imaging. 99mTc-TF has high stability
and accurately reflects the function of MDR1 and MRP1–3.

KEY WORDS 99mTc-MIBI . 99mTc-tetrofosmin . adenosine
triphosphate-binding cassette transporters . multidrug resistance .
multidrug resistance-associated protein

INTRODUCTION

Multiple drug resistance (MDR) in cancer is often associated
with an adenosine triphosphate (ATP)-dependent decrease in
cellular drug accumulation and is attributed to the overex-
pression of certain ATP-binding cassette (ABC) transporter
proteins. ABC transporters belong to the largest transporter
gene family and generally use energy derived from ATP hy-
drolysis for translocation of different substrates across biolog-
ical membranes. ABC transporters are classified into seven
subfamilies based on phylogenetic analysis and are designated
ABCA to ABCG (1). In tumor cell lines, ABC proteins mainly
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include P-glycoprotein (MDR1) (gene symbol ABCB1), the
multidrug resistance protein 1 (MRP1, gene symbol ABCC1),
MRP2 (gene symbol ABCC2), MRP3 (gene symbol ABCC3),
MRP4 (gene symbol ABCC4), and breast cancer resistance
protein (BCRP, gene symbol ABCG2).

99mTc-labeled 2-methoxyisobutylisonitrile (99mTc-MIBI)
and 99mTc-labeled tetrofosmin (99mTc-TF) are lipophilic
monocationic radiotracers that are widely used for myocardial
perfusion imaging (2) and tumor imaging (3) in single photon
emission computed tomography (SPECT) studies. In tumor
imaging, MDR to anticancer drugs has been estimated using
both 99mTc-labeled compounds in clinical studies (4,5). ABC
transporters, which are associated withMDR, are often highly
expressed in cancer cells. 99mTc-labeled compounds are main-
ly exported viaMDR1 (6–8) andMRP1 (7).Many ABC trans-
porters, not only MDR1 and MRP1 but also MRP2–4 (9–11)
and BCRP (12), are expressed in cancer cells. However,
whether MRP2–4 and BCRP are associated with export of
99mTc-labeled compounds has not been clearly determined.

If 99mTc-labeled compounds are metabolized completely
and immediately after injection in vivo, monitoring of MDR
in cancers may be affected in clinical SPECT imaging because
metabolites of 99mTc-labeled compounds may not be taken up
in cancers and undergo efflux through MDR when clinical
imaging is performed in the early phase (10–30 min) and the
late phase (2–3 h) after injection (4,5). However, the stability of
99mTc-labeled compounds has not been sufficiently evaluated
in vivo. We examined whether 99mTc-labeled compounds were
exported via MRP2–4 and BCRP and whether these com-
pounds had affinity for these transporters including MDR1
and MRP1 in cancer cells. Furthermore, stability of the
99mTc-labeled compounds over time was investigated in a
human-derived cancer cell line, mouse liver, and human liver,
which is an important organ for metabolism.

MATERIALS AND METHODS

Materials

99mTc-MIBI (300 MBq/mL) and 99mTc-TF (592 MBq/mL)
injection kits were purchased from FUJIFILM RI Pharma Co.,
Ltd. (Chiba, Japan) and Nihon Medi-physics Co., Ltd. (Chiba,
Japan), respectively. 99mTcO4

− was eluted from a 99Mo/99mTc-
column generators (Nihon Medi-physics Co., Ltd., Chiba,
Japan). β-nicotinamide-adenine dinucleotide phosphate (β-
NADP+) and glucose-6-phosphate dehydrogenase were pur-
chased from Oriental Yeast (Osaka, Japan). Verapamil hydrate
and MK-571 sodium salt were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and Cayman Chemical (Ann Arbor, MI,
USA), respectively. Human liver S9 was purchased from
Corning Gentest (New York, NY, USA).

Vesicles

We used ABC transporter vesicles (GenoMembrane Inc.,
Kanagawa, Japan) transfected with human MDR1, MRP1–
4, and BCRP. Experimental kits were also purchased from
GenoMembrane Inc. and were used for experiments with
each ABC transporter.

Vesicle Assay

After pre-incubation of vesicles for 10 min, 37 kBq 99mTc-
labeled compound was incubated for 5 min with each
vesicle solution and ATP, which supplies energy for
ABC transporters, or adenosine monophosphate (AMP),
which does not provide energy and was used for compar-
ison to ATP, on nitrocellulose filters, and the radioactivity
was measured using a γ-ray counter (AccuFLEXγ7000,
Aloka, Tokyo, Japan) (13). Uptake of 99mTc-MIBI or
99mTc-TF in ATP solution was compared with that in
AMP solution. When uptake of 99mTc-MIBI or 99mTc-
TF in ATP solution was higher than that in AMP solu-
tion, this indicated an effect on ABC transporters for
99mTc-MIBI or 99mTc-TF. In assays with inhibitors, up-
take of 99mTc-MIBI or 99mTc-TF was examined in ATP
solution with verapamil, a MDR1 inhibitor, or MK-571,
a MRP inhibitor.

Cancer Cells

The following cultured human cancer cell lines were pur-
chased from American Type Culture Collection (Manassas,
VA, USA): SK-N-SH neuroblastoma, SK-MEL-28 melano-
ma, and PC-3 prostate adenocarcinoma. Cancer cells were
incubated in αMEM (Wako, Osaka, Japan; SK-N-SH cells)
or Dulbecco’s Modified Eagle’s Medium (Wako; SK-MEL-28
cells) or RPMI-1640 Medium (Sigma; PC-3 cells) with 10%
fetal bovine serum.

Expression of ABCTransporters in Human Cancer Cells

Expression of ABC transporters in human cancer cells was eval-
uated as described (14). The following genes were analyzed
using real-time polymerase chain reaction with a Mx3005P
thermocycler (Agilent Technologies, Santa Clara, CA, USA):
MDR1 (ABCB1) and MRP1, 2, 3 (ABCC1, 2, and 3) as summa-
rized in Table I. Three different housekeeping genes,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta ac-
tin (ACTB), and hypoxanthine phosphoribosyltransferase-1
(HPRT1), were amplified to control for the differences between
the initial RNA and cDNA amounts.
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Assay with Human Cancer Cells

Transport assays were performed as described (13). One day
after seeding of cancer cells, each well was pre-incubated with
1 mL incubation medium for 10 min. The cells were then
incubated with 37 kBq 99mTc-MIBI or 99mTc-TF for 5, 10,
30, or 60 min at 37°C.

For the competitive inhibition assay, the cells were incubat-
ed for 5 min with 99mTc-MIBI or 99mTc-TF in the presence of
inhibitor: final concentration 50 μM verapamil hydrate for
MDR1 (15) or 50 μM MK-571 sodium salt for MRP1–4
(16). At the end of the incubation, each well was rapidly
washed twice with 1 mL ice-cold incubation medium. The
cells were then solubilized in 0.5 mL 0.1 N NaOH, and ra-
dioactivity was measured with a γ-ray counter.

SPECT Imaging of 99mTc-Labeled Compounds
in SK-N-SH-Bearing Mice

All animal studies were conducted following approval by the
Animal Care Committee of Kanazawa University (AP-
122339). Five Scid mice (female, 5 weeks old) were
transplanted with SK-N-SH cells (5 × 105 cells/100 μL) and
Matrigel (#354230, Corning, NY, USA) into the lower abdo-
men of the mice. The mice were housed for about 5–7 weeks
under a 12-h light/12-h dark cycle with free access to food and
water. Each 99mTc-labeled compound (20–30 MBq) was
injected into the tail vein of cancer-bearing mice, and
SPECT acquisition was started 5 min after injection and con-
tinued for 90 min every 5 min using a U-SPECT-II/CT sys-
tem (MILabs, Utrecht, The Netherlands). The data were re-
constructed using the ordered subset expectation maximiza-
tion method with 16 subsets and six iterations including no
scatter and attenuation correction. The voxel size was set to
0.8 × 0.8 × 0.8 mm. Post-reconstruction smoothing filtering
was applied using a 1.0-mm Gaussian filter. Image displays
were obtained using medical image data analysis software,
AMIDE (ver. 1.0.2). Coronal images were displayed as max-
imum intensity projections. In these images, three to five re-
gions of interest were placed over the parathyroid, heart, liver,
gallbladder, and kidney, and the time activity curve of each
was obtained.

Time Stability of 99mTc-Labeled Compounds
in SK-N-SH-Bearing Mice and Human Liver S9

Three mice each (total 15 mice) were killed at 5, 10, 20, 30,
and 60 min after injection of 185 MBq 99mTc-labeled com-
pounds. After blood sampling via cardiocentesis, the SK-N-
SH cells and mouse livers were removed. Metabolites in SK-
N-SH cells, mouse liver, and plasma were analyzed by thin
layer chromatography (TLC). Human liver S9 was also used
for metabolic analysis. Briefly, Krebs-Ringer phosphate buffer
(pH 7.4) was added to the samples, followed by homogeniza-
tion with an ultrasonic homogenizer (SONIFIER250,
Branson, MO, USA). Then, ethanol was added to the homog-
enate to remove proteins, and the sample including blood was
centrifuged for 5 min at 18,000×g. The final supernatant was
spotted onto the TLC plate, and the TLC spots were devel-
oped using acetonitrile:methanol:0.5 mol/L ammonium
acetate:tetrahydrofuran at a ratio of 4:3:2:1 for 99mTc-MIBI
(17) and dichloromethane:acetone at a ratio of 13:7 for 99mTc-
TF (17–19). The rates of flow (Rf) for 99mTc-MIBI and 99mTc-
TF were in the ranges of 0.15–0.25 and 0.20–0.30, respective-
ly. After development and complete drying, the TLC plates
were cut into 20 fractions, and the radioactivity associated
with each fraction was measured using a γ-ray counter. The
fractional ratios of metabolites were calculated by dividing the
radioactive counts for each fraction by the total radioactivity
count.

Statistical Analysis

Data are presented as the means and standard deviation (SD).
P values were calculated using the two-tailed paired Student’s
t test for comparison between two groups. A P value less than
0.05 was considered significant.

RESULTS

In the vesicle assay (Fig. 1), uptake of neither 99mTc-MIBI nor
99mTc-TF in ATP solution was significantly different from
uptake in AMP solution in control vesicles. The uptake of
99mTc-MIBI was significantly different in ATP solution com-
pared to AMP solution inMDR1 andMRP1 vesicles, whereas
99mTc-TF showed significantly higher uptake in not only ves-
icles expressingMDR1 andMRP1 but also vesicles expressing
MRP2 and MRP3. Loading with verapamil for MDR1 or
MK-571 for MRP restored the uptake to levels similar to that
in AMP solution for both 99mTc-labeled compounds.
Regarding the expression of ABC transporters in cancer cells
(Table I), all cancer cells showed high MRP1 expression. In
addition, we observed high expression of MDR1 in SK-N-SH
cells, MRP2 in SK-MEL-28 cells, and MRP3 in PC-3 cells.

Table I Expression of Genes Encoding the ABC Transporters in Human
Cancer Cells

Transporter Gene symbol SK-N-SH SK-MEL-28 PC-3

MDR1 ABCB1 25.83 0.02 0.00

MRP1 ABCC1 23.41 7.81 20.60

MRP2 ABCC2 0.16 11.61 0.26

MRP3 ABCC3 0.75 0.00 21.39

Data are expressed as copy number per 1000 copies of housekeeping genes
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In the time activity curves for 99mTc-MIBI and 99mTc-TF
in SK-N-SH cells (Fig. 2), verapamil or MK-571 loading pro-
duced significantly higher uptake than in the control at all
incubation times. At 5 min of incubation, uptake of 99mTc-
MIBI and verapamil loading was 2.1-fold higher than in the
control, and that with MK-571 loading was 2.8-fold higher
(Fig. 2a). Uptake of 99mTc-TF and verapamil loading was 1.8-

fold higher than the control condition, and that with MK-571
loading was 2.3-fold higher (Fig. 2b).

99mTc-MIBI with MK-571 loading produced higher accu-
mulation than in the control condition in both SK-MEL-28
and PC-3 cells at all incubation times (Fig. 3a). Time activity
curves of 99mTc-MIBI with MK-571 loading showed very
little difference in accumulation in both cancer cell lines.
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Fig. 1 Uptake of 99mTc-MIBI (a) and 99mTc-TF (b) after 5min of incubation in vesicles that highly express each ABC transporter. For 99mTc-MIBI, uptake viaMDR1
and MRP1 in ATP solution was significantly higher than uptake in AMP solution, and each inhibitor in ATP solution decreased the uptake to the level in AMP
solution. For 99mTc-TF, uptake via MDR1, MRP1, MRP2, and MRP3 in ATP solution was significantly higher than uptake in AMP solution, and uptake was blocked
by each inhibitor. *P<0.01 between uptake in ATP and AMP solution (n=5; paired t test).

a b

Fig. 2 Time activity curves for 99mTc-MIBI (a) and 99mTc-TF (b) in SK-N-SH cells, which highly expressed MDR1 andMRP1. For both 99mTc-labeled compounds,
loading with MK-571, a MRP inhibitor, produced the highest uptake despite similar expression levels of MDR1 and MRP1. Time activity curves of 99mTc-MIBI with
each inhibitor showed higher uptake than that of 99mTc-TF with each inhibitor. *P<0.01 between uptake of 99mTc-labeled compounds and control (n=4; paired
t test).
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a b

Fig. 3 Time activity curves of 99mTc-MIBI (a) and 99mTc-TF (b) in SK-MEL-28 and PC-3 cells. 99mTc-MIBI with MK-571 loading (●; SK-MEL-28 and▲; MK-571)
produced higher accumulation than the control condition (○; SK-MEL-28 and △; MK-571) in both cell lines at all incubation times. Time activity curves of 99mTc-
MIBI with MK-571 loading showed very little difference in accumulation in both cancer cell lines. Time activity curves of 99mTc-TF with MK-571 loading in SK-MEL-
28 cells, which expressed MRP1 and MRP2, showed higher uptake than that in the control condition and PC-3 cells, which expressed MRP1 and MRP3.
*P<0.01 between the uptake of 99mTc-labeled compounds in SK-MEL-28 and PC-3 cells compared to the control condition (n= 4; paired t test).

a b
c d e f g h

Fig. 4 Whole-body images of SK-N-SH-bearing mice under 2.0% isoflurane anesthesia injected with 20–30 MBq 99mTc-MIBI (A) or 99mTc-TF (B) at 5–10 min
(c, f), 30–35 min (d, g), and 55–60 min (e, h). The arrows show solid cancers of SK-N-SH cells. The accumulation between brain and lung was in brown
adipocytes around the neck. Although accumulation in SK-N-SH cells was lower than in abdominal organs at all acquisition times, similar accumulation levels were
seen between 99mTc-MIBI (c) and 99mTc-TF (f) at 5–10min after injection. At 30–35min, we observed that the accumulation of 99mTc-MIBI was lower than that of
99mTc-TF. Background levels of 99mTc-TF were higher than those of 99mTc-MIBI. Time activity curves were obtained for the whole body (Fig. 5) and SK-N-SH cells
(Fig. 6).
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Time activity curves of 99mTc-TF with MK-571 loading in
SK-MEL-28 cells showed the highest uptake (Fig. 3b).

Whole-body images of SK-N-SH-bearing mice were ob-
tained for 99mTc-MIBI (Fig. 4a) and 99mTc-TF (Fig. 4b) at 5–
10 min (c, f), 30–35 min (d, g), and 55–60 min (e, h). The
accumulation between brain and lung was in brown adipo-
cytes around the neck. Accumulation in SK-N-SH cells was
lower than in abdominal organs at all acquisition times.
Although we observed similar accumulation levels in SK-N-
SH cells between 99mTc-MIBI (Fig. 4Ac) and 99mTc-TF (Fig.
4Bf) at 5–10 min after injection, accumulation of 99mTc-MIBI
in liver was lower than that of 99mTc-TF. At 30–35 min, we
observed that the accumulation of 99mTc-MIBI in SK-N-SH
cells was lower than that of 99mTc-TF. Background levels of
99mTc-MIBI were also lower than those of 99mTc-TF.

The whole-body distributions of 99mTc-MIBI (Fig. 5a) and
99mTc-TF (Fig. 5b) were obtained from whole-body images.
Accumulation in the gallbladder was higher than that in other
organs, and excretion via the kidneys was fast. In liver, 99mTc-
TF had higher accumulation than 99mTc-MIBI at 10 min
after injection as shown in Fig. 4. In the parathyroid and heart,
these accumulations did not change much over time, but
99mTc-MIBI accumulated more than 99mTc-TF.

Time activity curves of SK-N-SH cells (Fig. 6) from whole-
body images in Fig. 4 showed that more 99mTc-MIBI
underwent significant efflux from the tumors than 99mTc-TF
during the first 50min after injection. 99mTc-MIBI underwent
rapid efflux from the tumors until about 30 min after injec-
tion, and then showed moderate efflux, whereas 99mTc-TF
underwent gradual efflux from the tumors over time (Fig.
6a). Regarding accumulation in SK-N-SH cells of 99mTc-
MIBI (Fig. 6b) and 99mTc-TF (Fig. 6c) with verapamil or

MK-571 loading, MK-571 loading yielded higher accumula-
tion with the two 99mTc-labeled compounds because MRP in
SK-N-SH cells was inhibited by MK-571. In the time activity
curves of 99mTc-MIBI (Fig. 6b), both inhibitors provided sig-
nificantly higher accumulation than the control condition at
about 30 min after injection. In the time activity curves of
99mTc-TF (Fig. 6c), verapamil loading led to an increase in
accumulation at about 10 min, whereas MK-571 loading led
to an increase in accumulation at about 50 min.

Regarding the stability over time for both 99mTc-labeled
compounds in SK-N-SH cells, mouse liver, plasma, and hu-
man liver S9 fractions (Table II), the Rf values of 99mTc-MIBI,
99mTc-TF, and 99mTcO4

− were in the ranges of 0.15–0.25,
0.20–0.30, and 0.85–0.95 in our study, respectively. Although
both 99mTc-labeled compounds were slightly metabolized up
to 20 min after injection in all tissues, the radiochemical frac-
tion of 99mTc-MIBI shifted from 97.5 ± 3.2% to 32.4 ±
17.5%, 26.3 ± 14.2%, 79.9 ± 18.5%, and 62.9 ± 12.1% in
SK-N-SH cells, mouse liver, human liver S9 fractions, and

a b

Time (min)

R
ad

io
ac

tiv
ity

 (k
Bq

/g
 b

od
y 

w
ei

gh
t)

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60 70 80 90
Time (min)

R
ad

io
ac

tiv
ity

 (k
Bq

/g
 b

od
y 

w
ei

gh
t)

0

100

200

300

400

500

600

700

0 10 20 30 40 50 60 70 80 90

Fig. 5 Time activity curves of each organ obtained from 5-min acquisition images in SK-N-SH-bearing mice injected with 20–30MBq 99mTc-MIBI (a) or 99mTc-TF
(B). In the gallbladder (●), accumulation was higher than in other organs, whereas faster excretion was found in kidney (■). In liver (○), 99mTc-TF showed higher
accumulation than 99mTc-MIBI at 10 min after injection. In the parathyroid (▲) and heart (□), accumulation did not change much over time, but 99mTc-MIBI
showed higher accumulation than 99mTc-TF. The error bars show standard deviation of data from five mice

�Fig. 6 Time activity curves of SK-N-SH cells obtained from 5-min acquisition
images in SK-N-SH-bearing mice injected with 20–30 MBq 99mTc-MIBI or
99mTc-TF. In the control condition (a), more 99mTc-MIBI (〇) underwent efflux
from the tumors than 99mTc-TF (□) during the first 50 min after injection.
99mTc-MIBI underwent rapid efflux from the tumors until about 30 min after
injection and then underwent moderate efflux, whereas 99mTc-TF underwent
gradual efflux from the tumors over time. For both 99mTc-labeled compounds
with inhibitors, MK-571 loading (● or ■ solid line) for MRP inhibition yielded
the highest accumulation. 99mTc-MIBI (b) with verapamil loading (● and dot-
ted line) and MK-571 loading (● and solid line) accumulated at significantly
higher levels than in the control condition during the first ~30 min. 99mTc-TF
(c) with verapamil loading (■ and dotted line) showed increased accumulation
during the first 10 min, whereas MK-571 loading (■ and solid line) increased
the accumulation during the first 50 min
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plasma, respectively, at 30 min after injection, and from 97.1
± 4.0% to 35.7 ± 16.8%, 35.9 ± 16.8%, 85.1 ± 20.3%, and
72.4 ± 21.2% in SK-N-SH cells, mouse liver, human liver

S9 fractions, and plasma, respectively, at 60 min after injec-
tion. On the other hand, 99mTc-TF was stable at about more
than 95% at all injection times in all tissues.

a

b c

Page 7 of 10 18Pharm Res (2019) 36: 18



DISCUSSION

Although 99mTc-MIBI and 99mTc-TF are known to be exported
via efflux transporters (6–12), several different kinds of efflux
transporters have not been evaluated yet. In the vesicle assay,
99mTc-MIBI had affinity for MDR1 and MRP1, whereas
99mTc-TF showed affinity for not only MDR1 and MRP1 but
alsoMRP2 andMRP3, as indicated by the significant difference
in uptake between ATP and AMP loading, which shows the
effect of each efflux transporter in the vesicle study (Fig. 1). In
addition, uptake of the 99mTc-labeled compounds in vesicles
was inhibited by verapamil for MDR1 and MK-571 for
MRP. The data confirmed that 99mTc-MIBI and 99mTc-TF
are exported via MDR1 (6–8) and MRP1 (7), and our data
show that 99mTc-TF is also transported by MRP2 and MRP3.

To confirm the mechanism and the affinity of efflux of
99mTc-labeled compounds via the ABC transporters in hu-
man cancer cells, we selected SK-N-SH cells, which express
MDR1 and MRP1, as model cancer cells that highly express
ABC transporters. In the assay (Fig. 2), because uptake of
99mTc-labeled compounds was significantly increased by ve-
rapamil and MK-571 inhibitors, the efflux mechanism of
99mTc-labeled compounds could be identified as involving
MDR1 and MRP1. The time activity curves of both 99mTc-
labeled compounds andMK-571 loading showed significantly
higher uptake than in the control condition or with verapamil
loading, although MDR1 and MRP1 are expressed at simi-
larly high levels in SK-N-SH cells. Thus, when MDR1 and
MRP1 are highly expressed in cancers, 99mTc-labeled com-
pounds will be exported via MDR1 and MRP1, but MRP1 is
more sensitive than MDR1. Time activity curves of 99mTc-
MIBI with each inhibitor showed higher uptake than that of
99mTc-TF with each inhibitor. Therefore, 99mTc-MIBI is
exported via MDR1 and MRP1 (MDR1<MRP1) at greater
levels and more quickly than 99mTc-TF, and this is important
for MDRmonitoring. Although Gomes et al. have also report-
ed that 99mTc-MIBI is more sensitive to MRP1 than 99mTc-
TF in vitro (8), they evaluated the relationship between 99mTc-
labeled compounds and efflux transporters using a small-cell
lung cancer cell line with single overexpression of MDR1 or
MRP1. Because cancer cells usually overexpress multiple
transporters, e.g., MDR1 and/or MRP1–3, our results
strongly certified that 99mTc-MIBI is more sensitive to

MRP1 than 99mTc-TF using cancer cells that overexpress
both MDR1 and MRP1.

Time activity curves of 99mTc-MIBI with MK-571 loading
showed very little difference in accumulation in SK-MEL-28
and PC-3 cells (Fig. 3a). Regarding MDR expression in PC-3
and SK-MEL-28 cells (Table I), although little MDR1 expres-
sion was seen in either cell line, MRP1 expression in PC-3 cells
was higher than that in SK-MEL-28 cells. When expression of
MRP1 is somewhat high in cancer cells, time activity curves of
99mTc-MIBI, which is exported via MDR1 andMRP1, may be
similar. In the time activity curves of 99mTc-TF (Fig. 3b), 99mTc-
TF with MK-571 loading in SK-MEL-28 cells, which express
MRP1 and MRP2, showed higher accumulation than that in
PC-3 cells, which express MRP1 and MRP3. Although 99mTc-
TF was exported by not only MDR1 and MRP1 but also
MRP2 and MRP3, MRP3 may have a smaller effect than
MRP1 and MRP2 in export of 99mTc-TF.

In whole-body imaging of a SK-N-SH-bearing mouse
injected with 99mTc-MIBI (Fig. 4a) or 99mTc-TF (Fig. 4b) at 5–
10 min (c, f), 30–35 min (d, g), and 55–60 min (e, h), accumula-
tion in SK-N-SH cells was lower than in abdominal organs at all
acquisition times. Although we observed similar accumulation
levels between 99mTc-MIBI (Fig. 4Ac) and 99mTc-TF (Fig. 4Bf)
at 5–10 min after injection in SK-N-SH cells, accumulation of
99mTc-MIBI in liver was lower than that of 99mTc-TF. Liver
mainly expressesMDR1,MRP2, BCRP, and the bile salt export
pump, which are ABC transporters that are the same types of
MDR efflux transporters expressed in tumor cells. We suggest
that 99mTc-MIBI is transferred quickly from liver to gallbladder
after injection. At 30–35min after injection, the accumulation of
99mTc-MIBI (Fig. 4Ad) was likely lower than that of 99mTc-TF
(Fig. 4Bg) in SK-N-SH cells, and background levels of 99mTc-
MIBI were also lower than those of 99mTc-TF because excretion
of 99mTc-MIBI was faster than that of 99mTc-TF (Fig. 5).

The whole-body distribution of 99mTc-MIBI (Fig. 5a) and
99mTc-TF (Fig. 5b) was obtained from whole-body images.
Because liver and kidney express MDR1 but not MRP1 for
efflux and excretion of both 99mTc-labeled compounds (20),
99mTc-MIBI showed faster transport to the gallbladder and
quicker excretion via MDR1 than 99mTc-TF. Therefore, we
found that 99mTc-MIBI is sensitive to the ABC transporter,
MDR1, in whole-body imaging. In the parathyroid and heart,
accumulation did not change much over time, but 99mTc-MIBI

Table II Metabolism Ratios of 99mTc-MIBI and 99mTc-TF in SK-N-SH Cells, Mouse Liver, Human Liver S9 Fractions, and Plasma

Time (min) 99mTc-MIBI (%) 99mTc-TF (%)

SK-N-SH Mouse liver Human liver S9 Plasma SK-N-SH Mouse liver Human liver S9 Plasma

30 32.4± 17.5 26.3± 14.2 79.9± 18.5 62.9 ± 12.1 1.1 ± 0.2 1.3 ± 0.3 3.5± 0.7 1.8 ± 0.2

60 35.7± 16.8 35.9± 16.8 85.1± 20.3 72.4 ± 21.2 3.5 ± 1.3 4.0 ± 0.8 4.6± 0.9 4.3 ± 0.2

The fractional ratios of metabolites were calculated by dividing the radioactive counts for each fraction by the total radioactivity count

18 Page 8 of 10 Pharm Res (2019) 36: 18



showed higher accumulation than 99mTc-TF because few ABC
transporters are expressed in normal conditions in the parathy-
roid and heart. Vrachimis et al. showed similar results as ours in
liver and heart (21). Additionally, initial uptake of 99mTc-MIBI
may be increased compared with 99mTc-TF.

Time activity curves of SK-N-SH cells in SK-N-SH-bearing
mice from whole-body images in Fig. 4 showed that more
99mTc-MIBI underwent efflux from the tumors than 99mTc-
TF during the first 50 min after injection (Fig. 6A). Although
Gomes et al. also showed that export of 99mTc-MIBI is faster
than that of 99mTc-TF in an in vitro study (8), we confirmed this
observation in an in vivo study. The time activity curve of 99mTc-
MIBI shifted from fast export to slightly moderate export at
about 30min after injection because we estimate that about half
of 99mTc-MIBI was metabolized in cancer cells and liver about
35 min after injection, and the metabolites of 99mTc-MIBI will
undergo minimal efflux from the tumors via MDR1 and
MRP1. MK-517 loading for MRP inhibition in SK-N-SH cells
provided the highest significant accumulation at about 35 min,
whereas verapamil loading also yielded significantly higher ac-
cumulation than the control condition at about 30min (Fig. 6B).
The results of our in vivo study emphasized that export of 99mTc-
MIBI is more sensitive to MRP1 than MDR1, and the metab-
olites of 99mTc-MIBI will beminimally exported viaMDR1 and
MRP1.On the other hand, 99mTc-TF underwent gradual efflux
from the tumors via MDR1 and MRP1 in SK-N-SH cells over
time (Fig. 4A) because we estimate that 99mTc-TF was much
more stable at all scanning times. In the time activity curves of
99mTc-TF (Fig. 6C), verapamil and MK-571 loading in-
creased the accumulation compared to the control con-
dition at 10 min and 50 min, respectively. This result
shows that export of 99mTc-TF is also more sensitive to
MRP1 than MDR1. However, the effect of both inhib-
itors was smaller than the effect on 99mTc-MIBI because
involvement of 99mTc-TF with MDR1 and MRP1–3
may be smaller than that of 99mTc-MIBI.

In clinical settings, MDR in solid cancers has been evalu-
ated by comparing washout rates between the early time
phase (10–30 min) and the late time phase (2–3 h) after injec-
tion of 99mTc-labeled compounds (4,5). If 99mTc-labeled com-
pounds are metabolized in cancers and the liver completely
and immediately after injection, monitoring of MDR in can-
cers may be affected because metabolites of 99mTc-labeled
compounds may not be taken up in cancers and undergo
efflux through MDR1 and MRP. In our study, 99mTc-MIBI
was metabolized about 32%, 26%, and 80% in SK-N-SH
cells, mouse liver, and human liver S9 at 30 min and about
36%, 36%, and 85% at 60 min after injection (Table II),
respectively. Perek and Le Jeune evaluated monoglutathionyl
conjugation in glioma cells with high levels of glutathione for
drug metabolism using both 99mTc compounds (22,23). They
showed that 99mTc-MIBI was metabolized to about 90% at
30 min, whereas 99mTc-TF was metabolized to about 20% at

30 min. The amounts of metabolites of 99mTc-MIBI were
similar to those of human liver S9, but higher than in SK-N-
SH cells because SK-N-SH cells may have less drug metabo-
lizing enzyme including glutathione S-transferase than glioma
cells (23). On the other hand, little metabolism of 99mTc-TF
occurs in all tissues. These results were different from Jeune’s
results because 99mTc-TF may not be susceptible to metabo-
lism by glutathione S-transferase in mice, human liver, and
SK-N-SH cells. Additionally, mouse and human liver
may have lower expression levels of glutathione S-
transferase than glioma cells. Therefore, metabolites of
99mTc-TF may not have been present in our study.
However, the influence of these metabolites will be
small because 99mTc-MIBI shows MDR in the early
time phase before metabolism of 99mTc-MIBI occurs
(Fig. 4a). On the other hand, 99mTc-TF imaging showed
accurate MDR using two scans in the early time phase and
late time phase because 99mTc-TF is stable (Table II).

CONCLUSION

The efflux mechanism and metabolism of 99mTc-labeled com-
pounds differed in human cancer cells and SK-N-SH-bearing
mice. When cancers express MDR1 andMRP1, 99mTc-MIBI is
exported via MDR1 and MRP1 (MRP1>MDR1) at greater
levels and more quickly compared to 99mTc-TF. 99mTc-TF is
exported by not only MDR1 and MRP1 but also MRP2 and
MRP3, althoughMRP3 has a smaller influence thanMRP1 and
MRP2 (MRP1 > MDR1; MRP1, 2 > MRP3). Because
99mTc-MIBI is metabolized in human-derived cancers
and human liver S9 fractions, clinical imaging to mon-
itor MDR1 and MRP1 will be possible, and shorter
SPECT examination times may be possible by switching
to an earlier scan time (0.5–1 h etc.) for late phase
imaging at 2–3 h after injection. 99mTc-TF has high
stability and reflects the function of MDR1 and MRP1–3.
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