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Abstract. The positron emission tomography (PET) probe, 
2-amino-[3-11C]isobutyric acid ([3-11C]AIB), is reported to 
accumulate less in inflammatory lesions than 2-deoxy-2-[18F]
fluoro-D-glucose ([18F]FDG) and has the potential for evalu-
ation of the efficacy of radiotherapy. To determine whether 
[3-11C]AIB is useful to monitor early metabolic change in 
tumors after radiotherapy, we evaluated the temporal change in 
[3-11C]AIB tumor uptake, tumor volume, histological features 
and expression of amino acid transporters early after radio-
therapy in a mouse tumor model. PET with [3-11C]AIB was 
conducted in mice bearing a subcutaneous tumor (SY, derived 
from small cell lung cancer) in two schedules: schedule 1, 
before (day -1) and after (days 1 and 3) 15 Gy of radiation and 
schedule 2, days -1, 1 and 5. [3-11C]AIB tumor uptake tended 
to increase on day 1 after irradiation and decreased there-
after. Tumor uptake was not correlated with tumor volume in 
schedule 1. Although tumor uptake was correlated with tumor 
volume in schedule 2, this correlation was lost when the day 5 
data of greatly reduced tumor volumes were excluded. In a 
separate group of tumor-bearing mice, excised tumor sections 
were stained with terminal deoxynucleotidyl transferase-medi-
ated deoxyuridine triphosphate nick-end labeling (TUNEL) or 
anti-Ki-67 antibody. There was no correlation between tumor 
uptake and percentages of TUNEL- or Ki-67-positive cells. 
Expression of amino acid transporters, SLC38A1, SLC38A2 
and SLC38A4, was determined by real-time RT-PCR. 
SLC38A1 and SLC38A2 were expressed in SY tumors, and 
a significant correlation was observed between [3-11C]AIB 
tumor uptake and SLC38A1 expression. In conclusion, early 

change in [3-11C]AIB tumor uptake after irradiation reflected 
the temporal change in amino acid transporter expression, 
while it was independent of change in tumor volume, apoptosis 
and cell proliferation. PET with [3-11C]AIB has the potential 
for use in non-invasive evaluation of early metabolic change 
after irradiation before morphological change of tumors.

Introduction

In addition to surgery and chemotherapy, radiotherapy is 
commonly used to treat a wide variety of cancers, although the 
therapeutic response is known to be varied in each cancer (1,2). 
Precise evaluation of the efficacy of therapy including radio-
therapy requires non-invasive diagnostic methods to evaluate 
whole tumor regions (2). Positron emission tomography (PET) 
can non-invasively provide functional information of interest, 
including data on proliferation and metabolism of tumors, 
thereby providing information on temporal pathophysiological 
changes in tumors after therapy (2). PET with 2-deoxy-2-[18F]
fluoro-D-glucose ([18F]FDG) can evaluate therapeutic effi-
cacy before morphologic change as determined by computed 
tomography (CT) and magnetic resonance imaging (MRI) and 
it has been increasingly recognized to be useful for therapeutic 
response evaluation (3,4). Since increased glucose metabolism 
is not specific to cancer cells, [18F]FDG highly accumulates in 
inflammatory and granulomatous lesions (5,6). When patients 
have accompanying unexpected/subclinical inflammation, 
[18F]FDG PET sometimes gives false-positive results. Since 
radiotherapy often causes inflammatory reactions in irradi-
ated areas (1,7), high [18F]FDG uptake has been reported to 
be observed in irradiated areas (2,7). It could be difficult to 
distinguish inflammation from a metabolically active residual 
tumor, and it is generally necessary to wait several months 
after the end of radiotherapy to minimize the influence of 
radiation-induced inflammation before examination of radio-
therapy efficacy. Therefore, the introduction of tracers that are 
less affected by inflammation than [18F]FDG is required to 
complement the limitation of [18F]FDG PET.

Amino acids are generally required nutrients for prolifer-
ating tumor cells and their pooling increases by upregulation 
of their transporters in many tumor types, while inflammatory 
cells have a low protein metabolism compared with glucose 
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metabolism (2,8). Amino acid PET tracers are known to 
accumulate less in inflammatory lesions than [18F]FDG (8). 
however, one of the most widely used amino acid PET tracers, 
[methyl-11C]methionine, is metabolized in cells, resulting in 
numerous radiolabeled metabolites, which could decrease 
tumor specificity and complicate the interpretation of PET 
data (8). Therefore, several radiolabeled non-natural amino 
acids that are resistant to in vivo metabolism are expected to be 
more useful for the above-mentioned purpose (8). We recently 
demonstrated that 2-amino-[3-11C]isobutyric acid ([3-11C]
AIB), a PET tracer based on a non-natural amino acid, is 
highly accumulated in tumors, but less in inflammatory lesions 
compared with [18F]FDG in a mouse model (9). [3-11C]AIB has 
the potential to complement the limitation of [18F]FDG and 
more precisely evaluate the efficacy of radiotherapy in patients 
with unexpected/subclinical inflammation. To date, there is no 
study evaluating the tumor uptake change of [3-11C]AIB after 
irradiation in either patients or animal models. In the present 
study, the early change of [3-11C]AIB uptake in tumors by effec-
tive radiotherapy was evaluated. To clarify the contributing 
factor in the change in [3-11C]AIB uptake, serial quantitative 
PET with [3-11C]AIB was conducted to quantify tumor uptake; 
then tumor uptake was compared with the changes in tumor 
volume, histological features and the expression of amino acid 
transporters in a mouse model bearing a subcutaneous tumor 
before and early after X-ray irradiation.

Materials and methods

Tumor model, X-ray irradiation and PET. A human small 
cell lung cancer line SY (Immuno-Biological Laboratories, 
Takasaki, japan) was maintained in RPmI-1640 (Sigma, 
St. Louis, mo, USA) containing 5% fetal bovine serum 
(Sigma) in a humidified incubator maintained at 37˚C with 
5% Co2. The animal experimental protocol was approved 
by the Animal Care and Use Committee of the National 
Institute of Radiological Sciences, and all the animal experi-
ments were conducted in accordance with the institutional 
guidelines regarding animal care and handling. male nude 
mice (BALB/c-nu/nu, 6-weeks old; Clea japan, Tokyo, japan) 
were maintained under specific pathogen-free conditions. Two 
million SY cells were subcutaneously injected into a hindlimb 
under isoflurane anesthesia. When subcutaneous tumors 
reached a diameter of ~10 mm, the tumors were irradiated with 
a single dose 15 Gy of 200 kVp X-rays at a rate of 0.98 Gy/min 
using a Pantak hF-320 X-ray generator (Shimadzu, Kyoto, 
japan). other parts of the mouse body were protected by a brass 
shield to limit unnecessary radiation exposure. [3-11C]AIB 
(radiochemical purity >99%) was synthesized from iodo[11C]
methane and methyl N-(diphenylmethylen)-D,L-alaniate 
using tetrabutylammonium fluoride-promoted α-[11C]meth-
ylation (10). PET studies were conducted in two schedules, 
schedule 1 (n=5) and schedule 2 (n=6). The time-points of PET 
scan of schedule 1 were one day before irradiation (day -1) and 
one and three days after irradiation (days 1 and 3), and those 
of schedule 2 were days -1, 1 and 5 (Fig.1). The 10-min PET 
scans were conducted at 30 min after intravenous injection of 
~11.1 mBq of [3-11C]AIB using the small-animal PET system 
(Inveon; Siemens medical Solutions, malvern, PA, USA) 
under isoflurane anesthesia. Body temperature was maintained 

around 37˚C by a heating lamp and warm water during scans. 
Images were reconstructed using a 3D maximum a posteriori 
(18 iterations with 16 subsets, β=0.2) without attenuation 
correction. The region of interest (RoI) was manually drawn 
over tumors and tracer uptake was quantified as the standard-
ized uptake value (SUV)max.

Histological analysis. As a separate experiment, tumors 
(n=5 for each time-point) were fixed in 10% (v/v) neutral 
buffered formalin and embedded in paraffin for sectioning. 
Sections (0.1 µm thickness) were stained with hematoxylin 
and eosin (h&E). Apoptotic cells were detected by terminal 
deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) staining using an   (merck 
millipore, Billerica, mA, USA). Ki-67 staining was conducted 
using an anti-Ki-67 antibody (mIB-1; Dako, Glostrup, 
Denmark) as described previously (11). TUNEL- and Ki-67-
positive cells were quantified in at least five randomly selected 
fields of each section at x400 magnification.

Real-time quantitative RT-PCR. As a separate experiment, 
first-strand cDNAs from three tumors were synthesized 
using a FastLane Cell cDNA kit (Qiagen, hilden, Germany). 
Real-time RT-PCR was conducted in triplicate with prede-
signed and preoptimized TaqMan probes to detect three 
system A transporters (SLC38A1, SLC38A2, and SLC38A4) 
and 18S rRNA (Applied Biosystems, Foster City, CA, USA) 
using mx3000P qPCR systems (Agilent Technologies, Santa 
Clara, CA, USA). Gene expression levels were normalized to 
18S rRNA expression in each sample.

Figure 1. Growth curve of tumors irradiated with 15 Gy X-rays (upper panel). 
Data are expressed as the mean ± SD (n=3). The schedules of serial PET with 
[3-11C]AIB in tumor-bearing mice treated with 15 Gy X-rays (lower panel). 
Arrows indicate PET experiments. PET, positron emission tomography.
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Statistical analysis. Tumor uptake, positive cells of TUNEL or 
Ki-67, and mRNA expression data were analyzed by one-way 
ANoVA or two-way repeated-measures ANoVA, followed 
by the Student-Newman-Keuls multiple comparison test. 
The correlation between tumor uptake and other factors was 
examined by simple regression analysis. A value of P<0.05 
was considered statistically significant.

Results

Serial PET before and after X-ray irradiation. To determine 
the schedule of PET studies after X-irradiation, we measured 
the tumor sizes after 15 Gy radiation. Tumor sizes increased up 
to 2 days after irradiation and then decreased thereafter (Fig. 1 
upper panel). All tumors had almost disappeared around 10 
days after irradiation (Fig. 1 upper panel). [18F]FDG tumor 
uptake is reported to increase temporarily at early time-points 
(4 h to several days) after radiotherapy (12-14). As it is impor-
tant to determine the change in [3-11C]AIB tumor uptake at 
early time-points after irradiation, we selected day 1 for the 
first post-radiation PET study. We additionally selected two 
time-points, days 3 and 5, to evaluate change in tumor uptake 
on the way to tumor shrinkage. Due to the availability of the 
PET machine (5 days/week), we set two schedules of PET 
study, schedules 1 and 2, as shown in Fig. 1 (lower panel).

Representative PET images (maximum intensity projec-
tion) of [3-11C]AIB before (day -1) and after irradiation are 

shown in Fig. 2. [3-11C]AIB PET clearly visualized tumors on 
day -1 and more clearly on day 1 (Fig. 2). Tumor uptake of 
[3-11C]AIB on day 3 was markedly decreased and that on day 5 
was barely detected (Fig. 2). Serial changes in tumor volume 
of the mice used for the PET studies are shown in Fig. 3 
(upper panels). The volume of all tumors was increased on 
day 1 compared with that on day 0, although the change was 
slight in three tumors (Fig. 3, upper panels). The volume of 
two tumors on day 3 in schedule 1 increased, while that of the 
remaining tumors decreased (Fig. 3, upper panels). on day 5, 
a great reduction in volume was observed in all tumors (Fig. 3, 
upper panels). Temporal changes in tumor uptake are shown in 
Fig. 3 (middle panels). Although tumor uptake was increased 
on day 1, with the exception of two mice, there was no 
significant difference in mean SUVmax compared with that 
on day -1 (Fig. 3, middle panels). on days 3 and 5, tumor 
uptake was significantly decreased compared with that on 
day -1 (P<0.05 for day 3 and P<0.01 for day 5) (Fig. 3, middle 
panels). There was no correlation between tumor volume and 
uptake in schedule 1 (Fig. 3, lower left panel). Although there 
was a correlation in schedule 2 (Fig. 3, lower right panel), the 
correlation was lost when the data of day 5 were excluded (data 
not shown).

Histological analysis. many mitotic cells were observed in 
the h&E-stained sections of the untreated tumors (Fig. 4A, 
left column). The number of mitotic cells was markedly 

Figure 2. Representative serial PET images (maximum intensity projection) in schedules 1 (upper panel) and 2 (lower panel). The 10-min emission scans were 
conducted at 30 min after intravenous injection of ~11.1 mBq of [3-11C]AIB. Arrowheads indicate tumors. SUVmax values are shown under the images. SUV, 
standardized uptake value; PET, positron emission tomography.
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decreased on day 1 (Fig. 4A, left column). on day 3, although 
the mitotic cells increased, necrotic cells and fibrosis were 
observed (Fig. 4A, left column). on day 5, few living cells were 
observed and fibrotic areas were widely spread (Fig. 4A, left 
column). Tumor sections were also stained for TUNEL and 
Ki-67 (Fig. 4A, middle and right columns), and the percentages 
of positive cells were quantified. We were not able to quantify 
the results of day 5 since only a few living cells were observed 
at this time-point, as described above. In the untreated sections 
stained with TUNEL, few TUNEL-positive (apoptotic) cells 
(<0.5%) were observed (Fig. 4A, middle column and Fig. 4B, 
left panel). X-irradiation-induced apoptotic cells were ~1.4% 

on day 1 and increased to 8% on day 3 (Fig. 4B, left panel). 
Although there was no significant difference between 0 Gy 
and day 1, there was a significant difference between 0 Gy 
and day 3 (P<0.01). In the Ki-67-stained sections, ~20% of 
untreated cells were positively stained (Fig. 4A, right column 
and 4B, right panel). Although Ki-67-positive cells were 
significantly decreased to ~7% on day 1 (P<0.01 vs. 0 Gy), 
they were increased to ~20% on day 3, which was as high as 
that in the untreated tumors (Fig. 4B, right panel). There were 
no significant correlations between [3-11C]AIB tumor uptake, 
and percentages of TUNEL- or Ki-67-positive cells (data not 
shown).

Figure 3. Tumor growth curve (upper panels), tumor uptake (middle panels), and correlation between tumor uptake and volume (lower panels) in sched-
ules 1 (left column) and 2 (right column). Arrows indicate PET experiments in the upper panels. Tumor uptake is expressed as SUVmax. Data represent each 
replicate. **P<0.01, *P<0.05 vs. pre-irradiation (day -1). N.S., no significant difference. PET, positron emission tomography.
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Amino acid transporter expression analysis. The amino acid 
transporter system A consists of three transporters SLC38A1, 
SLC38A2, and SLC38A4 (8,15,16). According to mRNA 
expression analysis of these three transporters by real-time 
RT-PCR, expression levels of both SLC38A1 and SLC38A2 
were detected in the tumors (Fig. 5, upper panels), but not that 
of SLC38A4 (data not shown). The expression of SLC38A1 on 
day 1 tended to be increased compared with that with 0 Gy, 
although there was no significant difference, and it decreased 
on days 3 and 5 with significant differences (P<0.05 vs. 0 Gy; 
Fig. 5, upper left panel). That of SLC38A2 on day 1 was nearly 
equal to that with 0 Gy and decreased on days 3 and 5 with 
significant differences (P<0.05 vs. 0 Gy; Fig. 5, upper right 
panel). There was a significant correlation between [3-11C]AIB 
tumor uptake and SLC38A1 expression, but not SLC38A2 
(Fig. 5, middle and lower panels).

Discussion

In the present study, to determine whether [3-11C]AIB is 
useful to monitor early metabolic change of tumors after 
radiotherapy, we conducted PET studies evaluating the tumor 
uptake change after irradiation in a tumor mouse model on 
two different schedules. one day after irradiation (day 1), the 
tumor uptake of [3-11C]AIB tended to increase, although there 
were no statistically significant differences compared with 
that one day before irradiation (day -1). This increased uptake 
was transient and decreased thereafter. Temporarily increased 
tumor uptake at early time-points (4 h to several days) after 
irradiation has also been observed in [18F]FDG PET of 
patients (12-14). Although this mechanism has not been clari-
fied yet, there are two possible reasons; the increased uptake 
may be caused by an elevated inflammatory reaction or by 

Figure 4. histological analyses of tumors untreated and treated with radiation. (A) Representative images of h&E- (left column), TUNEL-, and Ki-67-stained 
(right column) tumors. Scale bars, 200 µm. (B) Quantitative analysis of TUNEL- (left panel) and Ki-67-positive (right panel) cells. Data are expressed as the 
mean ± SD. *P<0.05 vs. 0 Gy. TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; h&E, hematoxylin and 
eosin.
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transiently enhanced glucose metabolism (12-14). [3-11C]AIB 
was reported to accumulate less in inflammatory lesions 
compared with [18F]FDG in a mouse model with acute inflam-
mation (9). Furthermore, few inflammatory infiltrates were 
observed in the tumor sections in the present study. hence, 
we can exclude the possibility that the increased tumor uptake 
of [3-11C]AIB on day 1 was caused by induced inflammatory 
reaction, and the increased uptake is thought to reflect other 
pathophysiological change(s). Although the clinical implica-
tion of temporarily increased uptake of [18F]FDG early after 
radiotherapy is still unclear, it could be a predictor of favorable 
outcome of radiotherapy in brain tumors (13). In xenograft 
tumor models, increased [18F]FDG uptake and apoptotic cells 
were observed in a tumor with high radiosensitivity, but not 
in tumors with lower radiosensitivity (17). Since the present 
study was conducted using a single effective radiation dose for 
a single tumor model, further studies using tumor models with 
various radiosensitivities are needed to determine whether 

temporarily increased [3-11C]AIB uptake after radiotherapy is 
related to the efficacy of radiotherapy.

For schedule 1, there was no correlation between tumor 
uptake and volume. For schedule 2, although there was a 
positive correlation between tumor uptake and volume, the 
tumor volume on day 5 was greatly decreased. This greatly 
decreased tumor uptake could be caused by the drastic reduc-
tion in viable cells as shown in the h&E-stained sections on 
day 5. When the data of day 5 were eliminated, there was no 
correlation between tumor uptake and volume for schedule 2. 
These findings raise the possibility that a temporal change in 
tumor uptake by irradiation is independent of tumor volume at 
the earlier time-points. Although decreased tumor uptake of 
[18F]FDG after effective therapy provides useful information 
for the evaluation of efficacy, in general it is necessary to wait 
several months after radiotherapy to minimize the influence of 
radiation-induced inflammation. our previous studies showed 
that the accumulation of [3-11C]AIB was less in an inflammatory 

Figure 5. Amino acid transporter mRNA expression (upper panels) and correlation between tumor uptake and amino acid transporter expression in sched-
ules 1 (middle panels) and 2 (lower panels). Those for SLC38A1 and SLC38A2 are shown in the left and right columns, respectively. Data are expressed as the 
mean ± SD. *P<0.05 vs. 0 Gy. N.S. means no significant difference.
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lesion compared with [18F]FDG in a mouse model with acute 
inflammation (9) as mentioned above. Therefore, [3-11C]AIB 
PET has the potential for evaluating the response to radio-
therapy at earlier time-points than [18F]FDG PET. Although 
[3-11C]AIB tumor uptake was higher than [18F]FDG in tumor-
bearing mice (9,10), [18F]FDG tumor uptake is generally higher 
than the amino acid-based PET probes, such as [methyl-11C]
methionine, in patients. Considering the high sensitivity of 
[18F]FDG in detecting tumors in patients, combined PET of 
both [18F]FDG and [3-11C]AIB may be clinically superior to 
[3-11C]AIB PET alone for increased sensitivity and to precisely 
evaluate the therapeutic efficacy. Further clinical studies are 
needed to assess the role of [3-11C]AIB PET in the evaluation 
of therapeutic efficacy.

To explore the factor(s) responsible for [3-11C]AIB tumor 
uptake change after irradiation, we conducted histological and 
expression analyses of tumors before and after irradiation. 
Based on the findings of the h&E-stained sections, tumor 
cells transiently stopped proliferation early after irradiation 
and then started to proliferate again, and then cell death was 
induced. These findings were consistent with the analysis of 
the TUNEL- and Ki-67-stained sections in the present study. 
Although radiation-induced cell death occurred following 
cell regrowth after temporary cell cycle arrest in the irradi-
ated SY cells in the present study as well as in other cells (1), 
the tumor uptake was not correlated with either apoptotic or 
proliferative cells. These findings suggest that [3-11C]AIB 
PET could lead to fewer false-positive results due to transient 
cell regrowth activity as well as inflammation reaction. AIB 
is incorporated into cells mainly through amino acid trans-
porter system A that consists of three transporters SLC38A1, 
SLC38A2 and SLC38A4 (8,15,16). In the expression analysis, 
SLC38A1 and SLC38A2 were detected in the tumors, but 
SLC38A4 was not detected. Some proteins, including amino 
acid transporters, often show ectopic expression in malignant 
transformed cells (8,15,16). Although SLC38A2 is expressed in 
normal lung, SLC38A1 and SLC38A4 are not expressed (15,16). 
The SLC38A1 expression in SY tumors could be caused by 
oncogenic transformation. The SLC38A1 expression showed a 
tendency to increase temporarily on day 1, but not SLC38A2, 
and the expression of both decreased thereafter. The temporal 
change in tumor uptake of [3-11C]AIB was correlated with that 
of SLC38A1 expression, but not with SLC38A2. The ectopic 
expression of SLC38A1 may play a major role in the high 
uptake of [3-11C]AIB in SY tumors. This may be the reason 
why the temporal change of [3-11C]AIB uptake by irradiation 
was correlated with that of SLC38A1 expression. Since each 
type of cancer has a distinct expression pattern of amino acid 
transporters (15,16), it would be important to investigate the 
relationship between [3-11C]AIB uptake and amino acid trans-
porter expression after irradiation in several tumor models to 
elucidate the implication of temporal change of [3-11C]AIB 
after radiotherapy.

The present study showed that the temporal change in 
[3-11C]AIB tumor uptake at early time-points after irradiation 
was correlated with the amino acid transporter expression, but 
independent of tumor volume and cell proliferation activity, 
suggesting that [3-11C]AIB PET has the potential for evaluating 
an early metabolic change after radiotherapy not affected by 
transient proliferation activity. our findings support further 

preclinical and clinical studies to investigate the role of meta-
bolic change detected by [3-11C]AIB PET in the evaluation of 
radiotherapy efficacy before morphological change of tumors.
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