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A relationship between L-[methyl-11C]methionine (11C-methio-
nine) uptake and angiogenesis has been suggested in gliomas.
However, methionine uptake in myocardial ischemia and reper-
fusion has received little attention. We investigated the serial
changes and mechanisms of 14C-methionine uptake in a rat
model of myocardial ischemia and reperfusion. Methods: The
left coronary artery was occluded for 30 min, followed by re-
perfusion for 1–28 d. At the time of the study, 14C-methionine
(0.74 MBq) and 201Tl (14.8 MBq) were injected intravenously
at 20 and 10 min before sacrifice, respectively. One minute
before sacrifice, the left coronary artery was reoccluded, and
99mTc-hexakis-2-methoxyisobutylisonitrile (150–180 MBq) was
injected to verify the area at risk. Histologic sections of the
heart were immunohistochemically analyzed using anti-CD68,
anti–smooth-muscle a-actin (SMA), and antitroponin I and com-
pared with the autoradiography findings. Results: Both 14C-
methionine (uptake ratio, 0.71 6 0.13) and 201Tl uptake were
reduced in the area at risk at 1 d after reperfusion. However, 3 d
after reperfusion, an increased 14C-methionine uptake (1.79 6
0.23) was observed corresponding to the area of still-reduced
201Tl uptake, and the 14C-methionine uptake gradually declined
until 28 d. The increased 14C-methionine uptake area at 3 and
7 d corresponded well to the macrophage infiltrations demon-
strated by positive CD68 staining. Anti-SMA staining appeared
at 7 d, after which CD68 staining was gradually replaced by
the SMA staining, suggesting that methionine uptake in the
early phase after ischemia and reperfusion might reflect inflam-
matory activity. Conclusion: 14C-methionine accumulated in
the infarcted area, and its uptake corresponded closely to
macrophage infiltration at 3–7 d after reperfusion. Methionine
imaging may be useful for inflammatory imaging early after myo-
cardial infarction.
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L-[methyl-11C]methionine (11C-methionine) has been
used for the evaluation of various tumors, especially for

brain tumors because of its low physiologic uptake by brain

tissue (1). The uptake mechanism of 11C-methionine in

tumors depends mainly on carrier-mediated transport sys-

tems (2) and correlates with the proliferative activity (3)

and microvessel density (4), which reflects angiogenesis.

However, because it has also been reported that in human

glioma the cell density contributes more to 11C-methionine

uptake than does the microvessel density (5,6), the mecha-

nism of 11C-methionine uptake remains to be clarified.
Other than in tumors, radiolabeled amino acids including

11C-methionine have been investigated in only a few stud-
ies. In canine myocardium, 13N- and 11C-labeled L-amino
acid kinetics were investigated in the evaluation of the
amino acid metabolism (7,8). In pacing-induced ischemia,
13N-glutamine and 13N-alanine that accumulated in the
ischemic area were shown to be perfusion defects by 13N-
ammonia (7). During low-flow ischemia and after reperfu-
sion, retention of 13N-labeled amino acids was higher than
in controls (8).

Recently, we reported that 11C-methionine uptake is ele-
vated in the infarcted areas in patients with acute myocardial

infarction and successful percutaneous coronary intervention

(9). We speculated that this elevated uptake may reflect the

early phase of damage healing, which involves, for instance,

inflammatory processes and angiogenesis.
Therefore, to evaluate the underlying mechanisms of

methionine uptake in myocardial infarction, we explored its

spatial and temporal changes after myocardial ischemia and
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reperfusion using 14C-methionine in a rat model of acute
ischemia and reperfusion. Furthermore, we correlated the
spatiotemporal uptake pattern of methionine to the histo-
pathologic features during the healing process of acute
myocardial infarction.

MATERIALS AND METHODS

Animal Model of Acute Ischemia and Reperfusion
All experimental procedures involving animals were conducted

in accordance with the institutional guidelines set by the Institute
for Experimental Animals, Kanazawa University Advanced Sci-
ence Research Center. Eight- to 10-wk-old male Wistar rats (n 5
28) were anesthetized with an intraperitoneal administration of
40 mg of pentobarbital per kilogram and ventilated mechanically
with room air. After left thoracotomy and exposure of the heart,
a 7-0 polypropylene suture on a small curved needle was passed
through the myocardium beneath the proximal portion of the left
coronary artery (LCA), and both ends of the suture were passed
through a small vinyl tube to make a snare. The suture material
was pulled tight against the vinyl tube to occlude the LCA. Myo-
cardial ischemia was confirmed by regional cyanosis of the
myocardial surface and ST-segment elevation on the electrocar-
diogram. After a 30-min interval of LCA occlusion, reperfusion
was obtained by release of the snare and confirmed by a myocar-
dial blush over the area at risk. The snare was left loose on the
surface of the heart until just before sacrifice, when it was retight-
ened to identify the area at risk (10). Groups of animals were
studied at 1 (n 5 6), 3 (n 5 5), 7 (n 5 5), 14 (n 5 6), and
28 d (n 5 6) after reperfusion. At the time of the study, 14C-
methionine (0.74 MBq) (methionine, L-[methyl-14C] [American
Radiolabeled Chemicals, Inc.]; specific activity, 2.04 GBq/mmol;
radiochemical purity, .98%) was administered via the tail vein at
20 min before sacrifice. Then 201Tl (14.8 MBq) was administered
at 10 min before sacrifice to measure the infarcted area.
One minute before sacrifice, 150–180 MBq of 99mTc-hexakis-2-
methoxyisobutylisonitrile (MIBI) was injected via the tail vein
just after the reocclusion of the proximal portion of the LCA for
delineation of the area at risk. One minute later, the rat was eu-
thanized and the heart was removed for analysis (Fig. 1). The
excised heart was rinsed in saline, frozen in isopentane, cooled
in dry ice, and embedded in methyl cellulose. Serial short-axis
heart sections of 20-mm thickness were obtained by sectioning on
a cryostat to create a series of rings for autoradiography.

Triple-Tracer Autoradiography
Triple-tracer autoradiography of the left ventricular short-axis

slices was performed for the assessment of 14C-methionine up-
take, 201Tl uptake, and the ischemic area (99mTc-MIBI image).
The first autoradiographic exposure on an imaging plate (BAS-
MS; Fuji Film) was performed for 15–20 min to visualize the area
at risk expressed by 99mTc-MIBI distribution at 1–2 h after sacri-

fice. Three days later (12 half-lives of 99mTc), the second exposure
was made for 5–8 h to image the distribution of 201Tl. One month
later, the third exposure, for visualization of methionine uptake,
was performed for 1–2 wk.

Data Analysis
Tracer accumulations were evaluated in 3 myocardial slices

spaced 1 mm apart from one another at the mid ventricular level.
The distribution of the tracers was determined by analysis of the
digitized autoradiography. The photostimulated luminescence in
each pixel (50 · 50 mm) was determined using a bioimaging
analyzer (BAS-5000; Fuji Film). For quantitative analysis, the
uptake values of each region of interest (ROI) were expressed as
the background-corrected photostimulated luminescence per unit
area (0.25 mm2). A background ROI was set adjacent to the left
ventricle. Ischemic and normally perfused areas were defined from
the 99mTc-MIBI image, and these ROIs were applied to both the
14C-methionine and the 201Tl images to evaluate the uptake of
14C-methionine and 201Tl. The ischemic area was divided into
salvaged and infarcted areas arbitrarily by 201Tl uptake ($60%
uptake and,60% of normally perfused area, respectively) (11). A
significant 14C-methionine uptake area was also defined manually
as an ROI. The 14C-methionine uptake ratio in an ischemic area
was calculated by dividing the uptake value in an ischemic area by
that of a normally perfused area. 14C-methionine uptake ratios of
salvaged and infarcted areas were also calculated. The ratio of
14C-methionine uptake ROI area to ischemic ROI area was defined
as the percentage of the 14C-methionine uptake area. All param-
eters in each rat were expressed as the average value obtained
from the analysis of 3 representative slices.

Immunohistochemical Staining
Short-axis frozen sections (5 mm thick) adjacent to the slices

for autoradiography were mounted on slides. They were washed
with phosphate-buffered saline and immunostained with mouse
antirat CD68 macrophage antibody (clone ED1; MBA Biomedi-
cal) to determine macrophage infiltration after ischemia and reper-
fusion. Viable cardiomyocytes were immunostained with rabbit
polyclonal anticardiac troponin I antibody (Abcam). The follow-
ing secondary antibodies were used: peroxidase-conjugated goat
antirabbit IgG or antimouse IgG (MBL). A diaminobenzidine–
H2O2 solution was used to demonstrate peroxidase-conjugated
secondary antibody binding. Also, the slices were immunofluo-
rescently double-stained with anticardiac troponin I antibody and
either anti-CD68 or fluorescein isothiocyanate–conjugated anti–
smooth-muscle a-actin (SMA) (clone 1A4; Sigma). The following
secondary antibodies were also used: fluorescein isothiocyanate–
conjugated goat antimouse IgG (MBL) and Alexa Fluor 546 F
(ab9)2 fragment of goat antirabbit IgG (H1L) (Molecular Probes).
The samples were observed under a conventional fluorescent or
light microscope (Olympus), and images were recorded with
a cooled charge-coupled device camera. The immunofluorescent
signals for each stain were converted into pseudocolor and super-
imposed using Photoshop (Adobe).

Statistical Analysis
All results were expressed as the mean 6 SD. Statistical anal-

yses were performed using a Macintosh computer (Apple) with
JMP software (8.0.1J). Group comparisons were performed using
the Tukey–Kramer method to identify differences among groups.
Comparisons of methionine uptake ratio between salvaged and
infarcted areas at each reperfusion time were performed by pairedFIGURE 1. Experimental protocol.
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t testing. A value of P less than 0.05 was considered statistically
significant.

RESULTS

Size of Area with 14C-Methionine Uptake Against
Area at Risk

The percentages of 14C-methionine uptake areas against
area at risk in rats with 30-min ischemia and reperfusion at
3, 7, 14, and 28 d were similar (41.1% 6 18.7%, 38.7% 6
11.4%, 52.9% 6 10.5%, and 44.0% 6 8.8%, respectively;
P 5 not significant) (Fig. 2).

14C-Methionine and 201Tl Uptake in Autoradiography

In the visual analysis, 1 d after reperfusion, the uptake of
both 201Tl and 14C-methionine was reduced in the area at
risk. Thereafter, 201Tl uptake recovered slightly but was
still reduced, compared with the remote area from ischemia
and reperfusion until 28 d after reperfusion (Fig. 3). In
contrast, significantly increased 14C-methionine uptake
was observed at 3 d after reperfusion in the area at risk,
after which the uptake gradually decreased until 28 d after
reperfusion. The distribution of 14C-methionine uptake
roughly corresponded to the area with the more reduced
201Tl uptake in the area at risk (Fig. 3).
In the quantitative analysis, the 201Tl uptake ratio was

severely suppressed at 1 d after reperfusion (0.35 6 0.13)
and was significantly increased at 3 d to 0.66 6 0.10.
Thereafter, the ratios were similar at around 0.6–0.7: the
uptake ratios at 7, 14, and 28 d were 0.70 6 0.21, 0.72 6
0.09, and 0.64 6 0.09, respectively. The 14C-methionine
uptake ratio at 1 d after reperfusion was also suppressed
(0.71 6 0.13); however, uptake at 3 d after reperfusion
increased significantly to 1.79 6 0.23. Subsequently, the
ratios declined gradually until 28 d: the uptake ratios at 7,
14, and 28 d were 1.52 6 0.20, 1.31 6 0.12, and 1.12 6
0.08, respectively (Fig. 4). When 14C-methionine uptake
was compared between salvaged and infarcted areas, the

uptake ratios in the infarcted area were always higher than
those in the salvaged area except for day 28: the 14C-
methionine uptake ratios in infarcted and salvaged areas
were, respectively, 0.88 6 0.15 and 0.58 6 0.094 at day
1 (P , 0.001), 1.87 6 0.27 and 1.65 6 0.25 at day 3 (P ,
0.05), 1.606 0.45 and 1.286 0.26 at day 7 (P, 0.05), 1.38
6 0.16 and 1.26 6 0.10 at day 14 (P , 0.05), and 1.14 6
0.097 and 1.10 6 0.075 at day 28 (P 5 not significant).

Comparison of Autoradiography and
Histopathologic Findings

The significant accumulation of 14C-methionine uptake
in autoradiography corresponded closely to the area with
positive immunohistopathologic staining with anti-CD68

FIGURE 2. Time course of 14C-methionine uptake area against
area at risk (% area). One day after reperfusion, no increased uptake

of 14C-methionine was observed. Percentage area of methionine

uptake was similar at 3, 7, 14, and 28 d after reperfusion.

FIGURE 3. Autoradiography of 14C-methionine, 201Tl, and
99mTc-MIBI. One day after reperfusion, both 14C-methionine and
201Tl uptake decreased in area at risk (99mTc-MIBI defect). However,

3 d after reperfusion, 14C-methionine uptake increased significantly,

followed by gradual reduction of uptake until 28 d. Distribution of
14C-methionine uptake roughly corresponds to reduced 201Tl up-
take area.

FIGURE 4. Time course of 14C-methionine uptake ratio. 14C-me-
thionine uptake ratios were calculated by dividing 14C-methionine

count density in area at risk by that of nonischemic area. 14C-me-

thionine uptake reduced at 1 d after reperfusion but increased dra-

matically at 3 d, followed by gradual decrease to basal level until
28 d. *P , 0.005 vs. 28 d, P , 0.0001 vs. 3, 7, and 14 d.
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macrophage antibody at days 3 and 7 (Fig. 5). At 14 d,
although anti-CD68 staining was greatly reduced, 14C-me-
thionine uptake continued to be detected in the reduced
201Tl uptake area (Fig. 5).
Double immunofluorescent staining demonstrated that

many CD68-positive macrophages accumulated in the
absent part of troponin I–positive viable cardiomyocytes,
peaked at day 3, and then gradually decreased after day 7
(Fig. 6).
No SMA-positive cells were found in the troponin

I–negative area at day 3, whereas numerous SMA-positive
cells were seen at day 7 (Fig. 6). The direct comparison of
staining with anti-CD68 and anti-SMA (Fig. 7) showed that
no SMA-positive cells were detected in the macrophage-
rich area at 3 d, whereas numerous SMA-positive cells were
present in the area where macrophages infiltrated at 7 d. At
14 d and later, with decreased numbers of macrophages,
SMA-positive cells became predominant. Some of the
SMA staining showed ringlike and tubular configurations,
suggesting that SMA-positive cells may form luminal struc-
tures, possibly being recruited as the mural cells of newly
formed blood vessels (Fig. 7).

DISCUSSION

The present study documented spatiotemporal profiling
of 14C-methionine uptake after myocardial ischemia and
reperfusion in the myocardium with 30 min of ischemia
and reperfusion in rats. 14C-methionine accumulated in
the infarcted area, and the uptake corresponded well to
the macrophage infiltration at 3–7 d after reperfusion. Ac-

cordingly, methionine imaging may be useful for inflam-
matory imaging early after myocardial infarction.

In general, the process of myocardial tissue repair and
healing after acute myocardial infarction is considered to
consist of 4 phases based on the pathologic findings: cardio-
myocyte death, acute inflammation, formation of granulation
tissue, and scar formation (12). In the phase of acute inflam-
mation, macrophages play multiple roles, including phago-
cytosis of the dead myocardial cells and debris and secretion
of a variety of cytokines and growth factors (13). Then,
monocyte-derived macrophages secrete a variety of fibro-
genic and angiogenic growth factors and cytokines (14),
inducing formation of granulation tissue and fibroblast pro-
liferation, and fibroblasts undergo phenotypic changes
expressing SMA, which are then called myofibroblasts.
Myofibroblasts may be capable of assuming a variety of
different roles, such as production of extracellular matrix
proteins and late scar formation, wound contractile activity
(15), and passive involvement in neovessel formation as
mural cells such as pericytes expressing SMA (16).

Our previous study found significant 11C-methionine up-
take in the infarcted area, with reduced uptake of both 201Tl

FIGURE 5. Comparison of 201Tl and 14C-methionine autoradio-

grams and anti-CD68 antibody staining (marker of macrophages).
14C-methionine uptake was observed predominantly in area with
reduced 201Tl uptake at 3–14 d after reperfusion. On the other hand
14C-methionine uptake corresponded closely to areas positive for

anti-CD68 antibody at 3 and 7 d, whereas anti-CD68 antibody stain-

ing was weak when compared with 14C-methionine uptake at 14 d.

FIGURE 6. Double staining

with cardiac troponin I and ei-
ther anti-CD68 or anti-SMA of

serial sections of heart at 3

and 7 d. Strong CD68 staining

(red) was seen in troponin I
(blue) defect area at 3 d. Anti–

SMA-positive cells (green) were

not observed at 3 d in troponin
I defect area, but numerous

SMA-positive cells were found

at 7 d.

FIGURE 7. Double staining of

anti-CD68 antibody (red) and
anti-SMA (green) in area cor-

responding to 14C-methionine

uptake. At 3 d after reperfusion,

strong staining of anti-CD68
antibody, but little anti-SMA

staining was observed. At 7 d,

significant amount of anti-SMA

staining appeared in area of
CD68 antibody red staining.

Enlarged image of boxed area

clearly demonstrated that

some green staining showed
ringlike or tubular configura-

tions, suggesting formation of

new blood vessels. At 14 d,
anti-CD68 antibody stain de-

creased, whereas anti-SMA

staining increased and still

showed ringlike and tubular configurations. Scale bars 5 100 mm.
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and 18F-FDG after oral glucose loading within 2 wk in pa-
tients with myocardial infarction and revascularization (9).
However, the uptake of 14C-methionine in the infarcted area
was relatively low, possibly because of delayed reperfusion
time after infarction and the procedure of 11C-methionine
PET. Our previous clinical data on the spatiotemporal up-
take of 11C-methionine in the infarcted areas may not have
been clear from the aspect of histopathologic changes after
ischemia and reperfusion.
In this study, we confirmed that the marked accumulation

of 14C-methionine in the infarcted areas corresponded to
infiltration of numerous macrophages at 3 and 7 d after
reperfusion. Although the number of CD68-positive cells
decreased around day 7 and later, anti-SMA–positive cells
appeared, suggesting that activated myofibroblasts may in-
filtrate the damaged sites in the process of tissue repair after
7–14 d of reperfusion. In addition, some of the anti-SMA
staining showed ringlike or tubular configurations, suggest-
ing that SMA-positive mural cells were recruited to newly
formed vascular wall. Therefore, strong 14C-methionine
uptake within 1 wk of reperfusion would imply macrophage
infiltration. Less marked uptake at the later stage might re-
flect, in part, activity by myofibroblasts and neovessel for-
mation by mural cells as pericytes in granulomatous tissues,
in addition to residual macrophage infiltration.

11C-methionine imaging may become a valuable method
to evaluate inflammatory processes about to undergo heal-
ing processes. The application of target radionuclide imag-
ing of regional methionine uptake as proposed in the
present study holds the potential to quantify the extent,
amount, and localization of macrophage infiltrations early
after myocardial infarction. Furthermore, the proposed im-
aging approach provides the opportunity to monitor novel
therapeutic interventions directed toward mitigation of the
severity of the inflammatory process and promotion of
a proper transition to the reparative process and remodeling
after myocardial infarction.
Acute inflammation can also be detected by 18F-FDG

PET, although, 18F-FDG uptake due to inflammatory
changes in myocardium might be obscured by physiologic
18F-FDG uptake. Therefore, prolonged fasting, heparin
loading, and dietary modification would be necessary to
suppress the physiologic 18F-FDG uptake in normal myo-
cardium, as has been recommended in the evaluation of
cardiac sarcoidosis (17). In this respect, 11C-methionine
PET has an advantage over 18F-FDG PET because 11C-
methionine PET can be performed easily without any spe-
cial preparation.
Although the current study demonstrated the changes in

the spatiotemporal 14C-methionine accumulation after
myocardial ischemia and reperfusion, further study is
needed to investigate the relationship between the early
degree of 14C-methionine uptake or temporal prolongation
of the uptake and the later ventricular dilatation or remod-
eling and pump failure after myocardial infarction. Asse-
ssments as to whether interventional therapy aimed at

protecting against myocardial damage and ventricular
remodeling is related to changes in 14C-methionine uptake,
and whether these really reflect the therapeutic effect, are
also required.

This study had some limitations. First, direct evidence
that 14C-methionine accumulates in each macrophage was
absent, because no histologic autoradiography was under-
taken to evaluate which cells in the infarcted tissue accu-
mulated 14C-methionine. However, our pathologic and
immunohistologic studies found inflammation cells to be
mainly macrophages during acute inflammation at 3–7 d af-
ter reperfusion, whereas the areas of 14C-methionine uptake
corresponded to the infarcted tissue occupied by macro-
phages. Second, angiogenesis was not histopathologically
confirmed, but we surmised that SMA-positive cells were
myofibroblasts and mural cells were pericytes because
some of the SMA staining showed ringlike and tubular
configurations, suggesting luminal structures. Further study
on 14C-methionine accumulation in the SMA-positive cells
is needed.

CONCLUSION

The present study clarified the spatiotemporal uptake
pattern of 14C-methionine after 30 min of ischemia and
reperfusion. The current data demonstrated that, corre-
sponding to the area with reduced 201Tl uptake, strong
14C-methionine uptake was observed after 3–7 d of reper-
fusion and declined gradually until 28 d after reperfusion.
The immunohistologic examinations suggested that the me-
thionine uptake might indicate macrophage infiltrations in
infarcted areas. These findings would help to clarify the
11C-methionine uptake in patients with acute myocardial
infarction with reperfusion. In addition, methionine imag-
ing may be useful for inflammatory imaging early after
myocardial infarction.
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