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Abstract
Cardiomyocyte apoptosis has been observed in several cardiovascular diseases and contributes to the subsequent cardiac 
remodeling processes and progression to heart failure. Consequently, apoptosis imaging is helpful for noninvasively detecting 
the disease progression and providing treatment guidance. Here, we tested 18F-labeled 2-(5-fluoropentyl)-2-methyl-malonic 
acid (18F-ML-10) and 18F-labeled 2-(3-fluoropropyl)-2-methyl-malonic acid (18F-ML-8) for apoptosis imaging in rat models 
of myocardial infarction (MI) and compared them with 18F-fluorodeoxyglucose (18F-FDG). MI was induced in Sprague-
Dawley rats by permanent left coronary artery ligation. Procedural success was confirmed by echocardiography and positron 
emission tomography (PET) imaging with 18F-FDG. In vivo PET imaging with 18F-ML-10 and 18F-ML-8 was performed 
in the MI models at different time points after operation. Terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) assays and immunohistochemical analyses were used to evaluate myocardial apoptosis. In vitro cell binding assays 
were performed to validate 18F-ML-8 binding to apoptotic cardiomyocytes. PET imaging demonstrated high 18F-ML-10 and 
18F-ML-8 uptake where 18F-FDG uptake was absent. The focal accumulation of the two tracers was high on days 1 and 3 but 
was not notable on days 5 and 7 after surgery. The infarct-to-lung uptake ratio was 4.29 ± 0.30 for 18F-ML-10 and 3.51 ± 0.18 
for 18F-ML-8 (n = 6, analyzed by averaging the uptake ratios on postoperative days 1 and 3, P < 0.05). The TUNEL results 
showed that myocardial cell apoptosis was closely related to the focal uptake of the apoptotic tracers in the infarct area. In 
addition, the apoptosis rates calculated from the TUNEL results were better correlated with 18F-ML-8 uptake than with 18F-
ML-10 uptake. Ex vivo cell binding assays demonstrated that 18F-ML-8 accumulated in apoptotic cells but not in necrotic 
or normal cells. PET imaging using 18F-ML-10 or 18F-ML-8 allows the noninvasive detection of myocardial apoptosis in 
the early phase. In addition, 18F-ML-8 may be better than 18F-ML-10 for apoptosis imaging. We propose that PET imaging 
with 18F-ML-10 or 18F-ML-8 combined with 18F-FDG is an alternative for detecting and assessing MI.
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Introduction

Myocardial infarction (MI) has a high mortality rate and 
is a major cause of disability worldwide [1]. Apoptosis, an 
important form of cell death in the early phase of MI, can 
result in the death of many cardiomyocytes and other types 
of cells [2]. Thus, apoptosis can cause continuous cardiac 
cell loss which plays an important role in influencing the 
final infarct size. Moreover, this damage influences ven-
tricular remodeling and decreases cardiac function [3]. As 
expected, excessive myocardial cell apoptosis plays a consid-
erable role in the subsequent processes and final outcomes of 
MI. Additionally, apoptosis can be manipulated and reversed 
according to the report by Foglio et al. [4]. Thus, the early 
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detection and inhibition of apoptosis could be a very prom-
ising strategy for preventing functional cardiomyocyte loss 
before it evolves to an irreversible stage. However, apoptosis 
may have already occurred before the histological changes 
are conclusive and biological serum tests can detect apop-
tosis [5, 6]. Therefore, histological examinations and bio-
logical serum tests are not suitable for the early detection of 
apoptosis. However, nuclear imaging, such as single-pho-
ton emission computed tomography (SPECT) and positron 
emission tomography (PET), with apoptotic tracers could 
identify early apoptosis noninvasively.

During the early phase of apoptosis, changes such as 
apoptotic scramblase activation, phosphatidylserine (PS) 
exposure, caspase activation and membrane depolarization 
occur in cells; these changes can be used as targets for radi-
opharmaceuticals to bind with [7]. For example, the 99mTc-
labeled Annexin V and the 99mTc-labeled C2A domain of 
synaptotagmin I have been reported to detect apoptosis in 
MI [8, 9]. However, these tracers can bind to exposed PS in 
both apoptotic and necrotic cells and thus cannot distinguish 
apoptotic cells from necrotic cells. Recently, Cohen et al. 
[10] reported on ApoSense family tracers that can discrimi-
nate apoptotic and necrotic cells. At present, ApoSense fam-
ily imaging agents are being used for the in vivo apoptosis 
detection and imaging. For example, phase I/II clinical trials 
of 18F-labeled 2-(5-fluoropentyl)-2-methylmalonic acid (18F-
ML-10), a low-molecular-weight compound, are already 
underway [11, 12]. Moreover, Yao et al. [13] also reported 
that 18F-labeled 2-(3-fluoropentyl)-2-methyl-malonic acid 
(18F-ML-8), an analog of 18F-ML-10, could be used to 
assess apoptosis. Compared with 18F-ML-10, 18F-ML-8 

has a lower molecular weight and may be more suitable for 
PET imaging.

To the best of our knowledge, both 18F-ML-10 and 18F-
ML-8 have not been applied for PET imaging of apoptosis in 
MI. Therefore, in this study, PET imaging with 18F-ML-10 
and 18F-ML-8 in rat models of MI was performed to detect 
and assess apoptosis noninvasively.

Materials and methods

Animal study design

This study conformed with the recommendations of the 
Guide for the Care and Use of Laboratory Animals of the 
Ministry of Science and Technology of the People’s Repub-
lic of China. The experimental protocols were approved by 
the Animal Ethics and Welfare Committee (Permit Number: 
IACUC-DB-16-1106). Figure 1 depicts the research design, 
including the number of experimental animals and the time 
points of different treatments. The animals were divided 
into 2 groups: the MI group (n = 23) and the control group 
(n = 12). On day 0, the MI group was subjected to left ante-
rior descending coronary artery (LAD) ligation, whereas the 
control animals were sham-operated without LAD ligation. 
Two rats in the MI group died from severe arrhythmia and 
heart failure after operation. Rats in the MI group underwent 
PET imaging with 18F-FDG, 18F-ML-10 or 18F-ML-8 (n = 3 
for each tracer) on days 1, 3, 5 and 7 after surgery, while the 
control rats were subjected to the same imaging on only day 
1 after surgery (n = 3 for each tracer). 3 days after surgery, 

Fig. 1  Outline of the experimental animal design
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echocardiography was used to reconfirm the presence of 
MI and assess cardiac function (n = 18 for the MI group; 
n = 9 for the sham group; however, one rat in the sham group 
died from an anesthesia accident during echocardiography). 
On days 1, 3, 5, and 7 after surgery, 3 MI animals were 
sacrificed for ex vivo studies, including a series of histo-
logical staining: hematoxylin-eosin (HE) staining, Masson 
trichrome staining, immunohistochemistry with caspase-3 
antibody, anti-Bax antibody and anti-Bcl-2 antibody, and 
terminal deoxynucleotidyl transferase dUTP nick-end labe-
ling (TUNEL) assay. In addition, three sham-operated rats 
were sacrificed and underwent the same staining procedures 
on only days 1 and 7 after surgery.

MI induction

Six-week-old male Sprague-Dawley rats were anesthetized 
with 2% pentobarbital (40 mg/kg) and connected to a small 
animal ventilator (RWD Life Science, Shenzhen, China). 
Then, the animals underwent permanent LAD ligation to 
induce transmural MI as previously described [14–16]. 
Briefly, LAD occlusion was performed through a left thora-
cotomy in the fourth intercostal space with a 7 − 0 suture. 
The suture was placed 2–3 mm away from the LAD origin 
and then ligated. Successful occlusion was confirmed by 
visual myocardial bleaching and ST-segment elevation on 
an electrocardiogram monitor (Chengdu Techman Software 
Co.LTD, Chengdu, China). Sham-operated animals, which 
served as controls, were subjected to a similar surgical pro-
cedure. Their pericardium was opened, and a suture was 
placed under the LAD; however, the suture was not tied 
around the LAD.

Assessment of cardiac function 
with echocardiography

Three days after MI, the rats were evaluated by echocar-
diography using a Vevo 2100 Imaging System with a lin-
ear 16–21 MHz transducer (VisualSonics Inc., Toronto, 
Canada). After anesthesia with 2% isoflurane, the rats were 
placed on an examination platform, and two-dimensional 
(2-D) images and M-mode images were obtained at the 
level of the papillary muscle in the short-axis view. From 
the 2-D images of the left midventricular level as defined 
by the American Society of Echocardiography, M-mode 
images through the papillary muscles were used to meas-
ure left ventricular end-diastolic dimension (LVEDD) and 
left ventricular end-systolic dimension (LVESD) as previ-
ously described [17]. In addition, left ventricular fractional 
shortening (LVFS) and left ventricular ejection fraction 
(LVEF) were calculated according to the following for-
mulas: LVFS = (LVEDD − LVESD)/LVEDD × 100% and 
LVEF = (LVEDV-LVESV)/LVEDV × 100%, where LVEDV 

indicates the left ventricular end-diastolic volume, and 
LVESV indicates the left ventricular end-systolic volume. 
All parameters were obtained from an average of 3 continu-
ous cardiac cycles according to the VisualSonics Vevo 2100 
Imaging System Operator Manual.

Small animal PET/computed tomography (CT) 
imaging

In vivo PET/CT imaging was obtained with the Inveon small 
animal PET/CT scanner (Siemens). Animals from the two 
groups were anesthetized with 2% pentobarbital (35 mg/
kg) on the 1st day after operation and were injected intrave-
nously with 18F-FDG (37 MBq/kg), 18F-ML-10 or 18F-ML-8 
(74 MBq/kg). Afterward, the animals were fixed to remain 
motionless on a scanning bed with the heart in the center of 
the field of view. To select an optimal imaging time point, 
we performed data acquisition in three-dimensional mode 
at different time points (30, 60, 90 and 120 min) after 18F-
ML-10 injection. After that, the same rats of the MI group 
were scanned on days 3, 5 and 7 postoperatively. All 18F-
ML-10 and 18F-ML-8 images were obtained at the optimal 
time point determined by the aforementioned methods after 
tracer injection, and 18F-FDG images were obtained 1 h after 
injection.

After a low-dose CT scan, a 15-min PET scan immedi-
ately followed. The CT scan was used for attenuation correc-
tion and anatomical localization. Image reconstruction was 
performed with the two-dimensional ordered-subsets expec-
tation maximum (2D-OSEM). Inveon Research Workplace 
4.1 software was used to draw regions of interest (ROIs) of 
2 mm in diameter at the same section level of every PET/CT 
image. In addition, ROIs of the infarct areas were from por-
tions that had negative 18F-FDG uptake, while ROIs of the 
remote areas were from portions that had positive 18F-FDG 
uptake. Furthermore, the radioactivity uptake was presented 
as a percentage of the injected dose per gram of the tissue 
(%ID/g).

Histological staining

On postoperative days 1, 3, 5 and 7 for the MI group and 
on postoperative days 1 and 7 for the control group, the 
rats were anesthetized and sacrificed, and their hearts were 
excised. Then, 5-mm-thick transverse sections of the hearts 
1–2 mm below the ligation were fixed in 4% paraformal-
dehyde for more than 48 h and then embedded in paraffin. 
Subsequently, serial 5-µm-thick slices were obtained, and 
two of these sections were stained separately with HE and 
Masson trichrome methods. For immunohistochemical stain-
ing, primary rabbit monoclonal antibodies against caspase-3 
(diluted 1:300, Servicebio, China), Bax (diluted 1:300, 
Servicebio, China), and Bcl-2 (diluted 1:200, Servicebio, 
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China) and an HRP-conjugated secondary antibody (Dako, 
Agilent Technologies, Glostrup, Denmark) were used after 
conventional processing [18]. Histopathological and immu-
nohistochemical images were captured by a light microscope 
(Nikon, Tokyo, Japan). Furthermore, five randomly selected 
fields (magnification, ×200) of the infarct or remote parts 
of each immunohistochemical section were evaluated by 
Image-Pro Plus 6.0 software (Media Cybernetics, Rock-
ville, USA) to determine the average integral optical density 
(IOD) value.

Apoptotic cells were detected by TUNEL assays using 
an in situ cell death detection kit (Roche, Basel, Germany). 
All procedures were performed according to the manu-
facturer’s instructions. The images were obtained with an 
inverted fluorescence microscope (Nikon Eclipse TI-SR, 
Tokyo, Japan). The cells in ten randomly selected areas were 
counted (magnification, ×400), and the apoptotic index (AI) 
was calculated as the number of  TUNEL+ cell nuclei/total 
nuclei × 100%.

Binding assays for 18F‑ML‑8 and apoptotic H9C2 
cells in vitro

Rat H9C2 cardiomyocytes were kindly provided by the Cell 
Bank of the Chinese Academy of Sciences in Shanghai. 
The cells were cultivated in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine 
serum, 100 µg/ml streptomycin and 100 IU/ml penicillin at 
37 °C in 5%  CO2. When the cells were in the logarithmic 
growth phase, they were harvested and seeded into six-well 
plates at the density of 5 × 106 cells/well. After overnight 
incubation, the cells were divided into five groups and 
subjected to different treatments. Furthermore, each of the 
groups was divided into two parallel fractions: one to verify 
the treatment effect and the other to assess 18F-ML-8 uptake 
in apoptotic H9C2 cells.

To induce apoptosis, an anti-Fas antibody (0.2 µg/ml) 
(Abcam, Cambridge, United Kingdom) was added to the 
H9C2 cells. For the apoptosis inhibition group, H9C2 cells 
were treated with 50 µM Z-VAD-FMK (Sigma-Aldrich, St. 
Louis, USA), a pan-caspase inhibitor, 10 min before the 
addition of anti-Fas. One group without any treatment and 
another with only inhibitor treatment were included as con-
trols. All cells of the four groups were incubated for 2 h 
in the culture conditions described above. Finally, the cells 
were subjected to three freeze–thaw cycles (20 min of freez-
ing at − 80 °C, followed by 20 min of thawing at 37 °C) to 
induce necrosis. After thawing for the last time or after the 
other treatments listed above, samples were disposed within 
minutes.

For one cell fraction, the cell culture medium, includ-
ing floating cells, was collected in different centrifuge 
tubes. The rest of the cells were then washed twice with 

phosphate-buffered saline (PBS) and digested with trypsin 
without ethylenediamine tetraacetic acid (EDTA). After dis-
sociation, the cells were collected in the corresponding cen-
trifuge tubes mentioned above and pelleted by centrifugation 
(1000×g, 5 min). After resuspension in PBS, the cells were 
centrifuged twice. Next, the cell pellets were resuspended 
in 100 µl of 1× Annexin V buffer. Then, 5 µl of propidium 
iodide (PI) and 5 µl of AnxV-FITC (apoptosis detection kit, 
Sigma-Aldrich) were added, and the cells were incubated in 
the dark for 15 min. Finally, the samples were analyzed by 
flow cytometry (CytoFLEX, Beckman Coulter, US), and the 
final data were analyzed by Kaluza software.

For the other cell fraction, the cell culture medium was 
removed, and 0.22 MBq of 18F-ML-8 was added to every 
well of the cells treated as described above. After cultivation 
for 60 min at 37 °C, the cells were digested with trypsin and 
collected in respective centrifugation tubes for two cycles of 
centrifugation and washing with PBS. The cellular uptake 
activities were measured with a gamma radioimmunoassay 
counter (SN-6105, Shanghai, China) and presented as the 
radioactivity per ~ 105 cells.

Statistical analysis

All values are presented as the mean ± standard error of the 
mean (SEM) and were statistically analyzed with GraphPad 
Prism 6. Unpaired Student’s t tests were carried out for the 
analysis of variance between sham-operated and MI ani-
mals, and paired Student’s t tests were used for comparisons 
between the values obtained on the first and third postopera-
tive days. Values for more than two groups were compared 
using one-way ANOVA with Geisser-Greenhouse correc-
tion, and intergroup comparisons were made using Tukey’s 
multiple comparisons test. Pearson correlation analyses were 
performed to assess the correlation between the values of 
two groups, such as the I/L ratios and AI. All differences 
were considered statistically significant for two-sided P val-
ues less than 0.05.

Results

Assessment of cardiac function and cardiac 
morphology

All animals were maintained under the same conditions 
before the operation. According to the PET/CT images, 
compared to that in the sham group, there was low or no 
18F-FDG uptake in the anterolateral wall of the left ventri-
cle after MI induction (Fig. 2a). M-mode echocardiography 
showed that the movement of the anterolateral wall of the MI 
rats decreased significantly compared to that of the control 
rats (Fig. 2b). LVEF and LVFS, which were used to assess 
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cardiac function, were lower in the experimental group than 
in the control group (P < 0.0001; Table 1), but the weight 
and heart rate differences were not statistically significant 
between the sham and MI rats (P > 0.05; Table 1).

HE and Masson staining on the 7th day after operation 
indicated morphological discrepancies between the two 
groups (Fig. 2c, d). Compared to HE and Masson staining 
in the sham groups, HE staining in the model group revealed 
a disordered and loose arrangement of the cardiomyocytes 
(Fig. 2c), while Masson staining in the MI group revealed 
hyperplasia of the myocardial fibers (Fig. 2d).

In vivo imaging of MI in live rats

As shown in Fig. 3a, the whole heart region was high-
lighted at 30 min after 18F-ML-10 injection. Over time, an 
uptake hot-spot became evident in the cardiac area at risk 
of ischemia. Focused and moderate uptake in the image 

was observed at 120 min after injection; thus, this time 
point was optimal for apoptosis imaging with 18F-ML-
10 and 18F-ML-8. In the sham-operated group (Fig. 3b), 
tracer uptake in the normal myocardium was gradually 
washed out, and there was ultimately no uptake hot-spot 
in the heart.

Importantly, both 18F-ML-10 and 18F-ML-8 uptake were 
obviously high on the 1st and 3rd days after MI, whereas 
tracer uptake was not obvious on the 5th and 7th days after 
the operation. However, Fig. 3c shows that the infarct-to-
lung (I/L) uptake ratios of 18F-ML-10 or 18F-ML-8 in the MI 
rats were not significantly different between the 1st and 3rd 
days after operation. Then, we calculated the average uptake 
ratios of the tracers on both days 1 and 3 after operation 
(subsequently referred to as the first three postoperative days 
to avoid confusion). Figure 3d shows that the I/L average 
uptake ratio for the first 3 days was higher for 18F-ML-8 than 
18F-ML-10 (4.29 ± 0.30 vs. 3.51 ± 0.18; n = 6, P < 0.05). No 
significant differences were found in the infarct-to-remote 
(I/N) uptake ratios of 18F-FDG on different days after opera-
tion (Fig. 3e, one-way ANOVA, NS).

On the 1st day after operation, the 18F-FDG PET images 
could be properly merged with the 18F-ML-10 PET images 
for the MI rats, showing that the negative uptake of 18F-
FDG matched exceedingly well with the hot-spot uptake of 
18F-ML-10 in the infarcted myocardium (Fig. 4a). However, 
18F-ML-10 images of the sham-operated animals did not 
show significant tracer uptake (Fig. 4b). Figure 4c shows 
that there was visible 18F-ML-8 uptake in the left ventricular 
myocardium and no 18F-FDG uptake in the infarct area of 
the MI rats. As shown in Fig. 4d, the I/N radioactivity uptake 
ratios on the first 3 days after operation were 0.25 ± 0.04, 
1.86 ± 0.05 and 2.50 ± 0.20 for the MI rats injected with 18F-
FDG, 18F-ML-10 and 18F-ML-8 (n = 6, P < 0.0001, one-way 
ANOVA), respectively.

Fig. 2  Representative images of the sham (left) and MI (right) 
groups. Small animal PET/CT images with 18F-FDG (a) and images 
captured by M-mode ultrasound (b). There was low uptake (right 
arrows) and hypokinesia in the anterior walls of MI rats but not in 
those of sham rats. The white arrows indicate the wound from the 
operation. HE staining (c, scale bar = 50 µm) and Masson staining (d, 
scale bar = 50 µm) of the left ventricular myocardium on the 7th day 
after operations. Cardiomyocytes are stained red, and collagen fibers 
(blue arrows) are stained blue. After MI, there were many changes 
in cardiac morphology, such as the disordered and loose arrangement 
of cardiomyocytes and myocardial fiber hyperplasia. (Color figure 
online)

Table 1  Comparison of the general characteristics of MI and sham 
rats on the 3rd day after operation

On the 3rd day after MI induction, cardiac function was significantly 
decreased, as assessed by the decrease in LVEF and LVFS, but there 
were no differences in the weight and heart rate between the sham 
group and the MI group
*P < 0.0001 compared with sham rats

Parameter Sham (n = 8) MI (n = 18)

General characteristics
 Weight (g) 214.6 ± 2.4 209.9 ± 1.5
 Heart rate (bpm) 381.8 ± 10.1 365.9 ± 4.8

Cardiac function parameters
 LVEDD (mm) 6.4 ± 0.1 8.2 ± 0.1
 LVESD (mm) 3.8 ± 0.1 6.8 ± 0.2
 LVEF (%) 69.2 ± 1.7 32.5 ± 1.4*
 LVFS (%) 39.9 ± 1.3 16.2 ± 0.78*



401Apoptosis (2018) 23:396–407 

1 3

Fig. 3  Representative PET/CT images of MI rats (a) and sham rats 
(b) at 30, 60 and 120 min after 18F-ML-10 injection. At the top are 
the transverse images, and at the bottom are the coronal images. 
c Tracer uptake ratios of the infarct-to-lung (I/L) area for acute MI 
rats injected with 18F-ML-10 or 18F-ML-8 on the 1st or 3rd days after 
operation (n = 3, NS). d Tracer uptake ratios of the I/L area on the 1st 

and 3rd postoperative days were combined to analyze the acute MI 
rats injected with 18F-ML-10 or 18F-ML-8 (n = 6, *P < 0.05). e Tracer 
uptake ratios of the infarct-to-remote (I/N) area for the acute MI rats 
injected with 18F-FDG on different days after operation (n = 3, one-
way ANOVA, NS)



402 Apoptosis (2018) 23:396–407

1 3

TUNEL and immunohistochemical analyses

The TUNEL-positive areas almost perfectly matched the 
18F-ML-10- and 18F-ML-8-positive areas (Fig. 5a). Fig-
ure  5b shows the TUNEL results for the MI and sham 
rats in detail. Moreover, Fig. 5c shows that most of the 

TUNEL-positive nuclei were mixed with normal nuclei 
on the 1st day after operation, while regional TUNEL-pos-
itive nuclei prevailed on day 3. Furthermore, the number 
of apoptotic cells decreased on primarily the 5th and 7th 
days after operation. In contrast, there were few apoptotic 
cells in the hearts of sham-operated animals. We calculated 

Fig. 4  a Representative PET/
CT images with 18F-FDG (left), 
18F-ML-10 (right) and the 
merged images (middle). b Rep-
resentative transverse (left) and 
coronal (right) PET/CT images 
with 18F-ML-10 for sham rats 
(top) and MI rats (bottom). 
c Representative transverse 
(left) and coronal (right) PET/
CT images with 18F-FDG (top) 
and 18F-ML-8 (bottom) for MI 
rats (the red arrows indicate 
negative uptake; the blue arrows 
indicate uptake hot-spots; the 
white arrows indicate the wound 
uptake). d Tracer uptake ratios 
of the infarct-to-remote (I/N) 
area in acute MI rats injected 
with 18F-FDG, 18F-ML-10 
or 18F-ML-8 on the first 3 
days after operation (n = 6, 
**P < 0.01, ****P < 0.0001). 
(Color figure online)
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Fig. 5  a The TUNEL-positive 
area (right, scale bar = 2000 µm) 
almost perfectly matched the 
high 18F-ML-10 (left) and 18F-
ML-8 (middle) uptake areas in 
the in vivo PET/CT images. b 
TUNEL staining of the myocar-
dium in MI (top) and sham (bot-
tom) rats (scale bar = 50 µm). c 
Caspase-3 (left), Bax (middle), 
and Bcl-2 (right) protein expres-
sion (scale bar = 50 µm). The 
top figures present the protein 
expression levels in MI rats, 
while the bottom figures present 
the protein expression levels 
in sham rats. d Representative 
images of TUNEL staining on 
different days after operation in 
MI rats and in sham rats (scale 
bar = 50 µm). e Changes in the 
AI measured by TUNEL assays 
on different days after opera-
tion. f The IOD ratios of the I/N 
area for caspase-3 protein in the 
sham group and the MI group 
on the 1st day after operation. 
g The IOD ratios of Bcl-2/Bax 
protein in the infarct area for the 
sham group and the MI group 
on the 1st day after operation 
(**P < 0.01, ***P < 0.001, 
****P < 0.0001)
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the AI from TUNEL images, and the results are shown in 
Fig. 5e. There were significant differences among the AIs 
of different groups (n = 3, P < 0.0001, one-way ANOVA). 
Compared to those of the sham group, the AIs of the MI 
group on the 1st and 3rd days were greatly increased (n = 3, 
0.04 ± 0.01 for the sham group vs. 0.52 ± 0.02 on day 1 and 
0.47 ± 0.04 on day 3 after MI induction, each P < 0.0001). 
However, there was no obvious difference in the AIs of the 
MI group between the 1st and 3rd days after operation (n = 3, 
0.52 ± 0.02 on day 1 vs. 0.47 ± 0.04 on day 3, NS). In addi-
tion, the same result was observed between the 7th day and 
the sham group (n = 3, 0.05 ± 0.01 on day 7 vs. 0.04 ± 0.01 
for the sham group, NS).

Other types of immunohistochemical staining were also 
compared on the first day after operation. Caspase-3 and 
Bax protein expression levels were higher in the MI rats 
than in the sham rats, while Bcl-2 protein expression levels 
were lower in the MI rats than in the sham rats (Fig. 5d). 
For caspase-3 staining, the IOD ratio of the I/N area was 
159.95 ± 19.34 for the MI group on the 1st day and was 
significantly higher than that of the sham rats (1.68 ± 0.16, 
P < 0.01, Fig. 5f). In addition, the IOD ratio of Bcl-2 to 
Bax in the infarct area was considerably lower than that 
of the sham rats (0.38 ± 0.07 vs. 35.00 ± 1.04, P < 0.0001) 
(Fig. 5g).

Correlations between AI and 18F‑FDG, 18F‑ML‑10 
and 18F‑ML‑8 uptake

We investigated whether there were correlations between the 
degree of apoptosis and tracer uptake calculated from the 
18F-FDG, 18F-ML-10 or 18F-ML-8 PET images, particularly 
on the 1st and 3rd postoperative days. We calculated the 
I/L uptake ratios on the first 3 days according to the 18F-
FDG, 18F-ML-10 and 18F-ML-8 images. Figure 6a shows 
that there was no correlation between the AI and the I/L 
uptake ratio of 18F-FDG (P > 0.5). Conversely, a positive 
correlation was found between the AI and apoptotic tracer 

uptake  (R2 = 0.73 for 18F-ML-10 and 0.74 for 18F-ML-8, 
both P < 0.05, Fig. 6b, c).

In vitro binding assays of 18F‑ML‑8 and apoptotic 
cells

To verify apoptotic tracer accumulation in apoptotic cells, 
we performed in vitro binding assays using 18F-ML-8 and 
apoptotic H9C2 cells; 18F-ML-10 binding with apoptotic 
cells has already been demonstrated by Cohen et al. [10]. 
Flow cytometry analysis of the cells treated as described 
above confirmed that apoptosis and necrosis were induced 
successfully (Fig. 7a). According to flow-cytometric density 
plots, the sum of Q2 and Q3, which represents apoptotic 
cells in the anti-Fas-treated group (Fig. 7a, in the middle, 
approximately 44%), was the highest of all the different 
treatment groups. The sum of Q4, which indicates necrotic 
cells, was particularly high in the freeze-thaw treatment 
group (Fig. 7a, on the right side). In addition, the results 
of the control group are shown on the left side of Fig. 7a. 
According to the binding assays, the radioactivity value in 
anti-Fas-treated cells (0.32 ± 0.01 CPM/105 cells) was twice 
as high as that in control cells (0.16 ± 0.01 CPM/105 cells) 
(Fig. 7b). In contrast, after the addition of the caspase inhibi-
tor Z-VAD-FMK to inhibit apoptosis, there was no differ-
ence in the radioactivity uptake value of 18F-ML-8 between 
the control and inhibited groups (Fig. 7b). Similarly, there 
was no apparent 18F-ML-8 uptake by the cells in the necrotic 
group (Fig. 7b). These results indicated that 18F-ML-8 was 
taken up by the apoptotic cells but not by the necrotic or 
normal cells.

Discussion

18F-FDG images have long been considered as the gold 
standard for assessing myocardial metabolic viability [19]. 
However, PET imaging with 18F-FDG is not suitable for 

Fig. 6  Correlation between the AI and 18F-FDG uptake (a), 18F-ML-10 uptake (b) and 18F-ML-8 uptake (c). The uptake values are presented as 
the tracer uptake ratios of the infarct area to the lung
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detecting apoptosis because there is negative uptake in the 
infarct area and no correlation between 18F-FDG uptake and 
apoptosis according to our study. Therefore, we used trac-
ers from the ApoSense family (18F-ML-10 and 18F-ML-8) 
to perform PET imaging of apoptosis in a rat MI model for 
the first time. Our study proved that the positive uptake of 
18F-ML-10 and 18F-ML-8 as apoptotic tracers matched the 
negative uptake of 18F-FDG in the infarction area. Moreover, 
there was a relationship between myocardial apoptosis and 
tracer uptake in the infarct area, which could provide a new 
method for characterizing the progression and prognosis of 
MI in its early stage. As a result, PET imaging with 18F-
ML-10 or 18F-ML-8 combined with 18F-FDG could be an 
alternative for detecting and assessing MI.

Members of the ApoSense family have been used as apop-
totic tracers because they bind to the apoptotic membrane 
imprint in the early phase of apoptosis [20]. In addition, 18F-
ML-10 and 18F-ML-8, as small-molecule probe compounds, 
have been reported to selectively target and consequently 
accumulate in apoptotic cells [10, 13]. In our study, we also 
used in vitro flow cytometry and cell binding assays to show 
that 18F-ML-8 bound to apoptotic cells rather than necrotic 
cells. In vivo, there was first a high blood concentration of 
the tracer after 18F-ML-10 injection. Then, the tracer infil-
trated the apoptotic area and bound to the apoptotic cells. 
Due to gradual washout, there was finally specific uptake in 
only the apoptotic area. In addition, as an analog of 18F-ML-
10, 18F-ML-8 should have the same dynamic uptake process 

Fig. 7  Flow cytometry and cell binding assay results. a Results for the control group (left), the anti-Fas-treated group (middle), and the freeze-
thaw-treated group (right). b 18F-ML-8 uptake by cells in the various treatment groups. ****P < 0.0001
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as 18F-ML-10. In conclusion, 18F-ML-10 and 18F-ML-8 can 
differentiate apoptosis from necrosis.

Several studies have reported that other radiotracers 
could also be used for the molecular imaging of apopto-
sis in MI models. Zhao et al. [9], Niu et al. [21] and Sun 
et al. [22] have respectively reported on 99mTc-C2A-GST, 
99mTc-annexin V and 18F-FP-DPAZn2; however, these trac-
ers could not differentiate apoptosis from necrosis. Han et al. 
[23] recently reported that 18F-NaF enabled the noninvasive 
imaging of MI. However, they did not further elaborate on 
the relation between 18F-NaF uptake and apoptotic cells or 
necrotic cells. Unlike the results from previous studies, 18F-
ML-10 and 18F-ML-8 could not only distinguish the two 
forms of cell death but also define the presence, position 
and extent of apoptosis in our study. Additionally, 18F-ML-8 
could be a better tracer for imaging MI than 18F-ML-10. 
Importantly, 18F-ML-8 has a similar structure but a smaller 
molecular weight than 18F-ML-10, which could enable a 
higher target-to-background ratio than 18F-ML-10 imaging. 
Moreover, the apoptosis rate and the uptake ratio of I/L were 
better correlated for 18F-ML-8 imaging than for 18F-ML-10 
imaging in this study.

In our study, uptake hot-spots for 18F-ML-10 and 18F-
ML-8 imaging were found on days 1 and 3 postoperation; 
in vitro TUNEL staining in vitro confirmed that there were 
many apoptotic cells at these time points. In contrast, there 
was no evident uptake of the tracers in the same MI area 
on the 5th and 7th postoperative days when few apoptotic 
cells were found by TUNEL staining in vitro. Therefore, we 
think that PET imaging using these apoptotic tracers can 
provide visual detection only when there are many apoptotic 
cells in the early infarcted myocardium, and that the optimal 
time window is the first 3 days after MI onset. This proposal 
is consistent with the observation that apoptotic myocytes 
were present at 4 h following permanent coronary occlusion, 
reached the maximum amount at 18 h, remained constant 
until 48 h, and decreased at 72 h according to the report by 
Bialik et al. [24]. Moreover, the association between 18F-
ML-10 and 18F-ML-8 uptake and the extent of myocardial 
apoptosis, which was confirmed by the correlation analysis 
on postoperative days 1 and 3, could be the basis for quan-
tifying early myocardial injury. Therefore, using apoptotic 
tracers for the early clinical noninvasive identification and 
localization of myocardial apoptosis is promising; this infor-
mation could also be helpful in clinical decision-making. 
Nevertheless, further studies should be performed to verify 
imaging with these tracers at earlier time points, such as at 
approximately 4 h postoperatively.

There are also some limitations to this study. First, the 
infarct size was not quantified in this study. Consequently, 
the evidence provided for the tracers may be insufficient to 
evaluate treatment responses in our current work. Further 
studies, such as correlation analyses for cardiac function and 

tracer uptake after certain treatments, should be performed. 
Second, the 18F-ML-8 uptake hot-spot seems to be extra-
cardiac, with a very weak signal in the infarct area (shown 
in Fig. 4c). This finding may be due to minor amounts of 
18F-anion in the final product, a low specific concentration 
or specific activity, and operative wound and defense reac-
tions, all of which may play an important role in causing the 
high levels of non-specific 18F-ML-8 uptake. Additionally, 
the small number of apoptotic cardiomyocytes may have led 
to weak tracer uptake in the infarct area. Finally, it may also 
take a long time to obtain high-quality images after tracer 
injection. As a result, more studies of apoptotic imaging with 
18F-ML-10 and 18F-ML-8 are still needed.

Conclusion

In this study, we successfully imaged apoptosis in MI with 
18F-ML-10 and 18F-ML-8, and these tracers produced bet-
ter results than 18F-FDG. 18F-ML-8 showed a higher target-
to-background ratio than 18F-ML-10 in the MI model. The 
apoptosis analysis demonstrated that 18F-ML-8 uptake was 
better correlated with the apoptosis rate than 18F-ML-10 
uptake or 18F-FDG uptake. In conclusion, PET images with 
18F-ML-10 and 18F-ML-8 can provide a novel approach for 
early noninvasive apoptosis detection in MI; these data could 
be used for quantifying early myocardial injury in a short 
time window. Importantly, 18F-ML-8 appears to be a better 
tracer than 18F-ML-10 for apoptotic imaging.
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