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Abstract
The objective of this research was to estimate whether a [99mTc]duramycin probe can be used for apoptosis imaging in patients 
with aortic aneurysm (AA). Vascular smooth muscle cell (SMC) apoptosis has an important influence on AA development. 
Thus, non-invasive imaging of SMC apoptosis may be able to evaluate AA progress and risk stratification. SMCs were treated 
with hydrogen peroxide (H2O2; 200 μΜ) or culture medium as a control. Apoptosis was measured using flow cytometry 
and [99mTc]duramycin to detect the binding efficiency to apoptotic SMCs. C57/BL6 mice were administered angiotensin-II 
and beta-aminopropionitrile (BAPN) subcutaneously to establish an AA model, or saline for controls. Aortic specimens 
underwent pathological evaluation and their aortic diameters were measured after 6 weeks. Micro-SPECT/CT scanning of 
[99mTc]duramycin and 18F-FDG PET detection were performed. SMCs treated with H2O2 showed more apoptosis compared 
with the control group (67.2 ± 3.8% vs. 16.1 ± 0.6%, P < 0.01). The experimental group showed a high rate of AA formation 
(70%) compared with no AA formation in the control group. The average aorta diameter was higher and [99mTc]duramycin 
uptake at the AA site was higher in the experimental group compared with the control group. Compared with the normal 
aorta in the control group, AA in experiment group had more severe medial degeneration, elastic fiber reduction and fracture, 
and collagen degeneration. TUNEL staining verified the higher apoptosis rate at the AA site in experiment group compared 
with the control group (63.9 ± 3.7% in ascending AA, 66.4 ± 4.0% in thoracic AA, vs. 3.5 ± 0.3% in normal aorta, P < 0.01). 
[99mTc]Duramycin may be an effective probe to evaluate apoptosis in AA.
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Introduction

Aortic aneurysm (AA) is a frequently occurring cardiovas-
cular disease, and AA rupture is correlated with a high mor-
tality rate. The characteristics of AA are aortic wall injury 
and progressive dilatation. Clinically, surgery is the main 
treatment strategy for AA [1, 2]. However, most AAs have 
no significant clinical symptoms and an uncertain progres-
sion, but when fatal complications or rupture occurs, the 
patient’s prognosis is poor [3]. Currently, AA evaluation is 
mainly based on the aortic diameter size [4], which does not 
identify the early-stage or subclinical AA [5]. A detailed 
study of AA may identify predictors based on pathogenesis, 
which could be useful targets for monitoring AA progres-
sion [6–8]. Comprehensive pathological mechanisms are 
involved in AA, including inflammatory cell infiltration, 
SMC apoptosis, and extracellular matrix degradation, which 
could weaken the vessel’s structural integrity and lead to 
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aneurysm progression [9]. SMCs, which are the predominant 
effector cells in the aorta tunica media, have a vital function 
in maintaining vascular wall structure and function [10, 11]. 
SMC apoptosis contributes to the weakening of vessel struc-
tural integrity and has been considered to be an effective 
predictor of AA progression [12]. Therefore, imaging SMC 
apoptosis could be helpful to evaluate the extent of structural 
injury during AA progression and provide guidance for risk 
stratification.

Duramycin is a new type of apoptosis probe, which is 
a small molecular weight protein that binds specifically to 
phosphatidylethanolamine (PE) [13, 14]. [99mTc]-Duramycin 
accumulates strongly in target tissues in a PE-dependent 
fashion [15]. Radiolabeled duramycin has been used exten-
sively in apoptosis imaging in tumors, atherosclerosis, and 
ischemia–reperfusion injury [14, 16, 17]. In this research, 
we evaluated whether [99mTc]duramycin can be an imaging 
probe to evaluate apoptosis in AA development.

Methods

Duramycin radiolabeling

As previously reported, 150 μL of sodium acetate buffer 
(pH 5.3) was added in a single-step kit composed of 15 μg 
hydrazinonicotinamide (HYNIC)-duramycin for Tc-99 m 
labeling. In a 1.5-mL centrifuge tube, 30  μL (3  μg) 
HYNIC-duramycin solution and 100 μL freshly prepared 
[99mTc]-pertechnetate (222  MBq) in 100  μL of saline 
was added at 80 °C for 20 min. This probe’s radiochemi-
cal purity was tested using Radio-TLC using two separate 
chromatography systems. System 1 comprised 20% NaCl 
that was placed onto silica gel-impregnated paper that was 

cut into 1 cm × 10 cm strips, and system 2 was distilled 
water. In system 1, free [99mTc]-pertechnetate and impuri-
ties migrated up the solvent front, whereas reduced Tc-99 m 
and [99mTc]duramycin remained at the origin. In system 2, 
free [99mTc]-pertechnetate, impurities, and [99mTc]duramycin 
migrated to the solvent front, but the hydrolyzed reduced 
Tc-99m stayed at the origin.

Cell culture

CRL-1999 T/G HA-VSMC, which were purchased from 
American Type Culture Collection (Manassas, VA, USA) 
were grown in DMEM/F12 at 37 °C with 5% CO2. Then, 
10% FBS and 1% antibiotics were added into the medium. 
Cell viability was tested using light microscopy.

In vitro apoptosis in SMCs assessed using flow 
cytometry

For apoptosis analysis, SMC suspension was inoculated into 
wells on six cell culture plates, at a concentration of approxi-
mately 3 × 105 cells/well. Three culture wells, which were 
treated with a concentration of 200 μΜ hydrogen peroxide 
(H2O2) in DMEM/F12 at 37 °C in a moist atmosphere were 
the experimental groups, and the other three culture wells 
without H2O2 treatment were used as the control groups. 
After a 30-min incubation, cells were separated from the 
medium, washed with phosphate buffer saline (PBS), and 
centrifuged for 5 min at 1000 rpm. After the cells were 
resuspended in binding buffer, a cell suspension that was 
treated with 3 μL APC-Annexin V and 3 μL PI, was incu-
bated at 20 °C in dark conditions for 30 min. The cells were 
then checked using flow cytometry. This protocol is sum-
marized in Fig. 1a.

Fig. 1   Experimental Protocol. a In  vitro tests for evaluating SMC apoptosis and duramycin binding. b In  vivo tests for evaluating 
[99mTc]duramycin imaging in a mouse AA model
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In vitro targeting efficiency for apoptotic SMCs

To evaluate [99mTc]duramycin efficiency for apoptotic 
SMCs, we divided SMCs into experimental and control 
groups. The SMCs (average of 3 × 105 cells/well) were 
counted and plated onto 24-well culture plates. Follow-
ing cell adherence, the SMCs in the experimental group 
were treated with 200 μΜ H2O2 to stimulate apoptosis. 
The control group contained SMCs that were treated with 
DMEM/F12. After a 30-min incubation, the H2O2 and 
DMEN/F12 were discarded and 0.01 M phosphate buffered 
saline (PBS) was used to rinse the cells. [99mTc]Duramycin 
with a specific activity of 1 μg/74 MBq was added to the 
experimental and control wells, and 500 μL serum-free 
medium was then added to each well. After incubation 
for 30 min, 1.5 h, or 3 h, we measured the cell-binding 
rate of apoptotic SMCs at each time point based on the 
method described below: (1) Supernatant was removed 
and added to test tube No. 1 and 500 μL of 0.01 M cold 
PBS was used to wash each well (twice for 2 min each). 
The supernatant was then added to test tube No. 1, which 
was called the cell junction tube; 2) Trypsin–EDTA (1 × ; 
500 μL; 0.25%) was added into each well and incubated for 
15 min. When the adherent cells were completely lysed, 
the lysate was transferred to test tube No. 2, and each well 
was then washed with 500 μL of 0.01 M cold PBS (twice 
for 2 min each). The supernatant was also added to test 
tube No. 2, which was called the cell-unbounded tube; 
and 3) The CPM values of each tube, the cell binding rate 
(%), and cell binding (mol/cell) were measured using a 
γ-counter (CRC-15R, Capintec Inc., Ramsey, NJ, USA). 
The equation is as follows: cell binding rate (%) = CPM 
of cell junction/(CPM of cell junction + CPM of cell-
unbounded) × 100%. Each group comprised five replicates 
and the protocol is summarized in Fig. 1a.

Animal model

C57/BL6 mice (male, 8 weeks old) were purchased from 
Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, 
China). An osmotic pump (Alzet, Cupertino, CA, USA) was 
implanted in 20 mice to form aneurysms in vivo [18]. The 
osmotic pump containing angiotensin-II (1000 ng/kg/min; 
ApexBio, Boston, MA, USA) was placed subcutaneously 
to release drugs for 6 weeks and BAPN (150 mg/kg/day; 
Energy Chemical, Shanghai, China) was placed subcutane-
ously to release drugs for 2 weeks in the experimental group. 
The control group comprised four mice that were treated 
in the same manner except that physiological saline was 
administered. BAPN is a lysine oxidase inhibitor that has 
an important function in degrading the elastic membrane in 
the AA model [19]. The protocol is summarized in Fig. 1b.

Ultrosonic evaluation

The aortic diameter was assessed in mice that survived after 
6 weeks of treatment. Assessments were made using a small 
animal ultrasonic instrument under 2% isoflurane respiration 
anesthesia. The aortic diameter change was observed in the 
ascending aorta and abdominal aorta.

Micro‑SPECT/CT imaging and data analysis

All surviving mice were treated with [99mTc]duramycin 
(18.5 MBq/0.5 μg per mouse) via a caudal vein injection. 
2 h after this injection, mice were placed into a micro-single 
photon emission computed tomography/computed tomogra-
phy (Micro-SPECT/CT) scanner (Bioscan, Washington DC, 
USA) for SPECT/CT imaging under 2% isoflurane respira-
tion anesthesia. The main CT parameters were as follows: 
tube voltage, 45 keV; tube current, 0.15 mA; exposure time, 
500 ms/frame; and frame resolution, 256 × 512. The main 
SPECT parameters were as follows: scanning time, 35 s/pro-
jection; energy peak, 140 keV; window width, 10%; matrix, 
256 × 256; and resolution, 1 mm/pixel. The SPECT and CT 
images for mice were acquired at the same location. Data 
were reconstructed using the HiSPECT algorithm. The next 
day, mice were fasted for 6 h were then subjected to micro-
PET imaging. 18F-FDG (7.4–11.1 MBq per mouse) was 
injected through the tail vein. 1 h later, mice were placed on 
a micro-PET scanner (Metis PET; Shandong Maide Yinghua 
Technology Co., Ltd., Shandong, China). The main param-
eters concluded: FOV (Transaxial), 80 mm; FOV(Axial), 
59 mm; spatial resolution, < 1.3 mm; and peak, 226 Kcp. 
The protocol is summarized in Fig. 1b.

The post-processing of data was completed by using soft-
ware InVivo Scope (Version 1.43, Bioscan, Washington DC, 
USA). 3D region of interest (ROI) was drawn in the site of 
AA formation, the site of aorta without AA formation in 
the AA formation mouse and the site of aorta in the control 
mouse, while the background ROIs with similar diameter 
were drawn in the site of surrounding muscle. We selected 
three ROIs for each site and concentration of radioactivity 
of each ROI (μCi/mm3) was calculated by the software. The 
lesion-to-background ratio (L/B) was used to express lesion 
signal intensity, aiming to reduce inter-mice variations.

Ex vivo planar imaging

After 6 weeks intervention, we selected three experiment 
mice and three control mice to test the excised aortas for 
ex vivo planar imaging by breast specific gamma imaging 
(BSGI) with a high resolution, to eliminate adjacent tissue 
interference and further confirm signal intensity. All six mice 
were treated with [99mTc]-duramycin (18.5 MBq/0.5 μg per 
mouse) via a caudal vein injection. 2 h after this injection, 
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all mice were anesthetized using an intraperitoneal injection 
of 3% pentobarbital and the complete aorta were harvested 
and washed by saline, then the aorta was placed into BSGI 
scanner, the main parameters were as following: collimator, 
low-energy general-purpose; peak energy, 140 keV; window 
width, 10%; resolution, 0.32 mm/pixel; matrix, 80 × 80. The 
collection time was 20 min. The semi-quantitative analysis 
of [99mTc]-duramycin uptake in BSGI of aortic aneurysm was 
view as the lesion to background counts ratio (L/B).

Histological evaluation

After PET/CT imaging, all surviving mice were anesthetized 
using an intraperitoneal injection of 3% pentobarbital. After 
exposing the heart, the right atrial appendage was cut and 
0.9% saline and 4% neutral formaldehyde were perfused at 
the apex of heart. The complete aorta was exposed and an 
overall general image was obtained using a digital camera, 
and the aorta was then harvested and fixed in 4% neutral 
formaldehyde. The aorta specimens were sectioned at a 
thickness of 5 mm after being embedded in paraffin. Van 
Gieson (VG), Elastica van Gieson (EVG), and hematoxy-
lin and eosin (H&E) staining were used for histochemical 
examination. The protocol is summarized in Fig. 1b.

The pathological aortic sections were used for TdT-
mediated dUTP Nick-End Labeling (TUNEL) examination. 
A TdT and dUTP in a TUNEL kit (Roche) were mixed at 
a ratio of 1:9 to cover the tissue and incubated in a 37 °C 
incubator for 2 h. The slices were then washed with PBS (pH 
7.4) three times for 5 min each. After removing PBS, DAPI 
dye solution was added to the tissue and incubated in the 
dark for 10 min. Images were observed and collected under 
a fluorescence microscope (DAPI ultraviolet excitation 
wavelength, 330–380 nm; emission wavelength, 420 nm, 
blue light; FITC excitation wavelength, 465–495 nm, emis-
sion wavelength, 515–555 nm, green light; CY3 excitation 

wavelength, 510–560, emission wavelength, 590 nm, red 
light). The protocol is summarized in Fig. 1b.

Statistics

GraphPad Prism 6.01 and SPSS version 22 were used for 
statistical analysis. The imaging processing was performed 
using Adobe Photoshop 6.2. The numerical value was pre-
sented as the mean ± standard deviation (SD). P < 0.05 was 
considered to be as statistically significant.

Results

In vitro cell test

We found that SMCs in the control group were mainly nor-
mal compared with those in the H2O2-treated group; SMCs 
in the experimental group were mainly in the apoptotic state 
(Fig. 2a, b). The SMC apoptosis rate in H2O2-treated cells 
was significantly higher than SMCs that were not treated 
with H2O2 (67.2 ± 3.8% vs. 16.1 ± 0.6%, P < 0.01; Fig. 2c).

In vitro targeting efficiency for apoptotic SMCs

The H2O2-treated SMCs has a higher uptake of 
[99mTc]duramycin compared with the control group at 
0.5, 1, and 3 h (Fig. 3). The average uptake percentage 
of [99mTc]duramycin was 1.4 ± 0.5% and 0.2 ± 0.1% in the 
H2O2-treated and control groups, respectively (P < 0.01).

Animal models of aortic aneurysm

There were 14 (14/20) AAs in mice in the experimental 
group, which included seven mice that died from ruptured 
AAs or aortic dissection (7/14) (Fig. 4a). Among ruptured 
and unruptured AAs, 20% (4/20) of mice developed an 

Fig. 2   In vitro tests for evaluating apoptosis in SMCs. a The control 
group that was not treated with H2O2 did not show significant apopto-
sis and most SMCs were normal. b SMCs in H2O2-treated group were 

mainly in the apoptotic state. c The apoptosis rate in the H2O2-treated 
group was significantly higher compared with the control group 
(67.2 ± 3.8% vs. 16.1 ± 0.6%, P < 0.01)
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ascending AA, 25% (5/20) of mice developed a thoracic AA 
(TAA), and 25% (5/20) developed an abdominal AA (AAA; 
Fig. 4b). After 6 weeks, the aortic diameter was assessed 
in all the surviving mice using a small animal ultrasonic 
instrument using 2% isoflurane respiration anesthesia. The 
ascending aortic and abdominal aorta layers were assessed. 
The aorta in the experimental group was significantly 
dilated (Fig. 4c). The aortic mean diameter in the experi-
mental group was 1.8 ± 0.2 mm, and in control group, it was 
1.0 ± 0.1 mm, which was significantly different (P < 0.01; 
Fig. 4d). The expansion ratio was up to 50%. On 18F-FDG 
imaging, we found that AAs in the experimental group 
(Fig. 4e a, b) had more positive imaging compared with the 
control group (Fig. 4e c, d).

Imaging of apoptosis in an aortic aneurysm

Based on the imaging tests, we found that the radioactivity 
of [99mTc]duramycin was increased at the site of AA forma-
tion in the experimental group (Fig. 5b, c), and the control 
group had no positive imaging (Fig. 5a). Additionally, the 
uptake of [99mTc]duramycin at the AA site in the AA group 
was higher compared with the control group (4.53 ± 1.89 
vs. 1.41 ± 0.37, P = 0.001, Fig. 5d) and non-AA site in AA 
group (4.53 ± 1.89 vs. 1.38 ± 0.41, P = 0.002, Fig.  5d). 
Moreover, there was no significant difference between 
non-AA site in AA group and control group on the uptake 
of [99mTc]duramycin (1.38 ± 0.41 vs. 1.41 ± 0.37, P = 0.85, 
Fig. 5d).

Ex vivo planar imaging

From the ex vivo planar imaging, we found the AA site in the 
experiment group had obviously positive imaging and the 
control mice with negative imaging at the same site (Fig. 6a, 
b). The semi-quantitative analysis of [99mTc]duramycin 
showed that the L/B ratio in experiment group was 

significantly higher than control group (11.3 ± 1.25 vs. 
6.4 ± 0.89, P < 0.01, Fig. 6c).

Histological evaluation

Histological evaluation results of control and experimen-
tal aortae are shown in Fig. 7. We chose two layers of the 
control and experiment aortae. Compared with the control 
aorta, we found that aorta with AAs showed severe medial 
degeneration, elastic fiber reduction and fracture, and col-
lagen degeneration (Fig. 7).

Tunel evaluation

The outcomes of the apoptosis test are shown in Fig. 8. Fig-
ure 8a shows the TUNEL examination imaging in the control 
group, ascending AA, and TAA. The left picture is DAPI 
dye, which has a blue color, the middle picture has multiple 
dyes, the right picture is the FITC-TUNEL dye, which has a 
green color. Through TUNEL examination, we found posi-
tive apoptosis imaging in the aorta, which had AA formation 
(Fig. 8a). However, the control aorta has negative apopto-
sis imaging. Compared with aortae in the control group, 
the ascending AA and TAA had a significantly higher ratio 
of apoptotic cells (3.5 ± 0.3% vs. 63.9 ± 3.7%, 66.4 ± 4.0%, 
P < 0.01, Fig. 8b).

Discussion

AA is a fatal cardiovascular disease with an acute onset and 
rapid development. AAs are often found with dissection or 
an obvious pulsatile lump resulting from their usually hid-
den onset and no obvious clinical symptoms. Currently, AA 
diagnosis is usually based on CT imaging to estimate the 
dilated aortic diameter, but AAs in their early stages cannot 
be clearly identified in a clinical scenario.

AA animal models have been constructed using many 
strategies, including chemical induction and genetic muta-
tion. In the present study, we selected BAPN and angioten-
sin-II to induce AA. Lysine oxidase has vital function in 
maintaining the strength of the elastic lamina [20]. BAPN, 
a lysine oxidase inhibitor, can cause degeneration of elastic 
laminas that reduce the strength of the aortic wall. Combined 
with angiotensin-II, BAPN can induce aortic wall dilation. 
In this study, we found that this model has a good AA for-
mation rate and an acceptable mouse mortality rate. Previ-
ous experimental models selected include ApoE−/− mice or 
LDL−/−mice with high fat diet that were used in atheroscle-
rosis studies [21, 22], but the ratio of AA formation was 
low and the AA usually occurred after mature atheroscle-
rotic lesions are formed, which takes a long time. Addition-
ally, elastase infusion, calcium chloride, and angiotensin-II 

Fig. 3   Measurements of in vitro targeting ability of [99mTc]duramycin. 
The H2O2-treated SMCs group had a higher apoptotic SMC uptake 
percentage of [99mTc]duramycin compared with the control group 
(1.4 ± 0.5% vs. 0.2 ± 0.1%, P < 0.01)



750	 Apoptosis (2019) 24:745–755

1 3

are the common ways to induce AA formation [23–25]. 
Although local application of calcium chloride can induce 
AA quickly, it requires opening the chest and exposing the 
aorta, which may cause surgical death and it is not a suitable 
model to use with a large number of subjects. In the animal 

model used in this study, angiotensin-II and BAPN simulate 
the physiological mechanism of hypertension that produces 
aneurysms and they can induce aneurysms at multiple sites 
rather than at a single site. Therefore, Ang-II and BAPN-
induced AA in mice is a suitable animal model to enable 

Fig. 4   Aortic aneurysm formation in mice using BAPN and angio-
tensin-II. a The incidence of AA formation was significantly differ-
ent between the experimental and control groups. The overall AA 
incidence was 70% (14/20). b The types of AA in the experimental 
group were ascending AA (4/14), TAA (5/14), and AAA (5/14). The 
survival rate of patients with AAs was 75, 40, and 40% in the three 
groups, respectively. C Diameters of the ascending and abdominal 

aorta were larger in the experimental group (e–g) compared with the 
control group (a–c). M-mode echocardiography in AAs is shown in 
d. d The aortic diameter was visibly larger in the experimental group 
compared with the control group (1.8 ± 0.2  mm vs. 1.0 ± 0.1  mm, 
P < 0.01). e 18F-FDG uptake in AA (a and b) AA is higher than in the 
control group (c and d). The white circle indicates positive imaging
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exploration of potential molecular imaging strategies at dif-
ferent AA sites.

Duramycin is a small protein that is composed of 19 
amino acids and has a molecular weight of 2 kDa. Com-
bined with a high PE sensitivity, it has proper tissue per-
meability, faster tissue clearance rate, and higher apoptosis 
targeting sensitivity. PE and phosphatidylserine (PS) mainly 
exist in the intracellular cell membrane. When cell death 

occurs [13, 15], it redistributes to the outer cell membrane 
and becomes the molecular targets for apoptosis [26, 27]. 
Thus, radiolabeled duramycin has been used in myocar-
dial ischemia, atherosclerosis, and tumor imaging [14, 17]. 
Compared with annexin V, a 36-kDa human protein with 
319 amino acids that binds to PS with a specific affinity, 
duramycin has a lower molecular weight, higher affinity 
for PE and fast clearance. In this study, we found that the 

Fig. 5   Image of AA in SPECT/CT. The [99mTc]duramycin of micro-
SPECT/CT images in the control group (a) TAA (b) and ascending 
AA (c), quantitative analysis of L/B on SPECT/CT (d): the dilation 
of the aortic lumen in B and C. (b–d) [99mTc]duramycin uptake at 2 h 
post-intravenous injection at B and C. The control group had no vis-

ible positive imaging in A. d The uptake of [99mTc]duramycin at the 
AA site was higher compared with the control group (P = 0.001) and 
non-AA site in AA group (P = 0.002). Moreover, there was no sig-
nificant difference of the uptake of [99mTc]duramycin between non-AA 
site in AA group and control group (P = 0.85)
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uptake percentage of [99mTc]duramycin in apoptotic SMCs 
was higher in the H2O2-treated group compared with the 
untreated group (1.4 ± 0.5% vs. 0.2 ± 0.1%, P < 0.01). More-
over, SMC apoptosis, which was vital for maintenance of the 
aortic structure, has an important influence in AA formation 
and progression. Studies have shown that AA development 
was accompanied by increased apoptosis in SMCs and AA 
progress with the development of more apoptosis [12, 28, 
29]. One study has confirmed that up-regulated H19 induced 
SMC apoptosis and AA growth; moreover, the AA growth 
and SMC apoptosis were attenuated by inhibiting the H19 
expression [12]. Additionally, another study found that there 
was more SMC apoptosis in a CaPO4 AA model, which had 
greater AA dilation compared with the CaCl2 model, which 
had a smaller diameter [28]. Our study also confirmed that 
AAs showed more apoptosis than a control model using the 
TUNEL test. Thus, SMC apoptosis may be a new tool to 
assess AA appearance and development.

With research progressing on the mechanism of aneu-
rysm formation and pathology, many new methods to 
detect AA are emerging. Studies have shown that 18F-FDG 
can be used to assess AA formation through absorption 
of 18F-FDG into inflammatory tissues, which results from 
the inflammatory response during AA formation [30–32]. 
Ultra-small super-paramagnetic iron oxide (USPIO) imag-
ing in MRI and variations in inflammatory mediators and 
the extracellular matrix can also assess the progress of 
AA [10, 33, 34]. Here, we selected 18F-FDG imaging to 
verify whether our AA model was successfully established 
and we found more 18F-FDG uptake at the AA site com-
pared with the normal aorta (Fig. 4e). Additionally, based 
on the mechanism of SMC apoptosis in the formation of 
AAs and the higher sensitivity of duramycin toward apop-
tosis, we selected SPECT/CT to image apoptosis using 
[99mTc]duramycin. Using this method, we found positive 
apoptosis signals in the area of AA formation and negative 

Fig. 6   The planar imaging of aorta. a, b BSGI imaging showed that the AA site in experiment group had positive imaging compared with con-
trol group. c The L/B in experiment group was significantly higher than control group (11.3 ± 1.25 vs. 6.4 ± 0.89, P < 0.01)

Fig. 7   The lumen of AA and control aortae showing the histological 
characteristics. [control (a); AA (b); a–e in order]: control aorta and 
AA were stained with H&E, elastic laminas, van Gieson, and α-SMA. 

Compared with control aorta, the AA had visible medial degenera-
tion, elastic fiber fracture, and extracellular matrix degradation. Scale 
bar: 0.1 mm
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signals in the control group (Fig. 5). In addition, we used 
BSGI to test the ex vivo imaging to verity the specificity of 
[99mTc]duramycin and found AA site had positive imaging, 
but the control aorta without positive imaging at the same 
site (Fig. 6a, b). Moreover, the L/B in experiment group 
was significantly higher than control group (11.3 ± 1.25 
vs. 6.4 ± 0.89, P < 0.01, Fig. 6c). In the pathological sec-
tion, we selected the layer of AA and normal aorta to con-
firm the apoptosis level, and we found that ascending AA 
and TAA had a higher ratio of apoptotic cells compared 
with the normal aorta (63.9 ± 3.7% and 66.4 ± 4.0% vs. 
3.5 ± 0.3%, P < 0.01, Fig. 8).

The outcomes of our study further verified the impor-
tance of SMC apoptosis in AA appearance and develop-
ment. Because SMC apoptosis plays a central role in AA 
appearance and development of larger AAs, we suggest that 
early diagnosis of AA and evaluation of the risk factors for 
AA dilation may be assessed more comprehensively using 
[99mTc]duramycin detection. This method may have the ability 
to show the pre-clinical stage of AAs, which have no obvi-
ous symptoms and negative imaging findings. This method 
may help clinicians to screen patients for high-risk factors 
for AA dilation or dissection and implement early interven-
tion. However, further research is required to confirm our 
findings.

Conclusions

[99mTc]Duramycin is a sensitive apoptosis probe, and it may 
be a new method for imaging of apoptosis in AA and for pre-
dicting the pathological progress. However, further studies 
are required to verify its application in early stages of AA.
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