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Abstract. To investigate the effects of Mg‑6Zn alloy on 
the healing of the common bile duct (CBD), Mg‑6Zn alloy 
stents were implanted into the CBDs of rabbits. Stainless 
steel stents were transplanted into a second group of rabbits 
to serve as a control. Computed tomography (CT) scanning 
was performed and weight loss was recorded to evaluate the 
in vivo degradation process. Hematoxylin and eosin staining 
and immunohistochemical analyses were performed to deter-
mine the expressions of transforming growth factor (TGF)‑β, 
vascular endothelial growth factor (VEGF) and basic fibro-
blast growth factor (bFGF) and evaluate CBD healing. The 
Mg‑6Zn stents maintained ~82 and ~50% of the original 
length, and ~90 and ~43% of the original CT value at 1 and 
2 weeks post‑operatively, respectively. The residual weights 
of the Mg‑6Zn stents were ~89, ~42 and ~9% of the original 
weights at 1, 2 and 3 weeks post‑operatively, respectively. At 
3 weeks post‑surgery, the CBD was completely healed, with 
no wounds observed in the 3 groups. VEGF expression in the 
Mg‑6Zn stent group was lower than that in the stainless steel 
stent group at 3 weeks post‑surgery (P=0.002). No significant 
differences were observed between the mean expressions of 
the TGF‑β1 and bFGF genes at 1 and 2 weeks post‑surgery. 
The results of the present study suggest that degradation of the 
Mg‑6Zn alloy may not affect healing of the CBD. 

Introduction

Healing is a complex process involving angiogenesis, new 
tissue formation and tissue remodeling  (1). Transforming 
growth factor (TGF)‑β, vascular endothelial growth factor 
(VEGF) and basic fibroblast growth factor (bFGF) are 
released at the wound site and are presumed to be necessary 
for healing (2). The material used in medical implants should 
ideally have good mechanical properties without affecting the 
tissue healing. Previous studies have demonstrated that the 
Mg‑6Zn alloy exhibits excellent biocompatibility and good 
mechanical properties in the common bile duct (CBD) (3‑5). 
However, the effects of Mg‑6Zn degradation on the healing of 
the common bile duct have yet to be confirmed.

Due to their good biocompatibility and mechanical 
properties, Mg alloys have attracted more attention and 
been used in surgical implants (6,7). Immersion weight loss, 
hydrogen evolution and electrochemical measurements are 
typically used to assess Mg alloy corrosion rates (4). In the 
past decade, computed tomography (CT) technology has made 
great advances, and CT scanning may be used to measure the 
length and density of implanted metallic materials (8,9). It may 
therefore be suggested that CT scanning may be an effective 
method of examining the degradation of implanted metallic 
materials.

In the present study, stents were prepared from biodegrad-
able Mg‑6Zn alloy and implanted in the CBD of rabbits. CT 
scanning was performed to measure changes in length and 
density and compared with the results of previous corrosion 
experiments. Additionally, TGF‑β, VEGF and bFGF expres-
sions were evaluated via immunohistochemical analyses to 
investigate whether degradation of Mg‑6Zn alloys had an 
effect on the healing of the CBD.

Materials and methods

Materials. The biodegradable Mg‑6Zn alloy and stainless steel 
stents were donated by Suzhou Origin Material and Medical 
Technology Co., Ltd. (Jiangsu, China). The biodegradable 
Mg‑6Zn alloy was prepared from high purity Mg (99.99%) and 
Zn (99.999%) as previously described (10). The composition 
of this alloy is displayed in Table I. The as‑extruded Mg‑6Zn 
rods were processed into tube‑shaped samples with a luminal 
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diameter of 1.0 mm, thickness of 0.1 mm and length of 5 mm 
for implantation into the CBDs of rabbits. Samples were 
cleaned ultrasonically with acetone and ethanol successively 
and sterilized with 29 kGy of 60 Co radiation prior to use in 
in vivo experiments.

Animals. All animal experiments were designed according to 
the Guidance Suggestions for the Care and Use of Laboratory 
Animals issued by the Ministry of Science and Technology 
of the People's Republic of China and approved by the Ethics 
Committee of the Wuxi Second Hospital, Nanjing Medical 
University. Animals were supplied by Sino‑British Sippr/BK 
Lab Animal, Ltd., (Shanghai, China; license No: SCXK (hu) 
2008‑0016).

A total of 42 adult male New Zealand rabbits (mean age, 
5±1 months) with a mean body weight of 1.3±0.4 kg were 
randomly and equally assigned to 2 groups (n=21); the research 
group and the control group. All rabbits were housed at 22‑24˚C 
with a relative humidity of 50‑60% and a 12 h light/dark cycle. 
Rabbits had free access to food and water, and were fasted 
for 12 h prior to and following surgery. In the research group, 
a tubular Mg‑6Zn alloy stent was implanted into the CBD 
of each rabbit, whereas in the control group a stainless steel 
stent was implanted. Rabbits were anesthetized with ketamine 
hydrochloride (35 mg/kg; Jiangsu Hengrui Medicine Co., 
Ltd., Lianyungang, China). Rabbits were supplemented with 
a subcutaneous injection of 5% glucose and sodium chloride 
(Baxter International, Inc., Deerfield, IL, USA). A central 
venous catheterization set (CS‑24301‑E; Arrow International, 
Inc., Cleveland, OH, USA) was used to introduce the stents. 
Surgery was performed as described in a previous study by 
the present authors (11). In both the Mg‑6Zn alloy and stain-
less steel stent groups, seven rabbits were sacrificed at 1, 2 and 
3 weeks post‑operatively.

CT scanning. CT scanning (Somatom Sensation 16; Siemens 
Healthcare GmbH, Erlangen, Germany) was used to observe 
the in  vivo degradation process throughout the study. CT 
scanning was conducted immediately following surgery and 
1‑3 weeks postoperatively. The length (cm) and CT value (HU) 
of the Mg‑6Zn alloy and stainless steel stent were measured 
according to the Digital Image and Communications in 
Medicine standard (12) and SIENET Sky software (SIENET 
Sky‑VA50B; Siemens Healthineers; Siemens Healthcare 
GmbH).

Hematoxylin and eosin (H&E) and immunohistochemical 
analyses. Rabbits were sacrificed 1, 2 and 3 weeks postop-
eratively and their CBD tissue was harvested. Tissue samples 
of 2 cm2 surrounding the implants were fixed for 24 h at 
room temperature in 10% buffered formaldehyde (Beyo-
time Institute of Biotechnology Institute of Biotechnology, 

Haimen, China) and subsequently cut to a thickness of 4 µm 
and mounted on glass slides. Histological slices were stained 
with H&E, tissue sections were deparaffinized in xylene and 
subsequently rehydrated in graded concentrations of ethyl 
alcohol (100, 95, and 75%) and water. The sections were then 
microwave‑treated twice in citrate buffer (pH 6.0; Beyotime 
Institute of Biotechnology) at 99˚C for 6 min. Sections were 
placed in 3% H2O2 (Beyotime Institute of Biotechnology) 
for 10 min to inhibit endogenous peroxide activity, washed 
for 5 min three times with phosphate‑buffered saline (PBS) 
and placed in normal mouse serum (1:5; cat. no.  P0102; 
Beyotime Institute of Biotechnology) as a blocking anti-
body at room temperature for 10 min. Sections were treated 
with anti‑TGF-β1 antibody (1:100; TB21; cat no. ab27969; 
Abcam, Cambridge, UK), anti‑VEGF antibody (1:150; cat 
no. ab46154; Abcam) and anti‑FGF basic antibody (1:150; cat 
no. ab16828; Abcam), incubated for 24 h at 4˚C and washed 
for 10 min three times with PBS. Sections were subsequently 
incubated for 30 min at room temperature with biotinylated 
anti‑mouse/rabbit immunoglobulin (1:200; cat. no. A0216; 
Beyotime Institute of Biotechnology) was used as a secondary 
antibody and 3,3‑diaminobenzidine tetrahydrochloride 
(0.05%; cat. no. ST033; Beyotime Institute of Biotechnology) 
was used as a chromogen. Cytoplasmic staining was evaluated 
as positive for TGF‑β1, VEGF or bFGF. The sections were 
evaluated using a light microscope and a computer‑assisted 
image analysis system (Motic Images 2000; version 1.3; Motic 
Incorporation, Ltd., Causeway Bay, Hong Kong). The expres-
sion of all apoptosis‑associated proteins was determined via 
the integrated optical density (IOD) using Motic Fluo 1.0 
software (Motic Incorporation, Ltd.).

Statistical analysis. Statistical analysis was performed with the 
SPSS 18.0 software package (SPSS Inc., Chicago, IL, USA). 
The experimental values were analyzed using paired‑sample 
t‑tests and all data are presented as the mean ± standard devia-
tion. One‑way analysis of variance analysis was performed to 
evaluate differences between groups. The Kruskal‑Wallis test 
was used when equal variances were not assumed. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Degradation of the Mg‑6 Zn alloy stent in vivo. The degrada-
tion of the Mg‑6Zn alloy stent was evaluated via CT scanning. 
A total of 42 adult New Zealand rabbits were included in 
the final analysis. All animals survived for the duration of 
the study and had stable body weights. The rabbits in each 
group grew normally and were able to freely carry out normal 
activities. No postoperative adverse effects, such as infection, 
pyrogenesis or effusion of bodily fluids were observed in any 
rabbits during the experimental period.

Table I. Chemical compositions of Mg‑6Zn alloy.

Material	 Fe	 Si	 Ni	 Cu	 Al	 Mn	 Zn	 Mg

Composition (weight %)	 0.0038	 0.0016	 0.0005	 0.0005	 0.0085	 0.0004	 5.6210	 94.3637
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Immediately following surgery, CT scanning confirmed 
that the biodegradable Mg‑6Zn stents and non‑degradable 
stainless steel stents were successfully implanted in the 
CBDs. The stainless steel stents were 0.50 cm in length with 
a CT value of 2,200 HU on the day of surgery  (Fig. 1A), 
whereas the Mg‑6Zn stents were 0.50 cm with a CT value of 
510 HU (Fig. 1B). At 1 week post‑surgery, the main structure 
of the Mg‑6Zn stent was still able to be observed, and at 
2 weeks post‑surgery, approximately half of the Mg‑6Zn stent 
remained. At 3 weeks post‑surgery, the stent was difficult to 
observe on the CT scan.

At 1 and 2 weeks post‑surgery, the length of the Mg‑6Zn 
stent was 0.41±0.03 and 0.25±0.01 cm, respectively (Fig. 1C 
and D). The length of the Mg‑6Zn stents decreased signifi-
cantly by ~18 (P=0.007) and ~50% (P<0.001) at 1 and 2 weeks 
post‑surgery, respectively, compared with the pre‑implantation 
value (Fig. 2A). The CT values of the Mg‑6Zn stents were 
460±52 and 217±35 HU (Fig. 1C and D), a marked decrease 
of ~9.8% at 1 week and a significant decrease of ~57.5% 
(P<0.001) compared with the pre‑implantation value at 
2  weeks post‑operatively (Fig.  2B). Stents were weighed 
immediately post‑sacrifice at 1, 2 and 3 weeks post‑surgery. 
The original weight of the Mg‑6Zn stent was 2.5±0.21 mg and 
the remaining weight was approximately 89, 42 and 9% of the 

original at 1, 2 and 3 weeks post‑surgery, respectively (Fig. 3), 
with the final weight being significantly lower than the original 
weight (P<0.001). These results indicate that Mg‑6 Zn alloy 
stents were degraded by ~11, ~58 and ~91% at 1, 2 and 3 weeks 
post‑surgery, respectively.

H&E and immunohistochemical evaluation in  vivo. At 
3  weeks post‑surgery the CBD was completely healed, 
and no wound was observed in the 2 groups under direct 
vision  (Fig.  4A). H&E staining revealed no marked cell 
swelling or infiltration of neutrophils or monocytes at 3 weeks 
post‑surgery (Fig. 4B).

Figs. 5-7 demonstrate representative immunohistochemical 
pictures depicting the experiment on the TGF‑β1, VEGF and 
bFGF genes in the peri‑implant CBD tissues, and the statistical 
results of the immunohistochemical analysis. Based on the 
immunohistochemical IOD results, no significant differences 
were observed in expressions of TGF‑β1, VEGF and bFGF 
genes over time for the Mg‑6Zn alloy or stainless steel stent 
groups. Additionally, there was no significant difference in 
the expression of TGF‑β1 and bFGF among the 3 groups at 
3 weeks post‑surgery. VEGF expression in the Mg‑6Zn alloy 
stent group was lower than that in the stainless steel stent 
group at 3 weeks post‑surgery (P=0.002).

Figure 1. Representative pictures of CT scanning. (A) Length and CT value of the stainless steel stent and the partially magnified picture of the stainless steel 
stent. (B) Length and CT value of the Mg‑6Zn stent on the day of operation and the partially magnified picture of the Mg‑6 Zn stent on the day of operation. 
(C) Length and CT value of the Mg‑6Zn stent 1 week post‑surgery and the partially magnified picture of the Mg‑6 Zn stent 1 week post‑surgery. (D) Length 
and CT value of the Mg‑6Zn stent 2 weeks post‑surgery and the partially magnified picture of the Mg‑6Zn stent 2 weeks post‑surgery. Magnification, x1.5. 
CT, computed tomography.
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Discussion

In the present study, Mg‑6Zn alloy stents with a luminal 
diameter of 1.0  mm, thickness of 0.1  mm and length of 

5  mm were implanted in New Zealand rabbits and were 
demonstrated via CT scanning to have degraded by ~82% at 
1 week post‑surgery, ~50% at 2 weeks post‑surgery and almost 
completely degraded at 3 weeks post‑surgery. Furthermore, 
stent density decreased by ~90.1% at 1 week post‑surgery and 
~42.1% at 2 weeks post‑surgery. In the present study it was 
also demonstrated that implantation and subsequent degrada-
tion of Mg‑6Zn alloy stents did not affect the expressions of 
TGF‑β1 and bFGF whereas a decrease in VEGF expression 
was observed at 3 weeks post‑surgery.

There are many methods to detect the degradation of metal 
materials. Non‑invasive CT scanning causes less damage to 
the experimental animal compared with surgery to remove the 
specimen in vivo (13). In the present study, Mg‑6Zn alloy stents 
were removed from rabbits at 1, 2 and 3 weeks post‑surgery 
and were demonstrated to have degraded to ~89, ~42 and ~9% 
of the original weight, respectively. The results of CT scanning 
(~82 and 50%, and almost completely degraded at 1, 2 and 
3 weeks post‑surgery, respectively) were similar to the weight 
loss results.

CT value represents tissue density (14), with a higher CT 
value indicating a greater density of implanted materials. The 
CT value of water is 0 HU, the minimum CT value of air is 
‑2,000 HU and the maximum value of bone is 2,000 HU (15). 
Prior to implantation, the Mg‑6Zn alloy stents had a mean CT 
value of 510 HU. At 2 and 3 weeks post‑surgery, the CT value 
had decreased to 460 and 217 HU, respectively, indicating 
that the Mg‑6Zn alloy stent had gradually degraded in the 
CBD. There are two possible explanations for this observa-
tion. First, when the Mg‑6Zn alloy stent was implanted in the 
CBD, the surface of the sample was full of different‑sized 
corrosion gaps and pits (4), resulting in a decreasing CT value. 
Second, the epithelial layer on the medical implants also 
contributed to the change in the CT value (16). In the CBD, 
the surface of the implanted stent easily becomes covered 
by bile duct endothelial cells and soft tissue (4). A greater 
duration of implantation leads to a greater amount of tissue 
covering a stent. The CT value of soft tissue is 20‑70 HU, 

Figure 4. Representative pictures of tissue and H&E staining at 3 weeks 
post‑surgery. (A) Representative pictures of tissue exam under direct vision. 
(B) Representative pictures of H&E stain analysis. CBD, common bile duct; 
H&E, hematoxylin and eosin.

Figure 2. Results of the (A) length and (B) CT value of Mg‑6Zn stent and 
stainless steel stent. *P<0.05 vs. day of surgery. CT, computed tomography.

Figure 3. Results of the weight loss experiments in vivo. (A) Shape of the 
Mg‑6Zn stent 1, 2 and 3  weeks post‑surgery. (B) Weight evaluation of 
Mg‑6Zn stent 1, 2 and 3 weeks post‑surgery. *P<0.05 vs. prior to surgery.
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which may affect the measured CT value. In the present study, 
degradation data were different when the results of the length 
measurement and CT value assessment were compared. Based 
on this, it appears that CT scanning is able to demonstrate the 

trend of degradation, however the results are not accurate. The 
results of the present study suggest that that CT scanning may 
be used as an auxiliary method to assess the degradation of 
Mg alloys.

Figure 5. Immunohistochemical analysis of bFGF expression. (A) Representative immunohistochemical pictures of bFGF expression. (B) Statistical analysis 
of immunohistochemical analysis. bFGF, basic fibroblast growth factor; DAB, 3,3'‑diaminobenzidine.

Figure 6. Immunohistochemical analysis of TGF‑β expression. (A) Representative immunohistochemical pictures of TGF‑β expression. (B) Statistical results 
of immunohistochemical analysis. TGF, transforming growth factor; DAB, 3,3'‑diaminobenzidine.

Figure 7. Immunohistochemical analysis of VEGF. (A) Representative immunohistochemical pictures of VEGF expression. (B) Statistical results of the 
immunohistochemical analysis. *P<0.05 vs. stainless steel stent group. VEGF, vascular endothelial growth factor; DAB, 3,3'‑diaminobenzidine.
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Growth factors such as TGF‑β1 and bFGF are thought 
to be involved in wound healing (17,18). In the present study, 
the implantation of Mg‑6Zn alloy and stainless steel stents 
did not affect wound healing or expression of the TGF‑β1 
and bFGF genes in the CBD, in accordance with a previous 
study; Yan et al (19) reported that the Mg‑6Zn alloy has good 
biocompatibility properties and does not hinder the healing of 
the intestinal tract in vivo. However, the expression of another 
growth factor, VEGF, decreased 3 weeks post‑surgery. VEGF 
serves key roles in ischemic wound healing (20) and the level 
of VEGF may reflect the degree of new vessel prolifera-
tion (21,22). Friction and chronic stimulation of the stent on 
the CBD wall decreased due to the degradation of Mg‑6Zn, 
leading to a decrease in vascular proliferation resulting from 
friction. In the present study, VEGF levels in the non‑degrad-
able stainless steel stent group gradually increased, whereas it 
decreased in the biodegradable Mg‑6Zn alloy stent group at 
3 weeks post‑surgery. This suggests that the change in VEGF 
expression was induced by the degradation behavior of the 
Mg‑6Zn alloy in the CBD.

In the present study, Mg‑6Zn alloy stents gradually 
degraded in the common bile ducts of rabbits. The lower levels 
of VEGF expression may be associated with decreasing stimu-
lation resulting from the degradation of the Mg‑6Zn alloy. The 
degradation behavior of the Mg‑6Zn alloy does not appear to 
affect the expression of TGF‑β/bFGF genes or wound healing 
in the CBD.
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