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 Background: 17b-Estradiol (E2) has been reported to protect annulus fibrosus (AF) cells in vitro against interleukin-1b (IL-1b)-
induced apoptosis in a concentration-dependent manner. However, its time-response effect remains unexplored. 
In addition, integrin a2/collagen II interaction has been reported to influence the apoptosis of nucleus pulpo-
sus cells in vitro. Thus, we hypothesized that integrin a1/collagen II might play a role in exerting the anti-apop-
tosis effect by E2. The aim of the current study was to further investigate the anti-apoptotic effect of E2 and 
determine the role of integrin a1/collagen II interaction.

 Material/Methods: Rat AF cells were primary cultured and used for the following experiments. AF cells were identified by immuno-
cytochemistry of type I collagen. Cell apoptosis was detected by fluorescence-activated cell sorter (FACS) anal-
ysis. The activity of active caspase-3 was determined by use of a caspase-3 detection kit. AF cell adhesion to 
type I collagen was determined by cell adhesion assay. Protein level of integrin subunit a1 was quantified by 
Western blot and mRNA expression was determined by real-time qPCR.

 Results: The immunocytochemistry of type I collagen revealed that cell purity was eligible for the following experiments 
with 98% of purity. FACS analysis indicated time-dependent anti-apoptosis effect of E2 at time points of 6 h, 
12 h, and 24 h, which was confirmed by Caspase-3 activity. Furthermore, cell adhesion assay showed that E2 
significantly increased cell binding to 95% of control, and qPCR and Western blot analysis showed that E2 ef-
fectively upregulated integrin a1. However, estrogen receptor antagonist ICI182780 prohibited the effect of E2.

 Conclusions: This study shows that E2 protects against apoptosis in a time-dependent manner, and a1 integrin-mediated 
adhesion to collagen II is essential for estrogen-dependent anti-apoptosis in rat annulus fibrosus cells in vitro.
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 Abbreviations: LDH – lumbar disc herniation; AF – annulus fibrosus; NP – nucleus pulposus; E2 – 17b-estradiol; 
ICI – ICI182780; FBS – fetal bovine serum; ECM – extracellular matrix; FN – fibronectin; IVD – interver-
tebral disc; IVDD – IVD degeneration; FACS – fluorescence-activated cell sorter; ER – estrogen receptor; 
PBS – phosphate-buffered saline; ERT – estrogen replacement therapy; AD – Alzheimer disease; 
TNF – tumor necrosis factor; IL-1b – interleukin-1b

 Full-text PDF: http://www.medscimonit.com/abstract/index/idArt/897906

Authors’ Contribution: 
Study Design A

 Data Collection B
 Statistical Analysis C
Data Interpretation D

 Manuscript Preparation E
 Literature Search F
Funds Collection G

1 Department of Orthopaedic Surgery, The Affiliated Taizhou People’s Hospital of 
Nantong University, Taizhou, Jiangsu, P.R. China

2 Department of Orthopaedic Surgery, The First Affiliated Hospital of Soochow 
University, Suzhou, Jiangsu, P.R. China.

3 Department of Orthopaedic Surgery, Zhongshan Hospital, Fudan University, 
Shanghai, P.R. China

e-ISSN 1643-3750
© Med Sci Monit, 2016; 22: 1375-1383

DOI: 10.12659/MSM.897906

1375
Indexed in: [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]  
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]  
[Chemical Abstracts/CAS] [Index Copernicus]

This work is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License

ANIMAL STUDY



Background

Lumbar disc herniation (LDH) is an increasingly common dis-
ease, mostly resulting from long-term disc degeneration. 
Degeneration of annulus fibrosus (AF) was due to repeated 
and long-term injuries. Cell attachment to extracellular ma-
trix (ECM) decreases, leading to the AF becoming thinner and 
softer. Thus, nucleus pulposus is more likely to extrude and 
the spinal cord and lateral nerve roots are compressed by the 
prolapsed intervertebral disc, resulting in serious clinical man-
ifestations [1].

Aberrant intervertebral disc (IVD) cell apoptosis and its accel-
eration of aging are regarded as the 2 major cellular process-
es related to disc degeneration [2–4]. Cell proliferation is of-
ten observed in nucleus pulposus (NP), leading to formation 
of lacunae containing multi-cell clusters [4]. Despite this, up 
to 50% of the cells may show signs of necrosis, while others 
reveal signs of apoptosis, potentially resulting in cell loss from 
the disc [4]. As cell activities and number of divisions are lost, 
the IVD is not able to maintain the large matrix macromole-
cules such as collagen, along with decreasing cell-to-ECM ad-
hesion, which result in a net loss of large proteoglycans and a 
shift in collagen synthesis [2]. Thus, apoptosis of IVD cells plays 
a significant role in the pathogenesis of disc degeneration.

Previous reports have demonstrated that apoptosis in cells 
is under the control of environmental signals such as growth 
factors, glucocorticoids, radiation, cytokines, and anti-cancer 
drugs [5–10]. Like growth factors and hormones, extracellular 
matrix (ECM) molecules such as collagen, fibronectin (FN), lam-
inin, thrombospondin, vitronectin, and proteoglycans have been 
shown to play important roles in hematopoiesis, proliferation, 
differentiation, migration, and apoptosis [11]. Many types of 
cells undergo apoptosis when deprived of attachment to the 
appropriate ECM [12]. It is well known that cell adhesion to 
ECM is an integrin-mediated action. Integrin, consisting of an 
a subunit and a b subunit, is a family of heterodimeric trans-
membrane proteins that participate in diverse cell-to-cell and 
cell-to-ECM interactions [13]. The extracellular domain can act 
as a receptor for ECM components, signaling protein, or adhe-
sion molecules of other cells. In addition, ECM proteins have a 
modulating effect on several signalling pathways involved in 
the regulation of cell proliferation and apoptosis [14].

Previous studies revealed that estrogen protects cells against 
apoptosis and even turned over that process through upregu-
lation of some integrin subtypes and enhancement of cell-ECM 
adhesion [15,16]. A recent study reported that 17b-estradi-
ol (E2) protected NP cells against apoptosis via upregulat-
ing integrin a2b1/collagen II [1]. In addition, integrin a1b1 has 
been found to be the special receptor for type I collagen [17]. 
Thus, based on these findings, we hypothesized that integrin 

a1/collagen II may exert an anti-apoptosis effect via E2. E2 has 
been reported to protect AF cells in vitro against IL-1b-induced 
apoptosis in a concentration-dependent manner [18]. However, 
its time-response effect remains unexplored. Therefore, the 
aim of the present study was to further investigate the an-
ti-apoptotic effect of E2 and to determine the role of integrin 
a1/collagen II interaction. We hope our study will assist de-
velopment of novel therapeutic strategies for preventing and 
treating IVD degeneration.

Material and Methods

Reagents

We used the following reagents: DMEM/F12 (Gibco, USA), fetal 
bovine serum (FBS) (BI, Israel), trypsin (Sigma, USA), collage-
nase type II (Sigma, USA), D-Hanks and PBS (Solarbio, Beijing, 
China), Annexin V-FITC/PI kit (BD, USA), primary antibody of 
anti-a1 (Proteintech, Wuhan, China), E2 (Sigma, USA), collagen 
II (Sigma, USA), ICI182780 (Sigma, United Kingdom), and sec-
ondary antibody (goat anti-rabbit) (Proteintech, Wuhan, China).

Ethical statement

The protocol for animal use in these experiments was approved 
by the Institutional Review Board of the Affiliated Taizhou 
People’s Hospital of Nantong University.

Cell culture protocol

Annulus fibrosus cells were isolated from male Wistar rats 
(~200 g) using the culture methodology reported previous-
ly [19]. In brief, 3 male Sprague-Dawley rats were sacrificed 
with anesthesia overdose, the whole lumbar vertebral column 
was resected under aseptic conditions, and IVD were all col-
lected. The AF was separated from the gel-like nucleus pulp-
osus using a dissecting microscope and then put into a bea-
ker containing 5 ml of D-Hanks solution. All AF was cut into 
1-mm3 pieces and the D-Hanks solution was poured out. The 
AF tissue was disintegrated by 0.25% of type II collagenase 
for 1 h and subsequently treated with 0.2% of trypsin with 
EDTA for 5 min. The partially undigested tissue was removed 
from the rest of the medium, which included AF cells, and 
was then transferred into a culture flask containing DMEM 
and 15% FBS supplemented with 100 IU/mL penicillin and 
100 ug/mL streptomycin. AF cells were cultured under a suit-
able environment with 5% CO2 at 37°C. AF cells proliferat-
ed attached to the bottom of a culture flask after 2–3 days. 
Confluent to about 80%, AF cells were subcultured in 3 cul-
ture flasks after being re-disintegrated by 0.25% trypsin so-
lution (EDTA, 1 mmol/L).
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Purification and identification of AF cells

This experiment was performed as reported previously [20]. 
The digested and lifted AF cells were cultured in a 50-ml dish 
containing DMEM/F12 without fetal bovine serum and kept 
static for 4 h, then AF cells were observed under an optical 
microscope. When AF cells were partly attached to the bot-
tom of the dish and never suspended, we poured out DMEM/
F12 with the other suspended cells. The rest of the AF cells 
were cultured again as above and then purified AF cells were 
obtained. Collagen I was identified by SP-ABC immunocyto-
chemistry. AF cells were sequence-fixed by 4% formaldehyde 
for 10 min, washed 3 times with PBS for 3–5 min, kept in 0.2% 
Triton X-100 for 5 min at room temperature, washed in PBS 
3 times, sealed off for 60 min at room temperature, washed 
in PBS 3 times for 3–5 min, added into rabbit anti-rat primary 
antibody of collagen I for 1 h at 37°C, washed in PBS 3 times 
for 3–5 min, then added into goat anti-rabbit secondary an-
tibody for 30 min at 37°C, and dyed with DAB for 15 min af-
ter being washed in PBS 3 times. The cells with dyed collagen 
I were observed and counted under 6 random fields, and AF 
cellular purity was calculated.

FACS analysis

Apoptotic incidence of AF cells was detected by flow cytom-
etry, as previously described [21]. AF cells were divided into 
6 groups and cultured with a 6-well plate at the density of 
2×105 cells in each well. Group A was regarded as a control 
group administrated with vehicle. Group B was administrat-
ed IL-1b at a concentration of 75 ng/ml. Group C was admin-
istrated IL-1b at a concentration of 75 ng/ml, with the pre-ad-
ministration of E2 at a concentration of 10 µM for 6 h. Group 
D was administrated IL-1b at a concentration of 75 ng/ml, 
with the preadministration of E2 at a concentration of 10 µM 
for 12h. Group E was administrated IL-1b at a concentration 
of 75 ng/ml, with the preadministration of E2 at a concentra-
tion of 10 µM for 24 h. Group F was administrated 75 ng/ml 
IL-1b with the preadministration of 10 µM E2 plus 10µM ICI 
for 24 h. All of the groups above were cultured in DMEM/F12 
medium without FBS or phenol red, for 24 h. All groups of AF 
cells were collected and subsequently washed twice with ice-
cold PBS, and then suspended using 250 µL binding buffer 
(10 mm Hepes/NaOH, pH 7.4, 140 mM NaCL, 2.5 mM CaCl) to 
the concentration of 106 cells/ml. Finally, 100 µL of the above 
suspended cell mixture for each group was taken out to re-
act with a double-staining working solution including 5 μL of 
Annexin V-FITC (20μg/mL) and 10 μL of propidium iodide (PI, 
20 μg/mL) in the dark for 15 min at room temperature. Double 
staining with Annexin V and PI was considered as a positive 
result of early apoptotic events, which was analyzed using a 
FACS Calibur flow cytometer (BD Biosciences). All experiments 
were performed in triplicate (n=3).

Caspase-3 activity assay

Experimental groups were designed as described above. Activity 
of active caspase-3 was determined by a caspase-3 detection 
kit (Beyotime, Shanghai, China), according to the manufactur-
er’s instructions. Activity of caspase-3 is presented as the fold-
change compared to the control group.

Cell adhesion assay

As previously reported [22], cell adhesion to collagen II was as-
sayed. Because the dose-response effect was the focus of this 
study, time-dependent manner is not explored in this section. 
In brief, AF cells were divided into 6 groups and cultured with 
a 6-well plate at the density of 2×105 cells in each well. Group 
A was regarded as a control and was administered vehicle. 
Group B was administered IL-1b at a concentration of 75 ng/
ml. Group C was administered IL-1b at a concentration of 75 
ng/ml, with the pre-administration of E2 at a concentration of 
0.1 µM for half an hour. Group D was administered IL-1b at a 
concentration of 75 ng/ml, with the pre-administration of E2 
at a concentration of 1 µM for half an hour. Group E was ad-
ministered IL-1b at a concentration of 75 ng/ml, with the pre-
administration of E2 at a concentration of 10 µM for half an 
hour. Group F was administered 75 ng/ml IL-1b with the pre-
administration of 10 µM E2 plus 10 µM ICI for half an hour. 
All of these groups were cultured in DMEM/F12 medium with-
out FBS or phenol red, for 24 h. The 24-well plates were coat-
ed with type II collagen at 4°C overnight (20 µg/mL for each). 
To block the nonspecific binding sites, the 24-well plates were 
coated with 10 mg/mL of albumin for 1 h, then washed twice 
with PBS. A total of 3×104 cells were transplanted into each well 
and adhered to type II collagen at 37°C for 1 h. Finally, optical 
density (OD) of adherent cells was quantified at 570 nm using 
a Dynatech MR 5000 device (Dynatech, Germany). Values re-
ported are the mean ±SD of 3 independent experiments (n=3).

Real-time qPCR

Experimental groups were divided as described above. 
Expression of mRNA encoding integrin a1 was detected by 
real-time qPCR as described previously [4,13]. Total RNA was 
extracted using TRIzol according to the instruction for use pro-
vided by the manufacturer. Total RNA was measured fluoro-
metrically with the CyQuant-Cell Proliferation Assay Kit, pro-
duced by Molecular Probes. The RT-PCR System (Invitrogen, 
Carlsbad, CA) was used for cDNA synthesis. To semi-quantify 
the genes of interest, we used a qRT-PCR kit with 2-step meth-
od (Promega, Madison, WI) in a total volume of 20 µL. Primers 
of target genes were used as shown in Table 1. Standard 
curves were run in each optimized assay to produce a linear 
plot of threshold cycle (Ct) against log (dilution). The amount 
of the target was quantified based on the concentration of the 
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standard curve and is shown as relative Ct value according to 
the 2–DDCt method. The quantity of the target was normalized 
to the reference gene b-actin.

Western blot

Protein expression of integrin a1 was detected by Western 
blot analysis [23]. AF cells were washed using ice-cold PBS and 
then collected using 100 uL of Mammalian Protein Extraction 
Reagent buffer (MPER, Pierce, IL) containing protease inhibi-
tor cocktail, NaF (5 mmol/L), and Na3VO4(200 umol/L). Lysates 
were centrifuged at 4°C for 3 min at 14 000rpm and resolved 
in 12% SDS-polyacrylamide gels. Proteins were transferred by 
electroblotting to a PVDF membrane, which was then blocked 
with 5% non-fat milk powder and incubated overnight at 4°C 
with respective primary antibodies. After being washed in 
TBST 3 times for 5 min each time, the PVDF membrane react-
ed with a secondary anti-IgG-HRP antibody and was incubat-
ed at room temperature for 1 h. Immunoblotting was done us-
ing the method of enhanced chemiluminescence.

Statistical analysis

Data analysis was performed using SPSS for Windows 18.0 
(SPSS Inc., USA). Statistical analysis was carried out with 

one-way analysis of variance (ANOVA), followed by the LSD t 
test as pairwise comparisons. P<0.05 was regarded as signif-
icant. Data are shown as mean ±SD (standard deviation) of 3 
independent experiments (n=3).

Results

Purification and identification of AF cells

To ensure cell purity, we purified the primarily cultured cells 
and calculated AF cellular purity using the immunocytochem-
istry method of type I collagen. It is well known that collagen 
type I is mainly expressed in annulus fibrosus and collagen 
II in nucleus pulposus; therefore, as was shown in Figure 1A 
and 1B, collagen I was immunostained to brown in rat AF cells. 
The cellular purity was about 98% on average after counting 
6 random views under a light microscope, indicating that AF 
cellular purity was sufficient for the following experiments.

FACS analysis

As shown in Figure 2A and 2B, apoptotic cells are marked by 
an arrow. As shown in Figure 3A and 3B, IL-1b led to a 27% in-
crease in apoptotic incidence (p<0.01). However, the high-lev-
el apoptotic incidence was effectively decreased by the addi-
tion of 10 µM E2 in a time-dependent manner at time points 
of 6 h, 12 h, and 24 h (p<0.01).

Caspase-3 activity

As presented in Figure 4, IL-1b gave rise to a nearly 8-fold in-
crease of caspase-3 activity (p<0.001), which was effective-
ly reduced by the addition of 10 µM E2 in a time-dependent 
manner at time points 6 h, 12 h, and 24 h (p<0.01).

No. Gene Primer sequence

1 a1 integrin
5’ cttggacatcgttgtggtttat 3’(sense)

5’ ttctgaagaggattaagacgga 3’(antisense)

2 b-actin
5’ gcttacatgtctcgatcccacttaa 3’(sense)

5’ ctcgcgctactctctctttctgg 3’(antisense)

Table 1. Sequences of primers used for qPCR analysis.

A B

Figure 1.  Immunocytochemistry of type I collagen. Collagen type I was mainly expressed in annulus fibrosus, and was immunostained 
to brown, as shown in the figure. (A) Original magnification ×50; (B) Original magnification×200.
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A B

Figure 2.  Morphologic changes in apoptotic AF cells. Using phase-contrast microscopy, apoptotic AF cells exhibited plasma membrane 
blebbing, as marked by an arrow (scale bar, 200 µm). AF, annulus fibrosus.
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Figure 3.  FACS analysis for apoptotic incidence. (A) Apoptotic cells, stained positive for annexin V-FITC, negative for PI, or double 
positive, were counted. Data are represented as a percentage of the total cell count. (B) Data analysis used one-way analysis 
of variance (ANOVA) accompanied by pairwise comparison using the LSD t test. ** p<0.01, *** p<0.001, # p>0.05 mean ±SD 
(standard deviation); n=3.
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Cellular binding assay

As shown in Figure 5, IL-1b reduced cell binding to type I col-
lagen by up to 40% (p<0.001). However, the trend resulting 
from IL-1b was effectively reversed by the addition of 0.1µM E2, 
1µM E2, and 10 µM E2 in a dose- dependent manner (p<0.05).

RT-qPCR

As displayed in Figure 6, IL-1b caused a significant decrease 
of 30% COL1a1 (the gene of type II collagen), compared with 
the control group (p<0.001). Notably, the trend due to IL-1b 
use was effectively reversed by 0.1µM E2, 1µM E2, and 10 µM 
E2 in a dose- dependent manner (p<0.05), further confirmed 
by the use of ICI (p<0.001).

Western blot

As presented in Figure 7, the protein level of integrin a1 was 
significantly downregulated by IL-1b (p<0.001), which was 
partly reversed by the use of 0.1 µM E2 (p<0.001). As shown 
in Figure 8, E2 upregulated the protein level of integrin a1 in 
a dose-dependent manner by use of 0.1µM E2, 1µM E2, and 
10 µM E2 (p<0.01).

Discussion

It has long been known that a continuous increase in cell death 
occurs during IVD degeneration (IVDD) in humans. In addi-
tion, nutrient supply to the disc is reduced during IVDD in hu-
mans [24,25]. However, in this study we found that IL-1b alone 
was enough to cause apoptosis of AF cells with FBS depriva-
tion. Previous studies [24,26] have reported that suppressing 
apoptosis can increase disc cell survival, but the cells will in-
evitably die if adequate nutrients are not supplied to the de-
generated IVD. Hence, improving nutrient supply to the IVD is 
beneficial for suppressing cell apoptosis.

Figure 4.  Active caspase-3 activity assay. Caspase-3 activity was 
determined using a caspase-3 activity kit. Caspase-3 
activity is expressed as the fold-change in enzyme 
activity over control. ** p<0.01, *** p<0.001, by one-
way analysis of variance (ANOVA) accompanied by 
pairwise comparison using the LSD t test. IL-1b, 
interleukin-1b; E2, 17b-estradiol; ICI, ICI182780; mean 
±SD (standard deviation); n=3.
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At present, the method of collagen immunostaining is most-
ly used to identify IVD cells. It is well-known that AF and NP 
mainly consist of type I collagen and type II collagen, respec-
tively. Thus, immunocytochemistry of type I collagen was per-
formed to identify AF cells and ensure cellular quality for our 
experiments. Since primary culture of rat AF cells may lead to 
a mixture of several different clusters of cells, it was necessary 
to repeatedly purify AF cells to acquire a high level of cellular 
purity. Fortunately, the current study showed that the cellu-
lar purity of rat AF cells was 98%, counted in 6 randomly se-
lected visual fields, indicating that cultured AF cells were suf-
ficiently pure for all experiments.

Many studies have focused on the effect of E2 on integrin. 
Bozzo et al. indicated that E2 can suppressb-amyloid pep-
tide-induced apoptosis of neuronal cells via the upregulation 
of integrin a1b1 expression [27]. Nilsen et al. reported that E2 
protected against apoptosis via upregulating gene transcrip-
tion of Bcl-2 and Bcl-XL encoding anti-apoptosis protein [28]. 
In prospective observational studies of estrogen replacement 
therapy (ERT) and Alzheimer disease (AD), Zandi and Craig et 
al. reported that ERT could reduce women’s risk of developing 
AD, perhaps by suppressing cell apoptosis [29,30]. Honda and 
Zhang et al. found that estrogen functioned against apoptosis 
by activating the protein kinase B pathway [31,32]. Nelson et al. 
reported that estrogen can upregulate expression level of inte-
grin and increase cell attachment to FN-1 [13]. Data from stud-
ies of a5b1-integrin/FN interactions showed an exciting result 

– apoptosis can be controlled by ECM in an integrin-specific 
manner. Gibson reported that a5b1 integrin-mediated adhesion 
of Ntera2 neuronal cells to FN decreased apoptosis induced by 
serum withdrawal [33], and adhesion to the ECM component 
FN via a5b1 integrin inhibits fibroblast apoptosis [34].

Generally, previous studies focused on apoptosis induced by 
oxidant stress, cytokines such as TNF-a and interleukin-b, or 
others. However, little was done to explore the correlation 
among E2, integrin, and ECM in terms of AF cell apoptosis. In 
the present study, we explored the influence of E2 on AF cell 
apoptosis in vitro and detected the integrin expression level 
based on integrin-a1/type I collagen interaction.

Adhesion to FN can be mediated by several different integ-
rin heterodimers, including a3b1, a4b1, a5b1, a8b1, aIIbb3, aVb1, 
aVb3, aVb6, and aVb8 [35]. Among these integrin molecules, in-
tegrin a5 is distinguished from other subunits. Unlike other 
a subunits coupling various b subunits, the a5 subunit pre-
dominantly couples with b1 subunit and only interacts with 
FN [36]. In addition, integrin a6 subunit is a specific laminin re-
ceptor [37]. FBS is a mixture containing growth factors essen-
tial for survival of several types of cells in culture. Thus, some 
growth factors in FBS may be potent survival signals for rat 
AF cells. Also, the presence of phenol red may interfere with 
the accuracy of results, so all experiments in this study were 
performed without FBS and phenol red.

Figure 7.  Protein level of integrin a1. *** p<0.001, by one-way 
analysis of variance (ANOVA) accompanied by pairwise 
comparison using the LSD t test. IL-1b, interleukin-1b; 
E2, 17b-estradiol; ICI, ICI182780; mean ±SD (standard 
deviation); n=3.
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Figure 8.  Integrin a1 was upregulated by E2 in a dose-dependent 
manner. ** p<0.01, *** p<0.001, by one-way analysis 
of variance (ANOVA) accompanied by pairwise 
comparison using the LSD t test. IL-1b, interleukin-1b; 
E2, 17b-estradiol; ICI, ICI182780; mean ±SD (standard 
deviation); n=3.
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At present there are 2 main research fields on methods of re-
pairing AF in intervertebral discs. One is aimed at producing 
healthy tissues to repair injured disc AF via gene engineering, 
tissue engineering, and so on. In the past several years, a se-
ries of related studies have been performed, including explo-
ration for cell resource, suitable cell culture environment, and 
implantation methodology [38,39]. A recent tissue engineer-
ing study demonstrated that FN-coated scaffolds appeared to 
promote properly oriented AF cells and collagen type I, which 
should facilitate developing AF tissue that more closely mim-
ics the native tissue [40]. The other research field in repairing 
AF is to directly repair AF clefts by embedding biomaterials in 
a surgical approach [41–43], but that still leaves some prob-
lems and complications related to the biomaterials. The pres-
ent study belongs to the former type focused on the method 
of tissue engineering by exploring the robust state of AF cells.

Our study has some limitations. The current results obtained 
from this work were in vitro results. Thus, animal experiments 
are required to be performed to determine the in vivo situation, 
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