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Abstract. Damage to pancreatic β‑cells is closely associated 
with diabetes. However, the mechanism underlying injury to 
pancreatic β‑cells remains unclear, although hypoxia is consid-
ered as one of the leading causes. Appoptosin is a mitochondrial 
protein that promotes neuronal apoptosis. Studies conducted 
on appoptosin thus far have primarily focused on Alzheimer's 
disease, and have demonstrated that the expression of appoptosin 
is significantly increased in ischemic‑reperfused rat brains, 
which indicates its close association with hypoxia. However, the 
role of appoptosin in pancreatic β‑cells, which are sensitive to 
hypoxia, remains unknown. Therefore, the current study aimed 
to investigate the function of appoptosin in pancreatic β‑cells in a 
hypoxic environment. Cobalt chloride (CoCl2) was used to mimic 
the hypoxic status of the cells. The results of a terminal deoxynu-
cleotidyl transferase dUTP nick‑end labeling assay demonstrated 
that CoCl2 promoted apoptosis in MIN6 mouse insulinoma cells, 
and western blotting and reverse transcription‑quantitative poly-
merase chain reaction results demonstrated that the activation of 
appoptosin was induced, promoting mitochondrial damage and 
caspase 3 activation. Silencing of appoptosin using short hairpin 
RNA significantly reduced CoCl2‑induced apoptosis in MIN6 
cells. In conclusion, CoCl2 increased the expression of appop-
tosin, which aggravated mitochondrial damage in MIN6 cells. 
Therefore, inhibiting the expression of appoptosin may benefit 
pancreatic β‑cells survival during islet transplantation.

Introduction

Diabetes is a common chronic disease worldwide. Along with 
rapid economic development, the incidence of diabetes in 

China has rapidly increased (1,2). Type 1 diabetes is usually 
caused by damage to pancreatic β‑cells and insufficient secre-
tion of insulin (3). To date, treatments targeting type 1 diabetes 
have not promised a complete cure. Advanced techniques such 
as islet transplantation may be available in the near future for 
treating type 1 diabetes (4‑6). However, a drawback of this 
technique is that a large number of pancreatic β‑cells undergo 
apoptosis owing to hypoxia (7,8). A recent report indicated that 
diet cycles that mimic fasting in animal models may success-
fully promote β‑cell regeneration (9). However, the effect of 
diet therapy that mimics fasting in humans remains unknown. 
Reducing the rate of apoptosis of pancreatic β‑cells may be a 
primary target in the treatment of patients with type 1 diabetes.

Appoptosin, encoded by SLC25A38, is a novel proapoptotic 
protein located in the inner membrane of mitochondria (10,11). 
It is strongly expressed in the brain cells of patients with 
Alzheimer's disease, and it has been identified to interact with 
the amyloid precursor protein (12). Studies have demonstrated 
that, in vitro, the overexpression of appoptosin promotes apop-
tosis in neuronal and 293T cells, accompanied by mitochondrial 
fusion (10,13). In vivo murine studies have also demonstrated 
that overexpression of appoptosin was detected in the brains 
of ischemia‑reperfused rats (10). To the best of our knowledge, 
no previous studies have investigated the role of appoptosin in 
diabetes and pancreatic β‑cells. Therefore, the present study 
investigated the role of appoptosin in MIN6 cells.

Cobalt chloride (CoCl2) has been previously used to mimic 
hypoxia and induce cell apoptosis (14,15). Cobalt inhibits prolyl 
hydrolase domain (PHD) enzymes (oxygen sensors) by replacing 
iron, making these enzymes unable to mark hypoxia inducible 
factor (HIF)‑1α for degradation (16). Dimethyloxaloylglycine 
(DMOG) and 1,4‑dihydrophenonthrolin‑4‑1‑3‑carboxylic acid 
(1,4‑DPCA) are both cell permeable, competitive inhibitors 
of PHDs and HIF‑prolyl hydroxylases (HIF‑PHs). They are 
able to stabilize HIF‑1α efficiently at normal oxygen tensions 
in vitro (17‑22). In the present study, the results demonstrated 
that 400 µM CoCl2 induced apoptosis in MIN6 cells and 
considerably reduced cell viability. In addition, overexpression 
of appoptosin in MIN6 cells increased caspase 3 activity and 
mitochondrial damage. By contrast, inhibition of appoptosin 
by short hairpin (sh)RNA partially restored the viability of 
MIN6 cells exposed to hypoxia. Therefore, as overexpression 
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of appoptosin increased mitochondrial damage and cell apop-
tosis, inhibiting the expression of appoptosin may reduce islet 
apoptosis during islet transplantation and may provide a novel 
strategy for the care of patients with diabetes.

Materials and methods

Cell culture and transfection. MIN6 cells (American Type 
Culture Collection, Manassas, VA, USA) were cultured in 
high glucose Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
with 1% penicillin‑streptomycin (GE Healthcare, Chicago, 
IL, USA) and 15% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.) (23). Detailed information regarding the 
siRNA sequence has been described in a previous study (10). 
The siRNA and negative control siRNA were synthesized and 
provided by Invitrogen (Thermo Fisher Scientific, Inc.). The 
siRNA targeting sequence of appoptosin was as follows: AGA​
CGC​TCA​TGT​TAC​ACC​CAG​TGA​T  (10). Overexpression 
appoptosin plasmids were transfected into MIN6 cells by using 
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). Overexpression Appoptosin plasmids were constructed 
using pCMV‑Myc as described (11). Lipofectamine® 3000 was 
used according to the manufacturer's protocols. A brief protocol 
for the transfection is as follows: Firstly, 4 µg plasmid was 
addition to 500 µl DMEM. Then, 12 µl Lipofectamine® 3000 
was added. Lastly, the mixture was kept at room temperature 
for 10 min and then added to one well of a six‑well plate. 
Construction of the overexpression plasmids were conducted 
as described (11). pCMV‑Myc plasmids served as the control.

Briefly, in the present study, 1x106 MIN6 cells were seeded 
in 6‑well plates overnight prior to CoCl2, DMOG, H2O2 and 
1,4‑DPCA treatment. Then, 400 µΜ CoCl2 (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany), 100  µM H2O2 

(Sigma‑Aldrich Merck KGaA), 1 mM DMOG and 100 µM 
1,4‑DPCA (both Selleck Chemicals, Shanghai, China) were 
added to the plates containing MIN6 cells (90% fusion). 
Finally, the cells were collected and/or lysed according to the 
guidance of following experiments. CoCl2 was dissolve in cell 
culture medium (DMEM) to a concentration of 400 mΜ. H2O2 
(100 µM) were diluted by the medium prior to experimenta-
tion. DMOG (1 mM) and 1,4‑DPCA (100 µM) were dissolved 
in 0.1% DMSO. 0.1% DMSO served as the control in experi-
ment containing DMOG and 1,4‑DPCA.

Terminal deoxynucleotidyl transferase dUTP nick‑end 
labeling (TUNEL) assay and cell viability. Cells (2x105) were 
plated in 24‑well plates overnight and cultured in an incubator 
at 37˚C prior to the experiment. MIN6 cells were washed in 
precooled 0.01 M PBS three times. Fresh 4% paraformaldehyde 
was used to fix the cells for 10 min at room temperature, after 
which the cells were permeabilized with 0.1% Triton‑X 100 
in 0.01 M PBS for 15 min at room temperature. Subsequently, 
TUNEL (Roche Diagnostics, Indianapolis, IN, USA) staining 
reagents were added and the cells were incubated at 37˚C in 
the dark for 1 h. Finally, the cell nuclei were stained using 
DAPI (0.3 mM) for 3 min at room temperature and washed 
with 0.01 M PBS three times. The number of TUNEL‑positive 
cells was determined using ImageJ software (Java 1.8.0_112, 
National Institutes of Health, Bethesda, MD, USA). A total 

of 5 fields per view were observed with a fluorescent micro-
scope; the excitation wavelength applied was 555 nm. A Cell 
Counting Kit‑8 (CCK‑8; Dojindo Molecular Technologies, 
Inc., Kumamoto, Japan) was used to quantify viable MIN6 
cells following 400  µM CoCl2 treatment with or without 
siRNA knockdown of appoptosin, according to the manufac-
turer's protocol. MIN6 cells (1.5x104) were seeded in 96‑well 
plates and cultured in an incubator at 37˚C overnight.

Immunofluorescence and JC‑1 staining. Cells (2x105) were 
plated in 24‑well plates overnight and cultured in an incubator 
at 37˚C prior to the experiment. MIN6 cells were washed in 
precooled 0.01 M PBS three times. Fresh 4% paraformalde-
hyde was used to fix the cells for 10 min at room temperature. 
Subsequently, the cells were permeabilized with 0.1% Triton‑X 
100 in 0.01 M PBS for 15 min at room temperature. Primary 
antibody appoptosin (cat. no.  sc‑515883; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and cleaved‑caspase 3 
(cat. no. 9661; Cell Signaling Technology, Inc., Danvers, MA, 
USA) were diluted to one hundred. Goat anti‑rabbit IgG (Alexa 
Fluor® 488; cat. no. A‑11034; Thermo Fisher Scientific, Inc.) 
and Goat anti‑mouse IgG (Alexa Fluor® 594; cat. no. A‑11020; 
Thermo Fisher Scientific, Inc.) were used as the secondary 
antibodies, which were diluted to one thousand. The detailed 
protocol of immunofluorescence has been described in our 
previous study (24). In brief, 10 µM JC‑1 (Invitrogen; Thermo 
Fisher Scientific, Inc.) and 2 µg/ml Hoechst reagent (Guangzhou 
RiboBio Co., Ltd., Guangzhou, China) were added to MIN6 cells 
(90% fusion) for 10 min at 37˚C at the same time. Cells were 
subsequently washed with warm DMEM. Finally, the stained 
cells were cultured in warm DMEM containing 10% FBS for 
live cell imaging (Confocal microscope FV1000; Olympus 
Corp., Tokyo, Japan).

Western blot analysis. MIN6 cells transfected with pCMV 
(empty vector) and overexpression vector were lysed using 
radioimmunoprecipitation assay buffer (EMD Millipore, 
Billerica, MA, USA). The concentration of protein in each 
sample was determined using a bicinchoninic acid kit (Thermo 
Fisher Scientific, Inc.). The lysates and loading buffer were 
mixed and boiled for 10 min. Subsequently, lysates (30 µg total 
protein) were loaded onto 10% SDS‑PAGE gels, which were 
subjected to electrophoresis and the proteins were transferred 
onto polyvinylidene difluoride (PVDF) membranes (EMD 
Millipore). The PVDF membrane was blocked with 5% non‑fat 
milk (Cell Signaling Technology, Inc. USA) for 60 min at room 
temperature. The primary antibodies against cleaved‑caspase 
3 (cat. no. 9661, Cell Signaling Technology, Inc.), a‑tubulin (cat. 
no. sc‑5546, Santa Cruz Biotechnology, Inc.), appoptosin (cat. 
no. PA5‑42472, Thermo Fisher Scientific, Inc.) and HIF‑1a 
(cat. no. NB100‑479, Novus Biologicals, LLC, Littleton, CO, 
USA) were diluted to 1:1,000 and incubated with membranes. 
The secondary antibodies (Sigma‑Aldrich; Merck KGaA) 
and enhanced chemiluminescence (ECL detection substrate) 
reagent (Xiamen Lulong Biotech Co., Ltd., Xiamen, China) 
were added to the membranes. Anti‑rabbit IgG (1:5,000; cat. 
no. 31460; Thermo Fisher Scientific, Inc.) and anti‑mouse 
IgG (1:5,000; cat. no. 31430; Thermo Fisher Scientific, Inc.), 
horseradish peroxidase (HRP) conjugated antibody was 
used as the secondary antibody. The signal was captured 
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on autoradiography film (Kodak, Rochester, NY, USA). 
ImageJ (Java 1.8.0_112) was used for densitometric analysis.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA in MIN6 cells was extracted 
using TRIzol reagent (Tiangen Biotech, Beijing, China) and 
was reverse transcribed into cDNA using Quant One Step 
RT‑PCR kit (Tiangen Biotech). FastFire qPCR PreMix kits 
(SYBR®‑Green) were purchased from Tiangen Biotech. The 
following thermocycling conditions were used: 95˚C for 3 min; 
32 cycles of 95˚C for 10 sec, 60˚C for 10 sec, 72˚C for 25 sec 
and 72˚C for 5 min. Quantitative PCR was performed on a 
Roche instrument (LightCycler® 480, Roche Diagnostics) and 
each experiments wererepeated in triplicate. The primers used 
in the study were as follows: Appoptosin forward, 5'‑CGT​CCC​
CAG​TGA​TCG​AGA​AG‑3' and reverse, 5'‑GCA​GAC​GGG​TTT​
TGA​GGA​GA‑3'; and β‑actin forward 5'‑CCC​AAA​GCT​AAC​
CGG​GAG​AAG​‑3' and reverse 5'‑GAC​AGC​ACC​GCC​TGG​
ATA​G‑3' (25).

Statistical analysis. All experimental results were analyzed 
using Student's t‑test or one‑way analysis of variance 
followed by Tukey's honest significant difference test. 
The results are presented as the mean  ±  standard error. 
P<0.05 was considered to indicate a statistically significant 
difference. All results were analyzed using GraphPad Prism 

version 5.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA).

Results

CoCl2 induces apoptosis in MIN6 cells. Hypoxia is considered 
to be one of the leading causes of apoptosis (26,27). In the 
present study, MIN6 cells were cultured in 24‑ or 96‑well plates. 
The next day, 400 µM CoCl2 was added to induce cell apoptosis. 
The viability of the MIN6 cells was measured using CCK‑8 kits. 
Apoptosis was detected using a TUNEL assay. Following CoCl2 
treatment, apoptosis was promoted (Fig. 1A) and the number of 
TUNEL‑positive cells was quantified (Fig. 1B). Compared with 
the control, the viability of the MIN6 cells was significantly 
decreased following CoCl2 treatment (Fig. 1C).

CoCl2 induces overexpression of appoptosin and activation of 
caspase 3 in MIN6 cells. After confirming that CoCl2 induced 
apoptosis in MIN6 cells, the expression levels of intracellular 
appoptosin were determined. The results demonstrated that 
the protein expression levels of appoptosin (Fig. 2A and B) 
and cleaved‑caspase 3 (Fig. 2A and C) in MIN6 cells were 
significantly increased following treatment with CoCl2. 
Additionally, the mRNA expression levels of appoptosin were 
increased by CoCl2 treatment in MIN6 cells compared with 
the control (Fig. 2D).

Figure 1. CoCl2 induces apoptosis of MIN6 cells. A total of 400 µΜ CoCl2 was used to treat MIN6 cells for 24 h. (A) Representative images of TUNEL 
staining in control and CoCl2 groups. Magnification, x400. Scale bar=20 µm. (B) Quantification of the number of TUNEL‑positive cells. (C) Cell viability was 
determined in the control and CoCl2 groups. Each experiment was repeated three times. *P<0.05 vs. control group. CoCl2, cobalt chloride; TUNEL, terminal 
deoxynucleotidyl transferase dUTP nick‑end labeling.

Figure 2. CoCl2 promotes the expression of appoptosin in MIN6 cells. (A) Representative western blot images demonstrating that protein expression 
levels of appoptosin and cleaved‑caspase 3 were enhanced following CoCl2 treatment in MIN6 cells. The relative expression levels of (B) appoptosin and 
(C) cleaved‑caspase 3 were quantified by densitometric analysis. (D) mRNA expression levels of appoptosin were increased following CoCl2 treatment. Each 
experiment was repeated three times. *P<0.05 vs. control group. CoCl2, cobalt chloride; c‑cas 3, cleaved‑caspase 3.
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HIF‑1a and reactive oxygen species (ROS) promote the 
expression of appoptosin. It is thought that the primary func-
tion of CoCl2 in cells is the inhibition of HIF‑1a degradation 

via the inhibition of prolyl hydroxylases  (28). Therefore, 
the present study determined whether HIF‑1a increased 
the expression levels of appoptosin. DMOG and 1,4‑DPCA 

Figure 4. Overexpression of appoptosin induced apoptosis of MIN6 cells. (A) Representative images of TUNEL staining in appoptosin overexpression and pcmv 
groups. Magnification, x400. Scale bar=25 µm (B) Quantification of the number of TUNEL‑positive cells. The expression of appoptosin in MIN6 cells was 
measured after transfection 24 h (C). Protein expression levels of appoptosin in pcmv and appoptosin groups were quantified by densitometric analysis (D). Each 
experiment was repeated three times. *P<0.05 vs. pcmv group. Pcmv, empty vector group; TUNEL, terminal deoxynucleotidyl transferase dUTP nick‑end labeling.

Figure 3. HIF‑1α and reactive oxygen species promote appoptosin expression in MIN6 cells. DMOG and 1,4‑DPCA were used to treat MIN6 cells for 24 h. 
(A) Representative western blot images for appoptosin and HIF‑1α protein expression in control, DMOG and 1,4‑DPCA groups. (B) Protein expression levels 
of appoptosin and HIF‑1α in control, DMOG and 1,4‑DPCA groups were quantified by densitometric analysis. (C) Representative western blot images for 
appoptosin protein expression in cells treated with 0‑100 µM H2O2. (D) Protein expression levels of appoptosin in cells treated with 0‑100 µM H2O2 were 
quantified by densitometric analysis. Each experiment was repeated three times. *P<0.05 vs. corresponding control group. HIF‑1α, hypoxia inducible factor‑1α; 
DMOG, dimethyloxaloylglycine; 1,4‑DPCA, 1,4‑dihydrophenonthrolin‑4‑1‑3‑carboxylic acid; H2O2, hydrogen peroxide.
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were used to stabilize the cellular HIF‑1a protein (20), and 
they significantly enhanced HIF‑1a and appoptosin protein 
expression levels in MIN6 cells compared with the control 
group (Fig. 3A and B). In addition, CoCl2 is reported to induce 
the expression of cellular ROS (29). Therefore, hydrogen 
peroxide (H2O2) was used in the present study to generate 
ROS in MIN6 cells. The results demonstrated that concen-
trations of 25, 50 and 100 µM H2O2 significantly increased 
the expression levels of the appoptosin protein compared 
with the 0 µM group (Fig. 3C and D). Therefore, CoCl2 may 
increase appoptosin expression by inducing HIF‑1a and 
cellular ROS.

Overexpression of appoptosin induces apoptosis in MIN6 
cells. As the protein and mRNA expression levels of appop-
tosin in MIN6 cells were determined following CoCl2 
treatment, the present study evaluated whether overexpression 
of appoptosin induced apoptosis in MIN6 cells. The results 
revealed that high expression levels of appoptosin increased 
apoptosis in MIN6 cells (Fig. 4A and B). These results indicate 
that a high expression of appoptosin in MIN6 cells may reduce 
cell viability. The expression of appoptosin in MIN6 cells was 
significantly increased after transfection (Fig. 4C and D).

Overexpression of appoptosin induces mitochondrial damage 
in MIN6 cells. As appoptosin is a mitochondrial protein, the 
mitochondrial membrane potential was measured by using a 
JC‑1 staining dye after overexpression of appoptosin in MIN6 
cells. The results demonstrated that high expression of appop-
tosin increased mitochondrial damage (Fig. 5A). Stronger green 
staining (J‑aggregate) indicated higher levels of mitochondrial 
damage. Previous researchers reported that appoptosin induced 
apoptosis via activation of the caspase pathway (10). The results 
of the current study also demonstrated that overexpression of 
appoptosin increased the levels of cellular cleaved‑caspase 3 
(Fig. 5B). Additionally, overexpressed appoptosin co‑localized 
with cleaved‑caspase 3 in MIN6 cells (Fig. 5B).

Inhibiting appoptosin partially restores the viability of MIN6 
cells. The expression of appoptosin protein was reduced by 
siRNA in MIN6 cells (Fig. 6A and B). The viability of MIN6 
cells treated with CoCl2 after silencing of appoptosin was 
determined by a CCK‑8 assay. The results demonstrated that, 
in the presence of CoCl2, silencing of appoptosin enhanced the 
cell viability of MIN6 cells compared with the NC + CoCl2 
group (Fig. 6C). In conclusion, these results indicate that CoCl2 
induced the expression of appoptosin, and that overexpression 

Figure 5. Overexpression of appoptosin induced mitochondrial damage and activation of caspase 3. Overexpression of appoptosin induced (A) mitochondrial 
damage and (B) activation of caspase 3. Magnification of (A), x600 and (B), x400. Scale bar=10 µm. Each experiment was repeated three times. c‑cas 3, 
cleaved‑caspase 3. Pcmv, empty vector group.
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of appoptosin led to mitochondrial damage, while inhibition 
of appoptosin expression improved the viability of MIN6 cells 
when exposed to CoCl2.

Discussion

In the current study, it was demonstrated that the expression levels 
of appoptosin in MIN6 cells was increased following CoCl2 
treatment. In addition, HIF‑1α and ROS increased appoptosin 
protein expression, and overexpression of appoptosin induced 
mitochondrial damage and increased cleaved‑caspase 3 expres-
sion. Inhibition of appoptosin partially recovered the viability 
of MIN6 cells. The results of the present study indicated that 
high expression levels of appoptosin may induce mitochondrial 
damage and apoptosis in pancreatic β‑cells. However, the 
expression of appoptosin in diabetes or islets remains unknown. 
Further research is required to investigate the role of appoptosin 
in diabetes, particularly in islet transplantation research.

The primary role of pancreatic β‑cells is the secretion of 
insulin when glucose levels are high, which requires a large 
amount of energy from oxidative phosphorylation; thus, pancre-
atic β‑cells are frequently exposed to hypoxia and oxidative 
stress (30‑32). In addition, high glucose levels consume higher 
levels of oxygen in islets (33). Reducing the extent of damage 
to pancreatic β‑cells may help provide an improved treatment 
strategy for type 1 and type 2 diabetes. In the present study, it 
was observed that appoptosin was sensitive to hypoxia and 
cellular ROS. The current study determined the effects of 
chemical induction of HIF‑1α expression on appoptosin expres-
sion. However, further research is required to validate these 
findings using HIF‑1α overexpression or induction under actual 
hypoxic conditions (O2 levels <1%). In addition, overexpression 
of appoptosin induced mitochondrial damage and caspase 3 acti-
vation. The results of the present study are consistent with those 
of previous studies performed in neuronal and 293T cells (10,13). 
Thus, it was hypothesized that the expression of appoptosin 
increases during diabetes due to factors such as hypoxia and 
oxidative stress. The present study indicated that inhibiting the 
expression of appoptosin in pancreatic β‑cells may promote cell 

viability upon transplantation and provide a novel approach for 
treating diabetes. A limitation of the present study is that only one 
siRNA was used. Although its specificity has been confirmed in 
a previous study (10), further research is required to validate and 
exclude off‑targeting effects of the siRNA used.

Appoptosin is a major regulator in neuronal disease and 
health. However, the role and involvement of appoptosin in 
other diseases remains unclear. Although the present study 
confirmed that the expression of appoptosin was increased 
in MIN6 cells following treatment with CoCl2 and H2O2, the 
appoptosin promoter and the proteins interacting with the 
promoter are yet to be identified, and are the focus of future 
investigation. Identifying the promoter and upstream regula-
tors of appoptosin will aid in more effective inhibition of its 
function and accelerating the degradation of appoptosin may 
also protect pancreatic β‑cells.

Appoptosin is an endometrial mitochondrial protein that 
is closely associated with mitochondrial function. Insulin 
secretion primarily depends on mitochondria for its energy 
requirement. Thus, appoptosin may be associated with insulin 
secretion in pancreatic β‑cells. The association between appop-
tosin and insulin secretion warrants further investigation.
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