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Estradiol Prevents High Glucose-
Induced β-cell Apoptosis by 
Decreased BTG2 Expression
Suwattanee Kooptiwut1, Suchada Kaewin1, Namoiy Semprasert1, Jatuporn Sujjitjoon2, 
Mutita Junking2, Kanchana Suksri  1 & Pa-thai Yenchitsomanus2

Hyperglycemia stimulates several pathways to induce pancreatic β-cell apoptosis. In our previous 
study by mRNA analysis, we demonstrated that B-cell translocation gene 2 (BTG2) expression was up-
regulated in INS-1 cells cultured under high glucose conditions, but this effect was reversed by estrogen. 
In the present study, we demonstrated that BTG2 mRNA and protein expressions in both INS-1 cells 
and mouse pancreatic islets increased under high glucose conditions compared to those cultured under 
basal glucose conditions, while in the presence of estrogen, the BTG2 mRNA and protein expressions 
decreased. SiRNA-BTG2 significantly reduced cell apoptosis, cleaved-caspase 3, and Bax, compared 
to the siRNA-control in INS-1 cultured under high glucose conditions. We further demonstrated that 
BTG2 promoter activity was activated under high glucose conditions whereas estrogen significantly 
reduced it. The effects of estrogen on BTG2 expression were inhibited by estrogen receptor inhibitors. 
Also, under high glucose conditions, p53 and Bax mRNA and protein expressions increased, but they 
decreased in the presence of estrogen. Again, the effect of estrogen on p53 and Bax expression was 
inhibited by estrogen receptor inhibitors. Taken together, this study demonstrates that estrogen 
reduces pancreatic β-cell apoptosis under high glucose conditions via suppression of BTG2, p53, and 
Bax expressions.

Hyperglycemia induces pancreatic β-cell apoptosis through several pathways, including glyceraldehyde autox-
idation, protein kinase C (PKC) activation, glycation, sorbitol metabolism, hexosamine pathway and oxidative 
phosphorylation1–4. However, it is possible that a novel pathway is still undiscovered. This study explored whether 
a possible novel pathway of high-glucose-increased pancreatic β-cell apoptosis, our preliminary work suggested 
that high glucose up-regulated of B-cell translocation gene 2 (BTG2) mRNA expression when compared to basal 
glucose.

BTG2 is also known as pheochromocytoma cell 3 (PC3) in the rat and tetradecanoyl phorbol acetate-inducible 
sequence 21 (TIS21) in the mouse5. BTG2 belongs to the BTG/Tob gene family6. BTG2 is known to have both 
physiological and pathological processes7. BTG2 is an antiproliferative (ARPO) tumor suppressor protein which 
is involved in cellular function, cell cycle progression, cell migration, cellular growth and differentiation, and 
apoptosis7. BTG2 roles are different in tumor cells. For example, a high level of BTG2 is associated with a poor 
prognosis in bladder cancer patients8. Cisplatin up-regulated BTG2-attenuated prostate cancer cell proliferation9. 
BTG2 inhibits cell invasion and proliferation in gastric cancer10. In normal cells, BTG2 mediates hepatic gluco-
neogenesis via induction of CREB in liver cells11. In the pancreatic β-cell line, GLP-1 positively increased BTG2 
expression which up-regulated PDX-1 to increase insulin secretion12. BTG2 expression is induced by growth 
factors, DNA damage, and cytotoxic and genotoxic stress through a p53-dependent or p53-independent mech-
anism13,14. However, high-glucose-regulated BTG2 expression has not been studied. Also, the role of BTG2 in 
pancreatic β-cells apoptosis is still unknown.

Estrogen has been shown to prevent diabetes by increased glucose metabolism15 and antioxidants16. For 
example, in estrogen-deficient animal models, estrogen receptor α-deficient (α ERKO) or aromatase-deficient 
(ArKO−/−) mice, insulin resistance and abnormal metabolism are developed, which are risk factors for diabetes16,17.  
Estrogen replacement in estrogen-deficient animal models protects pancreatic β-cell apoptosis against 
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streptozotocin18. Estrogens protected pancreatic β-cell from oxidative stress-induced apoptosis16,19,20 and 
gluco-lipotoxicity21 in mouse and human islets and protect survival of human islets transplanted in diabetic mice 
in vivo22. A previous study from our group demonstrated that estrogen protects against high glucose-induced 
pancreatic β-cell apoptosis via reduction of endoplasmic reticulum (ER) stress and oxidative stress23. The effect of 
estrogen on regulated BTG2 expression is still unrevealed in pancreatic β-cells.

Our preliminary results indicated that high glucose up-regulated BTG2 mRNA expression and estradiol sup-
pressed BTG2 mRNA expression. Therefore, we hypothesized that estradiol protects pancreatic β-cell apoptosis 
against glucotoxicity via BTG2 suppression. This study aimed to examine whether or not estradiol suppresses 
BTG2 expression to prevent high-glucose-induced pancreatic β-cell apoptosis.

Materials and Methods
Animals. The animal experimentation protocol was approved by the Institutional Animal Care and Use 
Committee, Faculty of Medicine, Siriraj Hospital, Mahidol University (Approval No: SI-ACUP 002/2553). 
Male ICR outbred 8–12 week old mice were purchased from the National Laboratory Animal Center, Mahidol 
University, Bangkok, Thailand. The mice were kept in a 12-h light/dark cycle environment at 25° ± 2 °C and 60% 
humidity. They were housed 5–6 per cage with a wooden chip bedding, and were provided chow pellet ad libitum 
(Perfect Companion Group Co., Ltd., Bangkok, Thailand).

INS-1 cell culture. INS-1 cells were cultured in RPMI 1640 supplemented with 10% fetal calf serum, 100 U/
ml penicillin, and 100 μg/ml streptomycin at 37 °C in humidified air containing 5% CO2, and the culture media 
were changed every 2 days.

Mouse pancreatic islet isolation and culture. Pancreatic islets were isolated by collagenase digestion 
using the modified method of Lacy & and Kostianovsky24 and Gotoh25. Briefly, pancreases were infused with 
collagenase-P and digested at 37 °C. The islets were separated by using a histopaque gradient and manually 
picked under a stereomicroscope. Isolated islets were cultured in an RPMI 1640 medium supplemented with 
10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37 °C in 5% CO2. The 
culture medium was changed every 2 days. All methods were carried out in accordance with ACUC guidelines.

Cleaved-caspase 3 activity assay. INS-1 cells were cultured either in normal or high glucose RPMI 1640 
media, with or without 10–8 M 17 β-estradiol, in a 96-well plate for 72 h. The cleaved-caspase 3 activity was meas-
ured using a Caspase-Glo assay kit (Promega, USA). The assay was performed following the manufacturer’s pro-
tocol. Briefly, Caspase-Glo 3/7 Reagent was added to the cell culture plate, which was subsequently shaken gently 
at 300–500 rpm for 30 seconds. The plate was then incubated at room temperature for 30 minutes. The lumines-
cence of each sample was measured in a plate-reading luminometer.

RNA isolation and reverse transcriptase-polymerase chain reaction. The total RNA was extracted 
from INS-1 cells or mouse pancreatic islets by using the High Pure RNA Isolation Kit (Roche Diagnostics 
Corporation, USA) and following the manufacturer’s instructions. The concentration of total RNA was measured 
with a ND-1000 Spectrophotometer (Nanodrop, USA). First-strand complementary DNA (cDNA) was generated 
from 0.5–1 μg of total RNA using the SuperScript III Reverse Transcriptase (RT) and Random Hexamer Primer 
(Invitrogen, USA) according to the manufacturer’s instructions. Primers were synthesized by Sigma-Aldrich 
(Sigma-Aldrich, USA). The rat primers for real-time PCR were as follows. The BTG2 forward primer was 5′-GGT 
TGG AGA AAA TCG GGA AAC-3′, and the reverse primer was 5′-GCC TTC TGA GAA GCC CTC ATC C-3′26. 
The Bax forward primer was 5′-CCA GGA CGC ATC CAC CAA GAA GC-3′, and the reverse primer was 5′-TGC 
CAC ACG GAA GAA GAC CTC TCG-3′27. The β-Actin forward primer was 5′-ATG AAG TGT GAC GTT GAC 
ATC GTC-3′, and the reverse primer was 5′-CCT AGA AGC ATT TGC GGT GCA CGA TG-3′. The real-time 
PCR for mouse primers were as follows. The BTG2 forward primer was 5′-GGT TGG AGA AAA TTG GGA AAC-
3′, and the reverse primer was 5′-GCC TTC TAA GAA GCC CTC ATC-3′. The real-time PCR was performed to 
amplify specific DNA sequences with the Brilliant II SYBR Green QPCR Master Mix (Agilent Technologies, USA). 
The reactions were carried out on the Mx3005P instrument (Stratagene, USA). The quantity of gene expression was 
calculated by the 2−∆∆Ct method and was presented as fold changes, compared to those of the control.

Small interference RNA (siRNA) transfection. Transfection of siRNA directed against BTG2 mRNA 
(Dharmacon, USA) was performed using Lipofectamine 2000 (Invitrogen, USA), as detailed by the manufac-
turer. INS-1 cells were seeded into a 6-well plate for 24 h before transfection. The double-stranded siRNAs were 
transfected. After 6 h, the medium was changed to complete the culture medium. As a control, the cells were 
treated with siRNA-Control (Dharmacon, USA) under identical conditions. Twenty-four h after the siRNA trans-
fection, the cells were treated with 11.1 mM or 40 mM glucose for 72 h. They were then harvested, and the BTG2, 
cleaved caspase-3 and Bax were determined using Western blotting. As for the cell lysate preparation, apoptotic 
and adhered cells were extracted with an RIPA buffer. The lysate was subjected to 15% SDS-PAGE, and the pro-
tein expression of BTG2, cleaved caspase-3 and Bax were determined by immunoblotting. BTG2 was detected by 
the anti-BTG2 antibody (Santa Cruz Biotechnology, USA), the anti-cleaved caspase-3 antibody (Cell Signalling, 
USA), rabbit polyclonal anti-Bax (Santa Cruz Biotechnology, USA), or the anti-β-actin antibody (Santa Cruz 
Biotechnology, USA) as an internal control. The membrane was probed with horseradish peroxidase-conjugated 
antibody. The immunoreactive proteins were visualized by SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Scientific, Rockford, IL, USA), and were detected by using a G:BOX chemiluminescence imaging system 
(Syngene, Frederick, MD, USA).
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Western blotting analysis. The total protein of INS-1 cells and mouse pancreatic islets were extracted 
by using a RIPA buffer. Nuclei proteins were extracted from the cells by using the Nuclear and Cytoplasmic 
Extraction Reagent Kit (Pierce, USA). The protein concentrations were then determined by a micro BCA assay. 
The total protein was separated on a 4–12% (wt/vol) SDS-PAGE. After that, the protein was transferred to a 
polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA). The membrane was blocked with 5% skimmed 
milk before being incubated overnight at 4 °C with one of the following primary antibodies: rabbit polyclonal 
anti-BTG2 (Santa Cruz Biotechnology, USA), rabbit polyclonal anti-p53 (Santa Cruz Biotechnology, USA), 
rabbit polyclonal anti-Bax (Santa Cruz Biotechnology, USA), or mouse monoclonal anti-β-Actin (Santa Cruz 
Biotechnology, USA). After washing, the membrane was incubated with one of the following secondary anti-
bodies: horseradish peroxidase-conjugated anti-rabbit IgG (Santa Cruz Biotechnology, USA), or horseradish 
peroxidase-conjugated anti-mouse IgG (Santa Cruz Biotechnology, USA), at room temperature. The protein 
bands were detected with an enhanced chemiluminescence system (Pierce Biotechnologies, USA) and exposed 
on x-ray films. The band intensities of proteins were quantified by using ImageJ v 1.43 software. All Western blot 
results were shown in supplement data.

Promoter assay. The INS-1 BTG2 promoter (−43 to −1802) was amplified from INS-1 genomic DNA by 
PCR using Pfu DNA polymerase (Stratagene, La Jolla, CA, USA). The PCR products of the BTG2 promoter were 
confirmed by automated DNA sequencing before being separately subcloned into pGL3 reporter vectors to gen-
erate INS-1 BTG2 promoter-firefly luciferase reporter plasmids.

The INS-1 cells were transfected with 1 µg luciferase reporter plasmid, pGL3-basic, or pGL3-Btg2 gene pro-
moter together with an internal control renilla luciferase plasmid, pRL-SV40. After transfection and culturing 
for 24 h, the culture medium was changed into a basal glucose-containing medium or a high glucose-containing 
medium, with or without 10−8 M estrogen, before being cultured for 72 h. The firefly luciferase activity was 
normalized by the internal control renilla luciferase activity. The dual-luciferase reporter assay was performed 
according to the manufacturer’s instructions (Promega Corp., Fitchburg, WI, USA). The experiments were per-
formed in six-plicate and on three independent occasions.

Statistical Analysis. Data were analyzed by using SPSS Statistics for Windows, version 17 (SPSS Inc., 
Chicago, Ill., USA) and expressed as mean ± standard error of mean (S.E.M). The differences between the groups 
of results were determined by one-way ANOVA, followed by Tukey’s post hoc test. A P-value less than 0.05 was 
considered to be statistically significant.

Results
Estradiol increased pancreatic β-cell viability after culture under high glucose conditions. To 
examine whether estradiol increased pancreatic β-cell viability under high glucose conditions, INS-1 cells were 
cultured under different conditions before measuring the apoptotic cell death by the cleaved-caspase 3 activ-
ity. INS-1 cells cultured in normal glucose were used as a control, and 10−8 M 17-β estradiol did not change 
the cleaved-caspase 3 activity compared to that of the control. As expected, the cleaved-caspase 3 significantly 
increased in INS-1 cells cultured in a high glucose medium compared to that of the control. In contrast, INS-1 
cells cultured in a high glucose medium with 10−8 M 17-β estradiol significantly reduced the cleaved-caspase 3, 
suggesting that estrogen increased viable cells when the cells were cultured in high glucose (Fig. 1A).

High glucose conditions increased BTG2 expression in pancreatic β-cells, and effect reversed 
by estradiol. To identify the signaling pathway of estradiol that decreased pancreatic β-cell death against 
the high (40 mM) glucose medium, a signaling RT² Profiler PCR Array was performed. The preliminary results 
suggested that the BTG2 mRNA expression was higher in the high glucose medium than in the normal glucose 
medium (data not shown). To confirm the RT² Profiler PCR Array results, a conventional real-time PCR was per-
formed for the samples from the experimental conditions. INS-1 cells cultured in the high glucose medium had 
a significantly increased BTG2 mRNA expression compared to those cultured in normal glucose. The presence 
of estradiol in the high glucose medium significantly reduced the BTG2 mRNA expression (Fig. 1B). The BTG2 
protein expression corresponded with the BTG2 mRNA expression (Fig. 1C).

To examine the effects of high glucose and estrogen on BTG2 mRNA and protein expression, mouse pancreatic 
islets were cultured under experimental conditions, and real-time PCR and Western blot analyses were per-
formed. The BTG2 mRNA and protein expressions were significantly upregulated by the high glucose. Estrogen 
significantly reduced the BTG2 mRNA and protein expressions compared to those cultured in high glucose alone 
(Fig. 2A). Thus, a high glucose medium increased BTG2 mRNA expression in both INS-1 and islets, whereas 
estradiol reversed BTG2 mRNA and protein expressions in both INS-1 cells and islets in high glucose conditions 
(Fig. 2B).

BTG2 knockdown rescued pancreatic β-cells apoptosis from high-glucose conditions. To inves-
tigate the role of BTG2 in protecting pancreatic β-cells apoptosis, BTG2 silencing was performed in INS-1 cells 
cultured in basal and high glucose media (Fig. 3A–C). After SiRNA-BTG2 knockdown, cellular apoptosis was 
determined by the detection of cleaved-caspase 3 and Bax using Western blotting analysis. SiRNA-BTG2 dimin-
ished the BTG2 protein expression in INS-1 cells cultured in basal and high-glucose media, and cleaved-caspase 
3 and Bax were significantly decreased in INS-1 cells with SiRNA-BTG2 knockdown cultured in a high glu-
cose medium. These findings were similar to the results for cells cultured in a basal glucose medium with mock 
treatment, siRNA-control and siRNA BTG2, whereas INS-1 cells cultured in a high glucose medium with mock 
treatment and siRNA-control showed markedly increased cleaved-caspase 3, BTG2 and Bax protein levels com-
pared with those cultured in a basal glucose medium. To confirm these results, SiRNA-BTG2 knockdown was 
performed and cell apoptosis was assessed by Annexin V/PI staining. SiRNA BTG2 significantly decreased 
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cell apoptosis when compared to siRNA-control. These results suggest that BTG2 silencing protects against 
high-glucose-induced pancreatic β-cell apoptosis.

Estradiol regulated BTG2 promoter activity. In a breast cancer study, it was demonstrated that estradiol 
suppressed the BTG2 promoter in MCF-7 and Hela cells28. To examine whether estrogen regulated BTG2 mRNA 
expression, the INS-1 BTG2 promoter (−43 to −1802) was cloned into pGL3 reporter vector. INS-1 cells in high 
glucose conditions significantly increased BTG2 promoter activity compared to those cultured under basal glu-
cose conditions. Estradiol in high glucose condition significantly reduced BTG2 promoter activity compared to 
the high glucose condition alone (Fig. 3D). The presence or absence of estradiol under the basal glucose con-
ditions did not change BTG2 promoter activity. This result confirms that high glucose condition induces BTG2 
promoter activity, but the addition of estradiol into INS-1 cells cultured under high glucose conditions decreases 
BTG2 promoter activity.

Estradiol decreased BTG2 and Bax mRNA and protein expressions through both nuclear and 
membrane estrogen receptors. Our previous results showed that high glucose conditions induced BTG2 
mRNA and protein expressions, while the presence of estradiol under high glucose conditions reversed this effect. 
To investigate whether estradiol decreased BTG2 mRNA and protein expressions via the nuclear or membrane 
estrogen receptor, nuclear or membrane estrogen receptor inhibitors were added under the experimental condi-
tions. ICI 182,780 and 4-HT, a nuclear estrogen receptor inhibitor and a nuclear estrogen alpha receptor inhibitor, 

Figure 1. Cell viabilities were measured by cleaved-caspase 3 activity. (A) The cell viability in INS-1 cells was 
determined using cleaved-caspase 3 activity. (B) Fold change of BTG2 mRNA normalized to β-actin mRNA at 
48 h. (C) A representative Western blot analysis of BTG2 and β-actin from INS-1. The bar graph below is BTG2 
protein level normalized to β-actin protein. The data is presented as mean ± S.D. of 3 independent experiments. 
The data IS presented as mean ± S.D. of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, 
compared to the high-glucose-treated group.



www.nature.com/scientificreports/

5ScientiFic REPORTS |  (2018) 8:12256  | DOI:10.1038/s41598-018-30698-x

respectively, did not abolish the effect of estradiol in reducing the BTG2 mRNA and protein expressions. Also, 
G15, a membrane estrogen receptor inhibitor, did not by itself diminish the effect of estradiol. Only in the pres-
ence of both ICI 182,780 and G15 was the effect of estradiol diminished, with no difference in BTG2 mRNA and 
protein expressions evident compared with those for the high glucose conditions (Fig. 4A,B).

It has been proposed that BTG2 induces apoptosis via activated Bax29. To correlate BTG2 expression and pan-
creatic β-cell apoptosis, Bax mRNA and protein expressions were measured by RT-PCR and Western blot anal-
yses. High glucose conditions significantly increased Bax mRNA and protein expressions compared to basal 
glucose conditions. INS-1 cells cultured with estradiol and a high glucose medium significantly reduced Bax 
mRNA and protein expressions compared to those cultured in a high glucose medium alone. To examine whether 
Bax mRNA and protein expressions responded in a similar manner to BTG2 in the presence of nuclear and/or 
membrane estrogen receptor inhibitors, ICI 182,780, 4-HT and G15 were added under the experimental condi-
tions. Comparable with BTG2 expression, Bax mRNA and protein expression induction under the high glucose 
conditions were decreased by estradiol. The effect of estradiol in the high glucose conditions was attenuated by a 
combination of ICI 182,780 and G15 (Fig. 4C,D).

Estradiol reduced p53 protein expression. BTG2 expression uses either a p53-dependent or a 
p53-independent pathway in prostate carcinoma cells9. To examine whether BTG2 expression is associated with 
p53, INS-1 cells cultured under experimental conditions were assessed for nuclear p53 expression by Western blot 
analysis. High glucose conditions significantly increased the p53 protein expression in the nucleus compared to 
that under basal glucose conditions. However, estradiol significantly reduced the p53 protein expression in the 
nucleus compared to the high glucose conditions alone. Neither the nuclear estrogen receptor inhibitor nor the 
membrane estrogen receptor inhibitor reversed the estradiol effect when co-cultured in a high glucose medium. 
In the presence of both, the nuclear and membrane estrogen receptor inhibitors attenuated the effects of estradiol 
on the nuclear p53 expression under high glucose conditions (Fig. 5A).

Estrogen reduced p53 and Bax protein expressions in mouse pancreatic islets. To confirm the 
effects of high glucose and estradiol that were observed in INS-1 cells, mouse pancreatic islets were isolated and 
cultured under basal and high glucose conditions with or without estradiol for 72 h. As observed in the INS-1 
cells, the high glucose conditions induced p53 and Bax protein expressions in mouse pancreatic islets compared 
to those cultured in the basal glucose medium. Estradiol with high glucose significantly reduced the p53 and Bax 
protein expressions, compared to those cultured in high glucose alone (Fig. 5B,C).

Discussion
Hyperglycemia is a stressful condition that produces both oxidative and ER stress4,30,31. Both types of stress 
cause DNA damage32,33, which activates early growth response genes34. BTG2 is one of the early growth response 
genes35. BTG2 has different effects, depending on the cell type7. In our preliminary study by mRNA analysis 
using the RT2 PCR array, the results showed that high glucose conditions increased BTG2 mRNA expression, 

Figure 2. Effect of estrogen on BTG2 mRNA and protein expression. (A) Fold change of BTG2 mRNA 
normalized to β-actin mRNA at 10 days from mouse pancreatic islets. (B) A representative Western blot analysis 
of BTG2 and β-actin from mouse pancreatic islets. The bar graph below is BTG2 protein level normalized 
to β-actin protein. The data is presented as mean ± S.D. of 3 independent experiments. *P < 0.05, **P < 0.01 
compared to the high-glucose-treated group.
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and estradiol reversed the effect of the high glucose. BTG2 seemed to correlate with high-glucose-induced cell 
death. This hypothesis was tested by this study, which aimed to demonstrate the association of the BTG2 level and 
high-glucose-inducing cell death. The results of this study showed that the high glucose conditions increased cell 
death and up-regulated the BTG2 mRNA and protein expressions. The fold of the BTG2 mRNA expression with 
conventional real-time PCR was lower than with the RT2 PCR array. This might be due to the better optimized 
conditions of the commercial RT2 PCR array than conventional real-time PCR. Although the specificity of the 
primers was different, the pattern of BTG2 mRNA induction was similar. The up-regulation of BTG2 was found 
in both rat pancreatic β-cell line (INS-1 cells) and mouse pancreatic islets. BTG2 is known as an immediate early 
gene which responds to stress36. High glucose levels produced cellular stress in the form of oxidative and endo-
plasmic reticulum stress4,30,31. Thus, the cellular stress produced by high glucose likely stimulated BTG2 expres-
sion. Also, BTG2 has been proposed as a protein involved in the programed cell death of PC1237. On the contrary, 

Figure 3. Effect of BTG2 knockdown on levels of cleaved-caspase 3, Bax and cell apoptosis. INS-1 cells cultured 
under basal and high glucose media with mock treatment, siRNA-control, and siRNA-BTG2. Cleaved-caspase 
3 and BTG2 were detected by Western blot analysis. (A) The image shows a representative Western blot of 
cleaved-caspase3, BTG2, and β-actin from INS-1 cells. The bar graph below shows cleaved-caspase 3 protein 
levels normalized to β-actin protein. The results are presented as mean ± S.D. of 4 independent experiments. 
(B) The image shows a representative Western blot of Bax, BTG2, and β-actin from INS-1 cells. The bar graph 
below shows Bax protein levels normalized to β-actin protein. The results are presented as mean ± S.D. of 4 
independent experiments. (C) The cell viability in knock down BTG2 was determined using Annexin V/PI 
assay. The bar graph below shows percentage of early apoptosis. The results are presented as mean ± S.D. of 3 
independent experiments. (D) Effect of estrogen in transcription of Btg2 promoter activity. The experiments 
were performed in 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the high-glucose-
treated group.
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Figure 4. Effect of estrogen on BTG2 and Bax mRNA and protein expressions from INS-1 cells cultured under 
basal and high glucose conditions. (A) Fold change of BTG2 mRNA normalized to β-actin mRNA at 48 h with 
or without nuclear and membrane estrogen receptor inhibitors. (B) Fold change of Bax mRNA normalized to 
β-actin mRNA at 48 h. (C) A representative Western blot analysis of BTG2 and β-actin from INS-1 cell cultured. 
The bar graph below is BTG2 protein level normalized to β-actin protein. (D) A representative Western blot 
analysis of Bax and β-actin from INS-1 cell cultured at 72 h. The bar graph below is Bax protein level normalized 
to β-actin protein. The data are presented as mean ± S.D. of 3 independent experiments. NS is non-significant. 
**P < 0.01, ***P < 0.001 compared to the high-glucose-treated group.
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BTG2 up-regulated by GLP-1 in pancreatic β-cells is associated with increased PDX-1 and insulin secretion12. 
Another beneficial role of BTG2 has been reported that BTG2 is a co-activator to up-regulating antioxidant38. 
This role is supported our study that estrogen has a trend to increase BTG2 in basal glucose. Estrogen might 

Figure 5. Effect of estrogen on p53 and Bax protein expressions under normal and high glucose. (A) Fold 
change of p53 normalized to β-actin protein from INS-1 cells with or without nuclear and membrane estrogen 
receptor inhibitors. (B) Above picture is a representative Western blot analysis of p53 and β-actin. The bar graph 
below is p53 protein level normalized to β-actin protein. (C) Above picture is a representative Western blot 
analysis of Bax and β-actin. The bar graph below is Bax protein level normalized to β-actin protein. All data are 
presented as mean ± S.D. of 3 independent experiments. NS is not significant. **P < 0.01, ***P < 0.001 compared 
to the high-glucose-treated group.
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up-regulate antioxidant via increase BTG2. It is known that BTG2 plays a role in both physiological and patholog-
ical processes7. Our knockdown BTG2 experiment indicated that high-glucose-induced BTG2 is a pathological 
process, whereas the up-regulation of BTG2 by GLP-1 is a role of BTG2 in physiological processes.

This study also demonstrated that estradiol protected pancreatic β-cell apoptosis against high glucose via 
decreased BTG2 mRNA and protein expressions. Again, this finding was found in both rat pancreatic β-cell lines 
(INS-1 cells) and mouse pancreatic islets. A previous study suggested that estrogen reduced BTG2 transcription 
in breast cancer cells28. That study also suggested that the estrogen receptor can interact with other transcription 
factors, including AP-1, Sp1, p53 and NF-kB, which are contained in the BTG2 promoter. Furthermore, they per-
formed ChIP-on-chip analysis and found that the ERα binding site was present around −2000 upstream of the 
BTG2 start site. To examine this possibility in pancreatic β-cells in this present study, the INS-1 BTG2 promoter 
was cloned to perform a promoter assay. The promoter assay confirmed that high glucose increased BTG2 pro-
moter activity, while estrogen significantly decreased BTG2 promoter activity. The promoter assay results support 
our previous findings. In breast cancer cells, it was demonstrated that the estrogen receptor alpha plays a role 
in the reduction of BTG2 promoter activity28. To investigate this observation, 4 HT (the estrogen receptor alpha 
inhibitor), ICI 182,780 (the nuclear receptor inhibitor), and G15 (the G-protein coupled estrogen receptor inhib-
itor) were added to the culture experiments. Estradiol effect on BTG2 expression was ameliorated in the presence 
of both the nuclear and G-protein coupled estrogen receptor inhibitors. This suggests that estrogen exerts its 
effect through both the nuclear and G-protein coupled estrogen receptors. In parallel with our previous study, 
it has been shown that estrogen decreases ER stress and cell apoptosis via the nuclear and membrane estrogen 
receptors23,39. It is worth mentioning that estrogen has been known to protect pancreatic β-cell apoptosis against 
toxic substances through multiple pathways16,40,41.

BTG2 is known to induce cell apoptosis via increased Bax29. Our result confirmed that Bax mRNA and pro-
tein expressions were altered in response to the BTG2 expression. The activated Bax bound together to form a 
homodimer and then inserted pores on the mitochondrial membrane and released cytochrome C42. The released 
cytochrome C triggers the mitochondrial-induced apoptosis pathway43. This result provided a mechanism for 
BTG2-induced pancreatic β-cell apoptosis through Bax. It is known that BTG2 expression can be induced through 
a p53-dependent or a p53-independent mechanism13,14. This study further showed that the nuclear p53 level is 
increased. Normally, p53 is inactivated in the cytoplasm compartment. When p53 is activated, the activated p53 
moves into the nucleus44. The activated p53 acts as a transcription factor to activate the expression of apoptotic 
genes such as Bax45. p53-induced cell apoptosis was also found in cardiac myocyte cultured under high glucose 
conditions46. Our results showed that high glucose conditions increased the p53, BTG2 and Bax in the INS-1 cells 
and mouse isolated pancreatic islets. Knockdown BTG2 significantly decreased Bax in high glucose condition. 
Thus, it is likely that the high glucose condition increased pancreatic β-cell apoptosis through the p53-BTG2-Bax 
pathway. Furthermore, our results showed that estradiol directly suppressed BTG2 promoter activity. Estradiol 
might separately suppress both BTG2 and p53 expression. Estrogen-reduced p53 signaling has been observed in 
other cells. In breast cancer, induction of p53 increases cell apoptosis, whereas estrogen promotes breast cancer 
cell proliferation by a decreased p53 pathway47. Estrogen-protected ischemia reperfusion induced cardiomyocytes 
apoptosis by suppression of the p53 pathway48. Estrogen prevented mesangial cells apoptosis through inhibition 
of p53 expression49. It is possible that estrogen suppressed BTG2 expression through reduced p53. However, our 

Figure 6. A proposed model of estrogen reduced BTG2 expression. High glucose stimulated BTG2 and/or p53 
expression. Then, BTG2 and p53 induced apoptosis via Bax. P53 also activated BTG2. Estrdiol prevents high-
glucose-induced apoptosis via suppressing BTG2 promoter.
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results also showed that estradiol directly suppressed transcriptional activation of the BTG2 promoter by the lucif-
erase promoter assay. Thus, our results suggest that estrogen might suppress both the p53 and BTG2 promoters.

In summary, our results show that high glucose conditions induce BTG2, p53 and Bax expressions, which are 
associated with increased pancreatic β-cell apoptosis (Fig. 6). Estradiol can suppress the BTG2 promoter under 
high glucose conditions. The protective effect of estradiol against high-glucose-induced cell death through the 
reduction of BTG2, p53 and Bax expressions is diminished by inhibition of both the nuclear and the membrane 
estrogen receptors. However, the detailed molecular mechanisms on how estrogen suppresses p53 and BTG2 
require further investigation.

References
 1. Del Prato, S. Role of glucotoxicity and lipotoxicity in the pathophysiology of Type 2 diabetes mellitus and emerging treatment 

strategies .  Diabetic  medicine:  a  journal  of  the Briti sh Diabetic  Association  26 ,  1185–1192,  https://doi.
org/10.1111/j.1464-5491.2009.02847.x (2009).

 2. Donath, M. Y., Gross, D. J., Cerasi, E. & Kaiser, N. Hyperglycemia-induced beta-cell apoptosis in pancreatic islets of Psammomys 
obesus during development of diabetes. Diabetes 48, 738–744 (1999).

 3. Wolff, S. P. & Dean, R. T. Glucose autoxidation and protein modification. The potential role of ‘autoxidative glycosylation’ in diabetes. 
Biochem J 245, 243–250 (1987).

 4. Wu, L. et al. Oxidative stress is a mediator of glucose toxicity in insulin-secreting pancreatic islet cell lines. J Biol Chem 279, 
12126–12134 (2004).

 5. Matsuda, S., Rouault, J., Magaud, J. & Berthet, C. In search of a function for the TIS21/PC3/BTG1/TOB family. FEBS letters 497, 
67–72 (2001).

 6. Tirone, F. The gene PC3(TIS21/BTG2), prototype member of the PC3/BTG/TOB family: regulator in control of cell growth, 
differentiation, and DNA repair? J Cell Physiol. 187, 155–165 (2001).

 7. Mao, B., Zhang, Z. & Wang, G. BTG2: a rising star of tumor suppressors (review). Int J Oncol. 46, 459–464 (2015).
 8. Wagener, N. et al. Endogenous BTG2 expression stimulates migration of bladder cancer cells and correlates with poor clinical 

prognosis for bladder cancer patients. Br J Cancer. 108, 973–982 (2013).
 9. Chiang, K. et al. Cisplatin modulates B-cell translocation gene 2 to attenuate cell proliferation of prostate carcinoma cells in both 

p53-dependent and p53-independent pathways. Sci Rep. 1, 1–10 (2014).
 10. Zhang, L., Huang, H., Wu, K., Wang, M. & Wu, B. Impact of BTG2 expression on proliferation and invasion of gastric cancer cells in 

vitro. Mol Biol Rep. 37, 2579–2586 (2010).
 11. Hwang, S. L. et al. B-cell translocation gene-2 increases hepatic gluconeogenesis via induction of CREB. Biochemical and biophysical 

research communications 427, 801–805, https://doi.org/10.1016/j.bbrc.2012.09.146 (2012).
 12. Hwang, S., Kwon, O., Kim, S., Lee, I. & Kim, Y. B-cell translocation gene 2 positively regulates GLP-1-stimulated insulin secretion 

via induction of PDX-1 in pancreatic β-cells. Exp Mol Med. 24, 1–7 (2013).
 13. Imran, M. & Lim, I. Regulation of Btg2(/TIS21/PC3) expression via reactive oxygen species-protein kinase C-ΝFκΒ pathway under 

stress conditions. Cell Signal. 25, 2400–2412 (2013).
 14. Lim, I. et al. Induction of growth inhibition of 293 cells by downregulation of the cyclin E and cyclin-dependent kinase 4 proteins 

due to overexpression of TIS21. Mol Carcinog. 23, 25–35 (1998).
 15. Zhu, L. et al. Estrogen treatment after ovariectomy protects against fatty liver and may improve pathway-selective insulin resistance. 

Diabetes. 62, 424–434 (2013).
 16. Le May, C. et al. Estrogens protect pancreatic beta-cells from apoptosis and prevent insulin-deficient diabetes mellitus in mice. Proc 

Natl Acad Sci USA 103, 9232–9237 (2006).
 17. Jones, M. E. et al. Aromatase-deficient (ArKO) mice have a phenotype of increased adiposity. Proceedings of the National Academy 

of Sciences of the United States of America 97, 12735–12740, https://doi.org/10.1073/pnas.97.23.12735 (2000).
 18. Yamabe, N., Kang, K. S. & Zhu, B. T. Beneficial effect of 17beta-estradiol on hyperglycemia and islet beta-cell functions in a 

streptozotocin-induced diabetic rat model. Toxicology and applied pharmacology 249, 76–85, https://doi.org/10.1016/j.
taap.2010.08.020 (2010).

 19. Liu, S. et al. Importance of extranuclear estrogen receptor-alpha and membrane G protein-coupled estrogen receptor in pancreatic 
islet survival. Diabetes. 58, 2292–2302 (2009).

 20. Navarro, G., Allard, C., Xu, W. & Mauvais-Jarvis, F. The role of androgens in metabolism. obesity, and diabetes in males and females. 
Obesity (Silver Spring). 23, 713–719 (2015).

 21. Tiano, J. et al. Estrogen receptor activation reduces lipid synthesis in pancreatic islets and prevents β cell failure in rodent models of 
type 2 diabetes. J Clin Invest. 121, 3331–3342 (2011).

 22. Liu, S. et al. Oestrogens improve human pancreatic islet transplantation in a mouse model of insulin deficient diabetes. Diabetologia. 
56, 370–381 (2013).

 23. Kooptiwut, S. et al. Estrogen reduces endoplasmic reticulum stress to protect against glucotoxicity induced-pancreatic β-cell death. 
J Steroid Biochem Mol Biol. 139, 25–32 (2014).

 24. Lacy, P. E. & Kostianovsky, M. Method for the isolation of intact islets of Langerhans from the rat pancreas. Diabetes 16, 35–39 
(1967).

 25. Gotoh, M., Maki, T., Kiyoizumi, T., Satomi, S. & Monaco, A. P. An improved method for isolation of mouse pancreatic islets. 
Transplantation 40, 437–438 (1985).

 26. H., E.-Z., Stuart, B., Wahle, B., Bomann, W. & Ahr, H. Characteristic expression profiles induced by genotoxic carcinogens in rat 
liver. Toxicol Sci. 77, 19–34 (2004).

 27. Li, G. et al. Involment ofp53, Bax, and Bcl-2 pathway in microcystins-induced apoptosis in rat testis. Environ Toxicol. 26, 111–117 
(2011).

 28. Karmakar, S., Foster, E. A. & Smith, C. L. Estradiol downregulation of the tumor suppressor gene BTG2 requires estrogen receptor-
alpha and the REA corepressor. International journal of cancer. Journal international du cancer 124, 1841–1851, https://doi.
org/10.1002/ijc.24133 (2009).

 29. Quy, L. et al. TIS21(/BTG2/PC3) inhibits interleukin-6 expression via downregulation of STAT3 pathway. Cell Signal. 25, 2391–2399 
(2013).

 30. Araki, E., Oyadomari, S. & Mori, M. Endoplasmic reticulum stress and diabetes mellitus. Intern Med 42, 7–14 (2003).
 31. Evans, J., Goldfine, I., Maddux, B. & Grodsky, G. Oxidative stress and stress-activated signaling pathways: a unifying hypothesis of 

type 2 diabetes. Endocr Rev. 23, 599–622 (2002).
 32. Sharma, V. et al. Oxidative stress at low levels can induce clustered DNA lesions leading to NHEJ mediated mutations. Oncotarget. 

7, 25377–25390 (2016).
 33. Zhu, H. et al. ATF4 and IRE1α inhibit DNA repair protein DNA-dependent protein kinase 1 induced by heat shock. Mol Cell 

Biochem. 371, 225–232 (2012).
 34. Madabhushi, R. et al. Activity-Induced DNA Breaks Govern the Expression of Neuronal Early-Response Genes. Cell. 161, 

1592–1605 (2015).

http://dx.doi.org/10.1111/j.1464-5491.2009.02847.x
http://dx.doi.org/10.1111/j.1464-5491.2009.02847.x
http://dx.doi.org/10.1016/j.bbrc.2012.09.146
http://dx.doi.org/10.1073/pnas.97.23.12735
http://dx.doi.org/10.1016/j.taap.2010.08.020
http://dx.doi.org/10.1016/j.taap.2010.08.020
http://dx.doi.org/10.1002/ijc.24133
http://dx.doi.org/10.1002/ijc.24133


www.nature.com/scientificreports/

1 1ScientiFic REPORTS |  (2018) 8:12256  | DOI:10.1038/s41598-018-30698-x

 35. Zhang, Z. et al. Aberrant expression of the p53-inducible antiproliferative gene BTG2 in hepatocellular carcinoma is associated with 
overexpression of the cell cycle-related proteins. Cell Biochem Biophys. 61, 83–91 (2011).

 36. Ficazzola, M. et al. Antiproliferative B cell translocation gene 2 protein is down-regulated post-transcriptionally as an early event in 
prostate carcinogenesis. Carcinogenesis. 22, 1271–1279 (2001).

 37. el-Ghissassi, F. et al. BTG2(TIS21/PC3) induces neuronal differentiation and prevents apoptosis of terminally differentiated PC12 
cells. Oncogene. 21, 6772–6778 (2002).

 38. Karve, T. & Rosen, E. B-cell translocation gene 2 (BTG2) stimulates cellular antioxidant defenses through the antioxidant 
transcription factor NFE2L2 in human mammary epithelial cells. J Biol Chem. 287, 31503–31514 (2012).

 39. Tiano, J. & Mauvais-Jarvis, F. Selective estrogen receptor modulation in pancreatic β-cells and the prevention of type 2 diabetes. 
Islets. 4, 173–176 (2012).

 40. Louet, J. F., LeMay, C. & Mauvais-Jarvis, F. Antidiabetic actions of estrogen: insight from human and genetic mouse models. Curr 
Atheroscler Rep 6, 180–185 (2004).

 41. Wu, Z. et al. Estrogen regulates adrenal angiotensin AT1 receptors by modulating AT1 receptor translation. Endocrinology 144, 
3251–3261 (2003).

 42. Eskes, R., Desagher, S., Antonsson, B. & Martinou, J. C. Bid induces the oligomerization and insertion of Bax into the outer 
mitochondrial membrane. Molecular and cellular biology 20, 929–935 (2000).

 43. Gogvadze, V., Orrenius, S. & Zhivotovsky, B. Multiple pathways of cytochrome c release from mitochondria in apoptosis. Biochimica 
et biophysica acta 1757, 639–647, https://doi.org/10.1016/j.bbabio.2006.03.016 (2006).

 44. Vlatković, N., Boyd, M. & Rubbi, C. Nucleolar control ofp53: a cellular Achilles’ heel and a target for cancer therapy. Cell Mol Life Sci. 
71, 771–791 (2014).

 45. Lee, W. & Chang, C. Bax is upregulated by p53 signal pathway in the SPE B-induced apoptosis. Mol Cell Biochem. 343, 271–279 
(2010).

 46. Fiordaliso, F. et al. Hyperglycemia activates p53 and p53-regulated genes leading to myocyte cell death. Diabetes 50, 2363–2375 
(2001).

 47. Bailey, S. T., Shin, H., Westerling, T., Liu, X. S. & Brown, M. Estrogen receptor prevents p53-dependent apoptosis in breast cancer. 
Proceedings of the National Academy of Sciences of the United States of America 109, 18060–18065, https://doi.org/10.1073/
pnas.1018858109 (2012).

 48. Liu, H., Pedram, A. & Kim, J. K. Oestrogen prevents cardiomyocyte apoptosis by suppressing p38alpha-mediated activation of p53 
and by down-regulating p53 inhibition on p38beta. Cardiovascular research 89, 119–128, https://doi.org/10.1093/cvr/cvq265 (2011).

 49. Negulescu, O. et al. Estradiol reverses TGF-beta1-induced mesangial cell apoptosis by a casein kinase 2-dependent mechanism. 
Kidney Int 62, 1989–1998, https://doi.org/10.1046/j.1523-1755.2002.00679.x (2002).

Acknowledgements
This work was supported by a Mahidol University Grant (to SK), a Siriraj Graduate Thesis Scholarship (to SKa, 
KS), and a TRF Research Grant (to JS). SK was supported by a Chalermphrakiat Grant from the Faculty of 
Medicine, Siriraj Hospital, Mahidol University. MJ and PY were supported by Chalermphrakiat Grants from 
the Faculty of Medicine, Siriraj Hospital, Mahidol University, and the Thailand Research Fund (Grant no. 
IRG5980006). We thank Malika Churintaraphan and Samarn Onreabroi for their technical assistance.

Author Contributions
S.K. and P.Y. were responsible for the study concept and design, and S.Ka., N.S., K.S., J.S., M.J. and S.K. for the 
acquisition of data. S.Ka., J.S., M.J., P.Y., K.S. and S.K. were responsible for the analysis and interpretation of 
experimental data. S.K. drafted the manuscript. P.Y. and S.K. critically revised the manuscript for important 
intellectual content. S.K. was responsible for the study supervision. All authors approved the final version of the 
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30698-x.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/j.bbabio.2006.03.016
http://dx.doi.org/10.1073/pnas.1018858109
http://dx.doi.org/10.1073/pnas.1018858109
http://dx.doi.org/10.1093/cvr/cvq265
http://dx.doi.org/10.1046/j.1523-1755.2002.00679.x
http://dx.doi.org/10.1038/s41598-018-30698-x
http://creativecommons.org/licenses/by/4.0/

	Estradiol Prevents High Glucose-Induced β-cell Apoptosis by Decreased BTG2 Expression
	Materials and Methods
	Animals. 
	INS-1 cell culture. 
	Mouse pancreatic islet isolation and culture. 
	Cleaved-caspase 3 activity assay. 
	RNA isolation and reverse transcriptase-polymerase chain reaction. 
	Small interference RNA (siRNA) transfection. 
	Western blotting analysis. 
	Promoter assay. 
	Statistical Analysis. 

	Results
	Estradiol increased pancreatic β-cell viability after culture under high glucose conditions. 
	High glucose conditions increased BTG2 expression in pancreatic β-cells, and effect reversed by estradiol. 
	BTG2 knockdown rescued pancreatic β-cells apoptosis from high-glucose conditions. 
	Estradiol regulated BTG2 promoter activity. 
	Estradiol decreased BTG2 and Bax mRNA and protein expressions through both nuclear and membrane estrogen receptors. 
	Estradiol reduced p53 protein expression. 
	Estrogen reduced p53 and Bax protein expressions in mouse pancreatic islets. 

	Discussion
	Acknowledgements
	Figure 1 Cell viabilities were measured by cleaved-caspase 3 activity.
	Figure 2 Effect of estrogen on BTG2 mRNA and protein expression.
	Figure 3 Effect of BTG2 knockdown on levels of cleaved-caspase 3, Bax and cell apoptosis.
	Figure 4 Effect of estrogen on BTG2 and Bax mRNA and protein expressions from INS-1 cells cultured under basal and high glucose conditions.
	Figure 5 Effect of estrogen on p53 and Bax protein expressions under normal and high glucose.
	Figure 6 A proposed model of estrogen reduced BTG2 expression.




