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Abstract
Introduction
The main hormonal treatment of estrogen sensitive breast cancer includes the use of selective estrogen receptor modulators, aromatase
inhibitors and GnRH-Analogs. It has been observed that administering aromatase inhibitor to breast cancer patients not only impairs their glucose
metabolism but it can even cause frank diabetes mellitus. Moreover, it has been hypothesized that aromatase inhibitors may have an impact on
glucose metabolism by their effect on estrogen levels. Therefore, we designed an experiment in order to assess the effect of estrogens on insulin
secretion from rat beta pancreatic insulinoma INS-1 cells.
Methods

Experiments were conducted on an INS-1 cell line, a rodent beta cell line derived from a rat insulinoma induced by X-ray irradiation, which
displays high insulin content, production of both proinsulin I and II and responsiveness to glucose and hormones. INS-1 cells were routinely
cultured in 75cm2 flasks (T75) containing 10ml of appropriate culture media and then were transferred into 6-well plates and treated with 17β-E2.
Proliferation, as well as insulin expression in the 17β-E2 treated cells in mRNA and protein level was then investigated. Cell cultures were treated
with 12.5mM, 25mM, 50mM, 100mM and 200mM estradiol. After 24 hours, RNA as well as protein extraction was carried out. Gene expression was
examined in mRNA and protein level, by real time quantitative reverse transcriptase PCR and by western blotting, respectively. Extraction of total
RNA was achieved with the use of NucleoZOL (Macherey-Nagel, Duren, Germany). Protein concentration of samples was measured by using the
bicinchoninic acid (BCA) assay and bovine serum albumin (BSA) as the standard (Thermo Scientific TM Pierce TM BCA Protein Assay Kit, USA).
Results

Real time PCR showed a dose-dependent up regulation of insulin gene expression by estradiol. The findings were consistent with the results
from western blot, although the estradiol dose-dependent increase in gene expression was not so clear. Finally, both protein and mRNA expression
of insulin increased in a dose dependent manner, with mRNA reaching a plateau at 100nM estradiol treatment.
Conclusion

The experimental data suggest that there might be a direct effect of estrogen on beta cells and insulin secretion.

Introduction

Breast cancer is the most common cancer in women all over
the world [1]. The disease is currently characterized by increased
survival [2,3]. Therefore, the effects of the medications used for
breast cancer treatment are of paramount importance [4]. A class
of drugs used for breast cancer treatment is aromatase inhibitors
[5-7]. It has been observed that aromatase inhibitors may impair
glucose metabolism or even cause frank diabetes in patients with
breast cancer [8]. Diabetes mellitus (DM) is currently a health
problem with the size of a pandemic [9-12]. It is characterized
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by high blood glucose levels for a prolonged period of time [13].
Therefore, the tested hypothesis was that estrogens may affect
glucose metabolism. Estrogens may affect both, insulin sensitivity
and insulin secretion while altered estrogen levels may affect
insulin secretion or promote insulin resistance [14-17]. In the
paper here in the association between estrogen levels and insulin
secretion was tested in an insulinoma rat cell line. The level of
both protein and mRNA insulin expression were measured after
treatment of cells with different doses of estradiol.
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Materials and methods
Experiments were performed on an INS-1 cell line (AddexBio,
USA), which is a rodent beta cell line, derived from a rat insulinoma
induced by X-ray irradiation, that displays many important
functional features of pancreatic beta cells such as high insulin
content, production of both proinsulin I and II and responsiveness
to glucose and hormones. INS-1 cells were cultured in 75cm2
flasks (T75) containing 10ml of culture media. The media was
composed of RPMI 1640 supplemented with 10% (v/v) FBS,
10mM HEPES, 2mM L-glutamine, 1x sodium pyruvate, 0.05mM
2-mercaptoethanol, 100 U/ml penicillin and 0.1g/l streptomycin
antibiotics (Gibco, USA). Cultured cells were maintained in a
humid incubator containing 5% (v/v) CO2 at 37oC, and they were
checked every two to three days for any possible contamination
or deterioration, before replacement of the old culture medium
with new. After incubation, the cells were observed under the
microscope, to check if they were detached and if they appeared
sufficiently rounded.
Cell proliferation assays

(a) The rate of proliferation/metabolism of cells was measured
using
the
2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2Htetrazolium-5-carboxanilide salt (XTT) (Applichem). After
treatment with estradiol, 15μl of XTT was added to each well in a
humidified atmosphere (37°C, 5%CO2) for up to 4 hr. Then XTT
was aspirated and 150 ml of DMSO was added to each well. The
optical density (OD) was measured at 450nm using a microplate
reader (VersaMax; Molecular Devices, Sunnyvale, CA, USA).

(b) The actual number of alive INS-1 cells in cultures was
assessed using the trypan blue exclusion assays. Therein, cells
were plated (at a cell density of 8x104 cells/well) in 12-well
plates and exposed to various doses of the synthetic peptides
under investigation. After 48 hours, the cells were harvested and
counted by trypan blue exclusion method.
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(qRT-PCR) is a method that allows the detection and quantification
of the desired mRNA. The principle for real time qRT-PCR requires
the reverse transcription (RT) of RNA into complementary DNA
(cDNA). The cDNA is then used as a template for the real time
quantitative PCR. Real time PCR requires the use of fluorescent
molecules, which report the presence of amplification products
during each cycle of PCR, a machinery to detect the fluorescent
dye and hence monitor amplification in real-time, and a computer
software for quantitative analysis [19].
Isolation of total cellular protein

For protein extraction to be achieved, cell culture medium from
the 6-well plate cultures was aspirated using a pipette, and cells
were washed with ice-cold Tris-buffered saline (TBS) (Sigma
Aldrich, USA) (about 1ml on each well was enough to cover the
cells). Protein concentration of samples was measured using the
bicinchoninic acid (BCA) assay and bovine serum albumin (BSA)
as the standard (Thermo ScientificTM PierceTM BCA Protein
Assay Kit, USA). Gel electrophoresis was performed to separate
the proteins of the sample lysates. Separation was achieved with
SDS-PAGE, which allows protein separation by size. SDS-PAGE gel
electrophoresis employs polyacrylamide gels (PAGE) and buffers
loaded with sodium dodecyl sulphate (SDS).
Western Blot

Proteins were transferred to a membrane and then antibody
incubation to detect the levels of protein.

Results

Using 17β-estradiol or 17β-E2 ≥98% (molecular weight
272,38kg/mol) (Sigma Aldrich, USA) a 7.400nM 17β-E2 solution
was prepared and used as treatment for the INS-1 cell cultures.
Cells from the flask were transferred into 6-well plates in order
to perform subculturing of cells under treatment with different
concentrations of 17β-E2.

When the cultured cells (INS-1 rat insulinoma) reached about
80% confluence, they were treated with different concentrations
of E2. Proliferation assays were performed as well and insulin
expression in the E2 treated cells in mRNA and protein level was
then investigated. Extraction of total cellular RNA was performed
using NucleoZOL. The concentration of the extracted RNA samples
was then measured by a Biospec-nano spectrophotometer.
Besides, purity and integrity of total extracted RNA was assessed
by calculating the ratio of optical density at 260nm and 280nm. A
ratio close to 2.0 indicates RNA integrity and purity. The results
are presented in table 1. Values of the ratio of optical density
260nm to 280nm ranged from 1.99 to 2.01, thus near 2, meaning
that the extracted RNA was pure, and qualified to be used for qRTPCR.

Extraction of total RNA was achieved with the use of NucleoZOL
(Macherey-Nagel, Duren, Germany) and the estimation of
extracted RNA concentration with a spectrophotometric assay.
Gene expression in cells is achieved through the transcription
of genes into messenger RNA (mRNA). So, the amount of mRNA
copies is representative of the amount of gene expression[18].
This relationship between gene expression and mRNA, was
utilized in the experimental work herein, in order to investigate
the regulation of insulin expression by estrogen. Real time
quantitative reverse transcriptase polymerase chain reaction

Insulin protein expression showed an increasing pattern,
however the increase was not dose dependent. The change of
the samples treated with 25nM and 50nM estradiol is the same,
whereas in the sample treated with 200nM gene expression
decreases, compared to the 100nM estradiol.

Treatment of cells with estradiol solution

Isolation of total RNA

The expression of insulin was also assessed at protein level.
Protein extracted from INS-1 cells was measured, and then
analysed by Western Blot. The standard curve was plotted
using Excel, Microsoft Office 2016. According to this curve the
concentration of the protein samples was found to be as presented
in Table 2 and Graph 2.

Citation: Vlachodimitris I, Markopoulos C, Kostoglou-Athanassiou I, Papageorgiou E et al. (2020) The Role of Estrogens in Insulin
Secretion. Implications for Aromatase Inhibitor Treatment. J Endocrinol Diab. 7(1): 1-6. DOI: 10.15226/2374-6890/7/1/001146

Page 2 of 6

Copyright:
© 2020 I Vlachodimitris et al.

The Role of Estrogens in Insulin Secretion. Implications for Aromatase Inhibitor Treatment

Table 1: Concentration and A260/A280 ratio of total RNA from INS-1 cells treated with different concentrations of E2.
Treatment

A260

A280

Ratio A260/A280

Concentration of total RNA(ng/µl)

12.5nM

205

102.5

2.00

820

Control
25nM
50nM

100nM
200nM

177.25
197.6
215.5

173.25
186.25

88.2
98.8

107.2
87.1
93.1

2.01
2.00
2.01
1.99
2.00

Table 2: Insulin protein concentration of the INS-1 cells treated with different E2 concentrations
Sample

Unknown Protein Concentration (µg/µl)

Estradiol 12.5nM

0.97

Control

Estradiol 25nM
Estradiol 50nM

Estradiol 100nM
Estradiol 200nM

709

790.45
862
693
745

1.23
1.33
1.12
1.35
1.01

Figure 2: Western Blot results showing insulin as opposed to GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as control.

Figure 3: Fold change in insulin-protein gene expression in INS-1 after treatment with different concentrations of 17β-E2 as compared to untreated
INS-1 cells
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Western blot
Protein separation and Western Blot
Protein separation was then done by gel electrophoresis. Equal amount of protein (20μg) from the 6 protein samples was loaded into
each one of the wells of the formatted SDS-PAGE gel (BioRad, USA) as described in section 2.5. The gel was run at 50V for 5min and then
at 130V for an hour. Then proteins were transferred on a PVDF membrane and placed on a cassette for overnight incubation at 10mA
constant current as described in section 2.6.1.
The blot was then analysed by application of the Western Blot technique. The blot was incubated overnight with using primary Insulin
(L6B10) Mouse (mAb #8138 by Cell Signalling, USA) and then incubated with anti-mouse IgG, HRP-conjugated secondary antibody
(#7076 at 1:2000) and HRP-conjugated antibody (#7075 at 1:2000). GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used
as control in WB. Interpretation of results was achieved with X-ray exposure. The image obtained on western blotting film, for the
proteins, insulin and GAPDH, is shown in figure 2.

This image was analyzed with band analysis tools of ImageLab software version 4.1 (Bio Rad). This software allowed the quantification
of the band intensity, which is representative of the protein expression. Then the intensity of all samples was divided with the intensity
of the control sample, and this is the fold change, shown in figure 3. Then, using SPSS software figure 4 was plotted to allow comparison
of the change in gene expression.

Figure 4. Figure showing fold change of insulin protein gene expression of the 17β-E2 stimulated INS-1 cells. Untreated cells were
used as the negative control with a normalized gene expression value of 1.00. The experiment was run in triplicate. Error bars in
each bar chart represent the standard deviation. Student’s test (two-sided) was used for statistical analysis of variance (SPSS v. 20
statistical package, SPSS Inc., Chicago, USA). The level of significance was set at p<0.05. * indicates p<0.05 which represents statistically
significant change from untreated INS-1 cells as compared to E2 treated INS-1 cells.

Again, as in insulin mRNA, insulin protein expression showed an
increasing pattern in expression, however, not dose dependent.
The fold change of the samples treated with 25nM and 50nM
estradiol is the same, whereas in the sample treated with 200nM
gene expression decreases, as compared to the 100nM estradiol.

Discussion

The results of the present study provide evidence that protein
and mRNA expression of insulin increased in a dose dependent
manner after treatment of an insulin producing beta cell line with
estradiol. Insulin gene expression increased proportionally to the
concentration of estradiol. Gene expression reached a plateau,
which may result from saturation of estrogen receptors.

In a study performed in female rats Kang et al[20] showed
that ovariectomy reduces insulin expression as determined by
stain intensity in beta cells as well as by reverse polymerase
chain reaction. In the same experiments estradiol was shown
to counteract the adverse effects induced by glycosamine on
beta cells, including the attenuated by glycosamine insulin
secretion. Soriano et al[21] have shown that 17β-estradiol, at
physiological levels is implicated in normal beta cell function.
They further showed that long term exposure to estradiol
increases insulin content, insulin gene expression and insulin
release via the estrogen receptor α (ERα), while rapid responses
to 17β-estradiol regulate K(ATP) channels thereby increasing
insulin release in beta cells. Ripoll et al[22] showed that in beta
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cells 17β-estradiol regulates K(ATP) channel activity and glucoseinduced calcium oscillations, modulating insulin release, while
Alonso-Magdalena et al[23] proved that long-term exposure to
physiological concentrations of 17β-estradiol increased beta cell
insulin content, insulin gene expression as well as insulin release.
The use of ER alpha and ER beta agonists in their experiments
suggested that the estrogen receptor involved is ER alpha. Nadal
et al [17] have shown that estrogen receptors ERalpha and ERbeta
exist in beta-cells. They showed that ERalpha plays an important
role in the regulation of insulin biosynthesis, insulin secretion
and beta-cell survival. They proved that activation of ERalpha
by 17β-estradiol promotes an increase of insulin biosynthesis.
In addition, it has been shown that glucose induced insulin
secretion was enhanced by estradiol in isolated cells[24]. ERbeta
is also involved in modulating insulin release by beta cells. In
accordance, an estrogen receptor beta agonist [25] was shown to
be an insulinotropic agent, enhancing glucose stimulated insulin
secretion from both mouse and human islets.

ERalpha antagonist tamoxifen was shown to induce diabetes
in vitro and in vivo. Thus, tamoxifen may induce diabetes
mellitus [26]. Aromatase inhibitors markedly decrease estrogen
concentrations in postmenopausal women by inactivating the
aromatase enzyme responsible for the synthesis of estrogen
from androgenic substrates. Aromatase inhibitors have been
shown to induce impaired glucose metabolism or even frank
diabetes in breast cancer patients8, although not all reports are
in agreement [27]. However, the relationship between aromatase
inihibitor treatment and diabetes is in accordance with the
fundamental role estrogens have been found to play in the control
of energy metabolism [28,29] and the results of the present study,
where estrogens were observed to increase insulin secretion.
Furthermore, the mechanism underlying the effect of aromatase
inhibitors on glucose metabolism has not been elucidated. These
experiments provide some evidence for a possible effect of altered
estrogen levels being responsible for altered glucose metabolism
in patients on treatment with aromatase inhibitors. In the case
of treatment with aromatase inhibitors the benefits outweigh the
risks [8] and treatment should not be stopped. Patients should
be offered guidance on lifestyle and diet in order to have the most
benefit from breast cancer treatment.
In conclusion, we have shown that estrogens increase insulin gene
expression and insulin secretion. These results are in accordance
with the literature and provide a possible explanation for the
effect of aromatase inhibitors on glucose metabolism.

References

1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018
Nov;68(6):394-424.doi: 10.3322/caac.21492.

2. Bodai BI, Tuso P. Breast cancer survivorship: a comprehensive review
of long-term medical issues and lifestyle recommendations. Perm J.
2015;19(2):48-79.doi:10.7812/TPP/14-241.

Copyright:
© 2020 I Vlachodimitris et al.

3. Ganz PA and Goodwin PJ. Breast Cancer Survivorship: Where Are We
Today? Adv Exp Med Biol.2015;862:1-8.doi: 10.1007/978-3-31916366-6_1.

4. Kenyon M, Mayer DK, Owens AK. Late and long-term effects of breast
cancer treatment and surveillance management for the general practitioner. J Obstet Gynecol Neonatal Nurs. 2014;43(3):382-398.doi:
10.1111/1552-6909.12300.
5. Murphy MJ, Jr. Molecular Action and Clinical Relevance of Aromatase
Inhibitors. Oncologist. 1998;3(2):129-130.

6. Lu Q, Xia W, Lee K, Zhang J,Yuan H,Yuan Z,et al. Bicalutamide Plus
Aromatase Inhibitor in Patients with Estrogen Receptor-Positive/
Androgen Receptor-Positive Advanced Breast Cancer. Oncologist.
2020;25(1):21-e15. doi: 10.1634/theoncologist.2019-0564.

7. Pieters HC, Green E, Sleven M, Stanton AL. Aromatase inhibitors: The
unexpected breast cancer treatment. J Geriatr Oncol. 2020; 11(3):431436.doi: 10.1016/j.jgo.2019.07.024.
8. Hamood R, Hamood H, Merhasin I, Keinan-Boker L. Diabetes After
Hormone Therapy in Breast Cancer Survivors: A Case-Cohort Study. J
Clin Oncol. 2018;36(20):2061-2069.doi:10.1200/JCO.2017.76.3524.
9. Lefebvre P and Pierson A. The global challenge of diabetes. World
Hosp Health Serv. 2004;40(3):37-40, 42.

10. Ginter E and Simko V. Type 2 diabetes mellitus, pandemic in 21st century. Adv Exp Med Biol. 2012;771:42-50.doi:10.1007/978-1-46145441-0_6.
11. Nolan JJ and Faerch K. Estimating insulin sensitivity and beta cell
function: perspectives from the modern pandemics of obesity and
type 2 diabetes. Diabetologia.2012;55(11):2863-2867.doi: 10.1007/
s00125-012-2684-0.

12. Matthews DR and Matthews PC. Banting Memorial Lecture 2010^.
Type 2 diabetes as an ‘infectious’ disease: is this the Black Death of
the 21st century? Diabet Med. 2011;28(1):2-9. doi: 10.1111/j.14645491.2010.03167.x.

13. Kerner W and Bruckel J. Definition, classification and diagnosis of diabetes mellitus. Exp Clin Endocrinol Diabetes. 2014;122(7):384-386.
doi:10.1055/s-0034-1366278.

14. Ding EL, Song Y, Manson JE, Rifai N, Buring JE, Liu S. Plasma sex steroid
hormones and risk of developing type 2 diabetes in women: a prospective study. Diabetologia. 2007;50(10):2076-2084.doi:10.1007/
s00125-007-0785-y.
15. Godsland IF. Oestrogens and insulin secretion. Diabetologia.
2005;48(11):2213-2220.doi:10.1007/s00125-005-1930-0.
16. Godsland IF. The influence of female sex steroids on glucose metabolism and insulin action. J Intern Med Suppl. 1996;738:1-60.

Citation: Vlachodimitris I, Markopoulos C, Kostoglou-Athanassiou I, Papageorgiou E et al. (2020) The Role of Estrogens in Insulin
Secretion. Implications for Aromatase Inhibitor Treatment. J Endocrinol Diab. 7(1): 1-6. DOI: 10.15226/2374-6890/7/1/001146

Page 5 of 6

The Role of Estrogens in Insulin Secretion. Implications for Aromatase Inhibitor Treatment

Copyright:
© 2020 I Vlachodimitris et al.

17. Nadal A, Alonso-Magdalena P, Soriano S, Quesada I, Ropero AB. The
pancreatic beta-cell as a target of estrogens and xenoestrogens: Implications for blood glucose homeostasis and diabetes. Mol Cell Endocrinol.2009;304(1-2):63-68.doi:10.1016/j.mce.2009.02.016.

24. Ropero AB, Pang Y, Alonso-Magdalena P, Thomas P, Nadal A. Role of ERbeta and GPR30 in the endocrine pancreas: A matter of estrogen dose.
Steroids. 2012;77(10):951-958.doi:10.1016/j.steroids.2012.01.015.

19. Sanders R, Bustin S, Huggett J, Mason D. Improving the standardization of mRNA measurement by RT-qPCR. Biomol Detect Quantif.
2018;15:13-17.doi:10.1016/j.bdq.2018.03.001.

26. Lipscombe LL, Fischer HD, Yun L, Gruneir A, Austin P, Paszat L, et al.
Association between tamoxifen treatment and diabetes: a population-based study. Cancer. 2012;118(10):2615-2622. doi: 10.1002/
cncr.26559.

18. Nolan T, Hands RE, Bustin SA. Quantification of mRNA using realtime RT-PCR. Nat Protoc. 2006;1(3):1559-1582. doi: 10.1038/
nprot.2006.236.

20. Kang L, Chen CH, Wu MH, Chang JK, Chang FM, Cheng JT. 17betaestradiol protects against glucosamine-induced pancreatic betacell dysfunction. Menopause. 2014;21(11):1239-1248.doi10.1097/
GME.0000000000000232.
21. Soriano S, Ripoll C, Fuentes E, Gonzalez A, Alonso-Magdalena P, Ropero
A B, et al. Regulation of K(ATP) channel by 17beta-estradiol in pancreatic beta-cells. Steroids. 2011;76(9):856-860.doi:10.1016/j.steroids.2011.03.017.

22. Ripoll C, Ropero AB, Alonso-Magdalena P, Quesada I, Fuentes E, Nadal A. Rapid regulation of pancreatic alpha- and beta- cell signalling
systems by estrogens. Infect Disord Drug Targets. 2008;8(1):61-64.
doi:10.2174/187152608784139668.

25. Alonso-Magdalena P, Ropero AB, Garcia-Arevalo M, Soriano S, Quesada
I, Muhammed S J, et al. Antidiabetic actions of an estrogen receptor
beta selective agonist. Diabetes.2013;62(6):2015-2025.doi:10.2337/
db12-1562.

27. Santorelli ML, Hirshfield KM, Steinberg MB, Rhoads GG, Lin Y, Demissie K. Hormonal therapy for breast cancer and diabetes incidence
among postmenopausal women. Ann Epidemiol. 2016;26(6):436-440.
doi:10.1016/j.annepidem.2016.04.004.
28. Mauvais-Jarvis F, Clegg DJ, Hevener AL. The role of estrogens in

control of energy balance and glucose homeostasis. Endocr Rev.
2013;34(3):309-338.doi:10.1210/er.2012-1055.

29. Liu S and Mauvais-Jarvis F. Minireview: Estrogenic protection of betacell failure in metabolic diseases. Endocrinology.2010; 151(3):859864.doi:10.1210/en.2009-1107.

23. Alonso-Magdalena P, Ropero AB, Carrera MP, Cederroth CR, Baquié M,
Gauthier B R, et al. Pancreatic insulin content regulation by the estrogen receptor ER alpha. PLoS One. 2008;3(4):e2069.doi:10.1371/journal.pone.0002069.

Citation: Vlachodimitris I, Markopoulos C, Kostoglou-Athanassiou I, Papageorgiou E et al. (2020) The Role of Estrogens in Insulin
Secretion. Implications for Aromatase Inhibitor Treatment. J Endocrinol Diab. 7(1): 1-6. DOI: 10.15226/2374-6890/7/1/001146

Page 6 of 6

