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Abstract

Objectives: Hyperinsulinemia as well as prolonged and elevated estrogen
exposure are considered as risk factors for endometrial cancer (EC) develop-
ment. Metformin, an anti-hyperglycemic and insulin-sensitizing biguanide,
displayed anti-proliferative effects in recent studies. In the present study, the
effects of long-term exposure of endometrial cancer cells to low and moderate
concentrations of metformin on cell viability, proliferation, clonogenicity and
migration were investigated under different metabolic conditions. Study De-
sign: EC cell lines HEC-1A and Ishikawa were cultured under normo- (NG,
5.5 mM) or hyperglycemic (HG, 17.0 mM) conditions and treated with met-
formin (0.01 - 5.0 mM) in the presence of S-estradiol (E2) for 7 d. Results: A
concentration-dependent decrease of cellular viability was observed in the
MTT and ATP assays after metformin treatment. IC;, values were between
0.7 - 3.7 mM (NG) and 3.0 - 18.3 mM (HG), respectively. A protective effect
of glucose on cellular viability was detected only in the ATP assay. Further-
more, metformin (0.5 - 5.0 mM) led to a significant decrease in proliferation
by 12% - 55% (NG). However, a decreased proliferation rate was only in-
duced at 5.0 mM metformin (40%) in the presence of high glucose levels in
HEC-1A cells, indicating a glucose-related resistance to anti-proliferative
metformin effects, which—to a lesser extent—was also observed in Ishikawa
cells. Metformin treatment also caused concentration-dependent effects on
clonogenicity and decreased the number and size of colonies. In HEC-1A
cells, metformin (0.5 - 5.0 mM) reduced the colony formation by 44% - 80%
(NG) and 29% - 81% (HG), respectively. Slightly higher metformin concen-
trations (1.0 - 5.0 mM) were necessary in Ishikawa cells to reduce clonoge-
nicity by 36% - 86% independent of glucose levels. An investigation of migra-
tion in the wound healing assay revealed that the % wound closure decreased
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with increasing metformin concentrations, but independent of glucose levels.
After treatment with 5.0 mM metformin, migration was significantly reduced
in both cell lines. Conclusion: Our in vitro findings support the hypothesis
that metformin has a direct effect on endometrial cancer cell lines and reflects
the importance of the local glucose environment, suggesting that metformin
may be considered as a potential adjuvant agent in endometrial cancer thera-
py due to its direct and indirect effects on endometrial development. Howev-
er, further studies are necessary that confirm the relevance of our data for
clinical applications.
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1. Introduction

Endometrial cancer (EC) is one of the leading gynecological malignancies [1]
and can be classified into an estrogen-dependent type I, accounting for 75% -
85% of all cases, and an estrogen-independent, more aggressive and invasive
type II cancer [2] [3].

One known risk factor for EC development is unopposed estrogen, as seen e.g.
during perimenopausal years in women [4]. Estrogen stimulates endometrial cell
proliferation and inhibits apoptosis induction in the tissue [5] [6]. Additionally,
hyperglycemia contributes to the growth and progression of EC in women with
type II diabetes [7], who therefore have an increased risk for EC development [8]
and also display a higher cancer mortality rate compared to normoglycemic in-
dividuals [9].

Metformin, an anti-hyperglycemic and insulin-sensitizing agent, commonly
used in the treatment of type II diabetes, has recently been suggested as a thera-
peutic agent to inhibit cellular overgrowth and hyperplasia in several tissues, in-
cluding EC [10] [11]. Previous studies indicated that metformin could be effec-
tive as an adjuvant in cancer therapy along with its traditional role in the treat-
ment of type II diabetes [12]-[17]. However, most experimental studies analyzed
metformin effects at unphysiologically high concentrations (up to 100 mM)
during short-term treatment of 24 - 72 h [18] [19]. We therefore believe that
those effects described in the literature are related to cytotoxicity rather than the
desired anti-cancer effects of metformin [11]. Considering that the beneficial
impact of metformin in EC remains to be determined, this study investigated the
direct effects of low and moderate metformin concentrations (0.01 - 5.0 mM)
during long-term treatment (7 d) on EC cell growth, viability, clonogenicity and
motility. As increased estrogen levels are considered as an additional risk factor,
pf-estradiol (E2) was added during experiments, a factor that was often omitted
in prior studies [18] [19]. Furthermore, cells were exposed to metformin in an

environment with normal (5.5 mM, equivalent to 100 mg/dL) or high (17.0 mM,
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equivalent to 306 mg/dL) glucose levels in order to mimic a diabetic condition,
and thus investigate the metformin effect in different metabolic settings. In a
previous study, our group observed an attenuation of metformin-induced an-
ti-proliferative effects in the presence of elevated glucose levels in EC cells with
low metformin concentrations (0.1 mM) over a treatment period of 20 d [20]. In
another study by our group, higher metformin concentrations (above 1.0 mM)
led to anti-proliferative effects after a shorter incubation time of 72 h in EC cells,
but not in non-malignant, primary uterine endometrial epithelial cells (eEP).
Additionally, a reversal of insulin-induced migration was observed in a high
glucose environment [21].

The underlying aim of the current study was to investigate the direct effects of
long-term exposure of EC cells to low and moderate concentrations of metfor-
min on cell viability, proliferation, clonogenicity and migration under different

metabolic conditions.

2. Materials and Methods
2.1. Cell Culture

The human endometrial adenocarcinoma cell lines HEC-1A (type II EC, post-
menopausal model; HTB112, ATCC, Manassas, VA, USA) and Ishikawa (type I
EC, pre-menopausal model; 99040201, Sigma-Aldrich, Munich, Germany) were
used for the in vitro experiments. Cells were grown in Eagle’s minimal essential
medium (MEM; Sigma-Aldrich) supplemented with 5.0 (Ishikawa) or 10% (v/v)
(HEC-1A) charcoal-stripped fetal bovine serum (hormone-reduced FBS; Gibco,
Waltham, MA, USA), 1.0% (v/v) penicillin/streptomycin (Gibco) and 1.0 %
(v/v) non-essential amino acids (Sigma-Aldrich). All cells were grown in an in-
cubator at 37°C and 5.0% CO, in a humidified environment.

During experiments, cells were maintained in a normoglycemic (NG) envi-
ronment (5.5 mM glucose), representing physiological blood glucose levels of
100 mg/dL. For the experiments under hyperglycemic (HG) conditions, the me-
dium was supplemented with glucose (Sigma-Aldrich) to achieve a final concen-
tration of 17.0 mM glucose, equivalent to 306 mg/dL as seen in diabetic patients.
A 100 mM stock solution of metformin (Sigma-Aldrich) in deionized water was
freshly prepared on the day of administration and further diluted in normo- or
hyperglycemic culture medium, respectively, in order to adjust the desired con-
centrations of the drug (0.01 - 5.0 mM) during experiments. Furthermore, cell
culture media were supplemented with 10 nM E2 (Sigma-Aldrich) during treat-
ments in order to mimic elevated estrogen levels. A 10 uM stock solution of E2
was prepared in ethanol (stored at —20°C) and diluted (1:1000) in medium di-
rectly before the use in experiments (final concentration of ethanol: 0.1% (v/v)).
Elevated estrogen levels represent a common risk factor for EC development and
progression and are therefore essential for a realistic /n vitro simulation of the
environment in EC patients and women with increased risk for EC development
(4] [5] [22].
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2.2. MTT and ATP Cell Viability Assays

In order to evaluate the effects of metformin on cellular viability, HEC-1A and
Ishikawa cells were seeded into transparent (MTT) or opaque-walled, white
(ATP) 96-well plates at a density of 5000 cells/well and incubated in a normal or
high glucose, drug-free medium for 24 h. Afterwards, cells were treated with dif-
ferent concentrations of metformin (0.01 - 20 mM) for 7 d and the medium was
changed every 2 - 3 d. Untreated cells (medium (NG or HG) supplemented with
10 nM E2) served as the reference control. For the MTT assay, 20 pL of a 2.5
mg/mL MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide; Alfa Aesar, Karlsruhe, Germany) was added per well after treatment and
incubated at 37°C for 4 h. Afterwards, the MTT-containing media was substi-
tuted by 50 uL DMSO (Carl Roth, Karlsruhe, Germany) for the extraction of in-
soluble formazan crystals. The absorbance was measured at A = 570 nm (ODj;,,)
with a microplate reader (Anthos Microsystems, Friesoythe, Germany) and cel-
lular viability was calculated with the following Equation (1) (cells with DMSO
served as a blank sample):

B OD570, blank
OD570, blank

D57 0, treatment

x100 . (1)

0]
% cell viability = oD

570, control

For the adenosine triphosphate (ATP) assay, the CellTiter-Glo luminescent
assay kit (Promega, Fitchburg, WI, USA) was used. Briefly, 100 puL of the CellTi-
ter-Glo reagent solution was added to each well after treatment and mixed on a
microplate shaker for 2 min in order to lyse the cells. Afterwards, the mixture
was incubated at room temperature for another 10 min without shaking and lu-
minescence (integration time: 1 s) was detected with a microplate luminometer
(Berthold Technologies, Bad Wildbad, Germany). Cellular viability was calcu-
lated with the following Equation (2) (medium without cells served as a blank
sample):

Luminescence —Luminescence,,

treatment

% cell viability = x100.  (2)

Luminescence —Luminescence,,,

control

For both assays, SPSS version 24 (IBM, Armonk, NY, USA) was used for the
establishment of concentration-response curves and the calculation of IC,, and
IC,, values (inhibitory concentrations, where 50% and 90% of the measured ef-
fect, i.e. loss of cellular viability, was observed; values were set at the inflection
points (IC,,) of the sigmoidal log(concentration)-T/C (treated over control)
curves). All experiments were carried out in triplicates and repeated at least

three times.

2.3. Cell Proliferation Assay by Crystal Violet Staining

HEC-1A and Ishikawa cells were seeded into 24-well plates at a density of 5000
cells/well and incubated in a normal or high glucose, drug-free medium for 24 h.
Afterwards, cells were treated with different concentrations of metformin (0.01 -

5.0 mM) for 7 d with renewed treatments by medium changes every 2 - 3 d. Un-
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treated cells served as the reference control. The relative cell proliferation was
measured by crystal violet (CV) staining according to an adapted protocol [23].
Briefly, cells were rinsed twice with phosphate-buffered saline (PBS; Sigma-Aldrich)
and stained with 0.5% (w/v) CV (Carl Roth) in a mixture of 80% (v/v) deionized
water and 20% (v/v) methanol (Carl Roth) for 20 min. After repeated washing
with PBS, the CV stain was extracted by incubation with 33% (v/v) acetic acid
(Carl Roth) in deionized water for 20 min. From each well, 100 pL of the extract
were transferred into 96-well plates in duplicates and the absorbance was meas-
ured at A = 570 nm (OD,,,) with a microplate reader (Anthos Microsystems).
The absorbance of the untreated control group was set to 100% and the effect of
different treatments was compared to the control. Each experiment was per-
formed in duplicates and repeated at least three times in independent experi-

ments.

2.4. Colony Formation by Clonogenic Assay

HEC-1A and Ishikawa cells were seeded into 6-well plates at a density of 5000
cells/well and incubated in a normal or high glucose, drug-free medium for 24 h.
Afterwards, cells were treated with different concentrations of metformin (0.01 -
5.0 mM) for 7 d with regular medium changes every 2 - 3 d. Untreated cells
served as the reference control. Subsequently, cells were stained with 0.5% (w/v)
CV, washed three times with PBS and air-dried before image acquisition. The
colony formation was quantified as % area with the Image] software [24] and the

ColonyArea plugin [25]. All experiments were repeated at least three times.

2.5. Cell Migration by Wound Healing Assay

Cell migration was assessed by quantifying the % wound closure in the wound
healing assay. The cells were seeded into 6-well plates at a density of 50,000
cells/well in a normal or high glucose, substance-free medium for 24 h. After-
wards, cells were treated with selected concentrations of metformin (0.5 or 5.0
mM) for 7 d with medium changes every 2 - 3 d. After 7 d, the confluent mono-
layers were wounded using a sterile pipette tip and the medium was replaced by
fresh, substance-containing normo- or hyperglycemic medium in order to re-
move cellular debris. Representative images were taken with an inverse light mi-
croscope (Leica, Munich, Germany) at 40x magnification directly and 24 h after
wounding of the monolayer. The migration area A was measured using the Im-
ageJ software [24] and the % wound closure was calculated with the following
Equation (3):

(At:Oh _A1:24h)/At:0h 100, 3)

where A,,, and A,,,, are the area of the wound immediately after scratching (0
h) and 24 h later, respectively. Measurements were taken after 24 h in order to
limit the observations to migration rather than cellular proliferation [26].
HEC-1A and Ishikawa cells display doubling times of 27 - 29 h during routine
culture, and thus the effect of proliferation in the wound healing assay was mi-
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nimized. All experiments were repeated at least three times in duplicates.

2.6. Statistical Analysis

Quantitative data are presented as mean + standard error of the mean (SEM) of
at least three independent experiments. SPSS version 24 (IBM, Armonk, NY,
USA) was used to perform a generalized estimating equation test or a paired

t-test, as appropriate. A pvalue < 0.05 was considered statistically significant.

3. Results

3.1. Long-Term Metformin Treatment Decreased Endometrial
Cancer Cell Viability and Proliferation Rate

Firstly, the effects of metformin on cellular viability were analyzed after
long-term treatment with metformin for 7 d with the MTT cell viability assay
and IC,, and IC,, values were calculated (Figure 1(a) and Table 1). The IC,,
values for Ishikawa cells were 3.7 mM (ICy,: 14.9 mM) under normal glucose
conditions and 3.0 mM (IC,,: 13.7 mM) in a high glucose environment. For
HEC-1A cells, an IC,, value of 0.7 mM (ICy,;: 6.1 mM) was established under
normal glucose conditions. No IC;, and IC,, values could be calculated for
HEC-1A in high glucose medium due to repeated overgrowth of the substrate
surface by the cells. At a concentration of <0.1 mM, cellular viability for both cell
lines was 280% compared to an untreated control, irrespective of glucose levels
in the media. Cellular viability dropped to <10% at concentrations higher than
5.0 (HEC-1A) and 10 mM (Ishikawa) under any tested metabolic condition in a
concentration-dependent manner.

Additionally, cellular viability was determined based on ATP levels with the
ATP cell viability assay and, again, IC,, and IC,, values were calculated (Figure
1(b) and Table 1). The IC,, values for Ishikawa cells were 2.1 mM (IC,;: 5.0
mM) under normal glucose conditions and 18.3 mM (IC,,: > 20.0 mM) in a high
glucose environment. For HEC-1A cells, an IC,, value of 2.0 mM (IC,,: 4.6 mM)
was established under normal glucose conditions. No exact IC;, and IC,, values
could be calculated for HEC-1A in high glucose medium due to the high re-
maining cellular activity at the greatest tested metformin concentration of 20.0
mM. At a concentration of <1.0 mM, cellular viability for both cell lines was
>80% compared to an untreated control at normoglycemia, while higher con-
centrations of >5.0 (Ishikawa) and >10.0 mM (HEC-1A) were necessary to de-
crease cellular viability below 80% in a high glucose environment. Cellular via-
bility dropped to <10% at concentrations >5.0 mM for both cell lines in a nor-
moglycemic environment, while concentrations of 10 - 20 mM were necessary in
the presence of hyperglycemic conditions. In general, the detected inhibitory
concentrations for metformin were substantially higher in the ATP assay at high
glucose levels. Supplementation with E2 alone did not affect cellular viability in
the ATP assay (96.6% - 100.4%) (Figure S1(a)).

In order to evaluate the effects of metformin and the role of glucose on endo-

metrial cancer proliferation during long-term treatment, the present study
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Figure 1. Effects of metformin on cellular viability and proliferation of EC cells as assessed by the
MTT or ATP assay and the crystal violet (CV) assay. HEC-1A and Ishikawa cells were treated with
0.01 - 20 mM (MTT, (a); ATP, (b)) or 0.01 - 5.0 mM (CV, (c)) metformin in a normoglycemic (s; 5.5
mM glucose) or hyperglycemic (=; 17.5 mM glucose) environment for 7 d. Untreated cells served as
reference controls in the assays. Results are presented as mean + SEM from at least three indepen-

dent experiments; (c) *p < 0.05, **p < 0.01, ***p < 0.001 (metformin vs. control); *p < 0.05 (normog-

lycemia vs. hyperglycemia); n 2 3.

examined changes in growth after treatment with low and moderate concentra-
tions of metformin after 7 d (Figure 1(c)). Independent of the glucose concen-
tration in the medium, the lowest metformin concentrations (0.01 and 0.1 mM)
did not show any effect on the growth potential of HEC-1A or Ishikawa cells
compared to untreated reference cells. Nevertheless, metformin concentrations
of 0.5, 1.0 and 5.0 mM led to a decrease in proliferation of HEC-1A cells at nor-
mal glucose levels by 32% (p = 0.051), 38% (p = 0.026) and 55% (p = 0.003),
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Table 1. Established IC,, and IC,, values from MTT and ATP cell viability assays after
treatment of HEC-1A and Ishikawa cells with metformin for 7 d. Data presented as
means with [95% confidence interval (CI)].

MTT assay ATP assay
ICy, [mM] ICyy [mM] ICyy [mM] ICyy [mM]
[95% CI] [95% CI] [95% CI] [95% CI]
NG HG NG HG NG HG NG HG
0.7 6.1 2.0 4.6
HEC-1A - - >10.0 >20.0
[0.4-1.2] [3.5-10.2] [1.7 - 2.4] [3.9-5.4]
. 3.7 3.0 14.9 13.7 2.1 18.3 5.0
Ishikawa >20.0

[2.1-6.5] [2.0-4.6] [9.1-23.7] [9.4-19.8] [1.9-2.4] [9.5-352] [4.4-5.7]

respectively. In Ishikawa cells, proliferation rates significantly dropped by 12%
(p = 0.005), 25% (p = 0.042) and 55% (p = 0.027) compared to the control
group, when cultured in a normoglycemic environment. However, in the pres-
ence of high glucose levels, only the highest metformin concentration (5.0 mM)
was able to significantly decrease the proliferation rate of HEC-1A cells (40%;
p = 0.004), equal to a 15% significantly lower effect (p = 0.047) compared to re-
sults at the same metformin concentration under normoglycemic conditions.
Yet, this resistance to metformin was not observed in Ishikawa cells at high glu-
cose concentrations, where even 0.5, 1.0 and 5.0 mM metformin decreased the
proliferation rate of cells significantly by 18% (p = 0.004), 37% (p < 0.001) and
62% (p = 0.009). Therefore, Ishikawa cells did not show a glucose-dependent re-
sistance in response to metformin treatment. Supplementation with E2 alone did
not increase proliferation of HEC-1A cells (proliferation rate of 95.0 (NG) and
97.2% (HG)) (Figure S1(b)). However, pro-proliferative effects of estrogen sup-
plementation were observed in Ishikawa cells under normo- (121.3%, p = 0.026)
and particularly hyperglycemic conditions (138.1%, p = 0.015) compared to un-
treated control cells as well as cells treated with 0.1% (v/v) ethanol as a vehicle
(p=0.015 (NG) and p=0.018 (HG)).

3.2. Inhibition of Endometrial Cancer Colony Formation by
Metformin Treatment

Considering the excellent indication of long-term tumor cell survival of the co-
lony formation assay in vitro, the effects of metformin on clonogenicity of
HEC-1A and Ishikawa cells were assessed when exposed in an environment with
normal or high glucose levels (Figure 2). Metformin treatment caused concen-
tration-dependent effects on the colony formation of EC cells and decreased the
number and size of the colonies. In HEC-1A cells, 0.5 mM metformin reduced
the colony formation by 44% under normoglycemic conditions (p = 0.021)
compared to untreated reference cells, but only by 29% under hyperglycemic
conditions (p = 0.041), followed by a further reduction with increasing metfor-
min concentrations. Treatment at 1.0 and 5.0 mM metformin inhibited clonoge-
nicity by 59% (p = 0.0096) and 80% (p = 0.004) at 5.5 mM glucose as well as 42%

DOI: 10.4236/0jog.2021.119111

1179 Open Journal of Obstetrics and Gynecology


https://doi.org/10.4236/ojog.2021.119111

A. M. Weber et al.

HEC-1A Ishikawa

Metformin [mM] Metformin [mM]

0.1

0.5 1.0 8 Con . 0.5 1.0

- 150- ” 150- . mm Normal Glucose
5 =3 High Glucose
g § 125- I ’_| 125- ’_|
© 8 1001T-Jl--:- == mrmrmrmm e Con 10010 ---1-- l.-. ................... Con
Eo
“C_) -‘.; 75 * * 75+ *
E‘t_ﬁ *%
S £ 504 50-
o ®
O g 25 s 25- e
: il io
(<
e 0- T T T 0- T T T T
0.01 0.1 0.5 1 5 0.01 0.1 0.5 1 5
Metformin [mM] Metformin [mM]

Figure 2. Effects of metformin on clonogenicity of EC cells as detected in the colony formation assay. HEC-1A and Ishikawa cells
were treated with 0.01-5.0 mM metformin in a normoglycemic (m; 5.5 mM glucose) or hyperglycemic (s; 17.5 mM glucose) envi-
ronment for 7 d. Untreated cells served as a reference control in the assay. The colony formation was quantified as % area with the
Image] software and the ColonyArea plugin. Data are presented as mean + SEM from at least three independent experiments; *p <
0.05, **p < 0.01, **p < 0.001 (metformin vs. control); “p < 0.05, **p < 0.001 (normoglycemia vs. hyperglycemia); n > 3.

(p=0.021) and 81% (p = 0.002) at 17.0 mM glucose, respectively. Additionally,
the colony formation remained significantly higher (17% difference) at 1.0 mM
metformin when cultured under high glucose conditions compared to normog-
lycemia (p < 0.001). A similar glucose-mediated protecting effect was also ob-
served at 0.5 mM metformin, but the 15% difference in colony formation was
not significant. In Ishikawa cells, however, substantial decreases in colony for-
mation under normo- and hyperglycemic conditions were only observed at 1.0
mM (36% and 38%, p=0.012) and 5.0 mM metformin (86%, p = 0.001 and 82%,
P < 0.001), respectively. A significant difference in the proliferation rate at dif-
ferent glucose concentrations was observed at 0.5 mM metformin (p = 0.046)
also in Ishikawa cells. E2 supplementation alone did not generate significant
changes in clonogenicity of HEC-1A (104.3 (NG) and 102.8% (HG)) and Ishi-
kawa cells (102.7 (NG) and 100.1% (HG)) (Figure S1(c)).

3.3. Metformin Long-Term Treatment Reduced Endometrial
Cancer Motility

Considering the doubling time of HEC-1A and Ishikawa cells of 27 - 29 h, motil-
ity of EC cells after long-term metformin treatment was evaluated by a wound

healing assay after 24 h to minimize the influence of proliferation on the out
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Figure 3. Effects of metformin on migration of EC cells as observed in the wound healing
assay. HEC-1A and Ishikawa cells were treated with 0.5 and 5.0 mM metformin in a
normoglycemic (s; 5.5 mM glucose) or hyperglycemic (s; 17.5 mM glucose) environment
for 7 d. Afterwards, wounds were created by scratching the cell monolayer and the migra-
tion area was measured with the help of Image]J software after 24 h. The migration area A
was measured using the Image] software and % wound closure was calculated with the
following formula: (A, — Aepin)/Aron X 100%. Untreated cells served as a reference
control in the assay. Results are presented as mean + SEM from at least three independent
experiments; *p < 0.05 (metformin vs. control); *p < 0.05 (normoglycemia vs. hypergly-
cemia); n > 3.

come of the assay (Figure 3). At 24 h after scratching, untreated HEC-1A control-
cells covered the scratch up to 71% and 56% at normal and high glucose levels,
respectively, while Ishikawa control cells migrated into the scratch wound by
16% and 22%. Metformin treatment at 0.5 mM significantly reduced the migra-
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tion ability of HEC-1A cells by 18% (p = 0.031) in a normoglycemic environ-
ment. However, in a high glucose environment, the migration was reduced by
only 11%. Under these conditions, Ishikawa cells showed a minor reduction of
motility by only 6% - 7% with 0.5 mM metformin at both glucose concentra-
tions, which was significant only under high glucose conditions (p = 0.025). The
highest effect of metformin was detected at 5.0 mM metformin, where the
treatment significantly inhibited the motility of HEC-1A cells by 53% (p = 0.004)
and 35% (p = 0.009) at 5.5 and 17.0 mM glucose, respectively. In Ishikawa cells,
a drop of the motility rate by 25% (p = 0.019) was observed at high glucose levels
with 5.0 mM metformin, resulting in a complete inhibition of cellular motility.
The effect of metformin at 5.0 mM on the motility of Ishikawa cells could not be
evaluated under normoglycemic conditions due to the fact that cells were not
able to build up the required monolayer over a period of 7 d. Nevertheless, this
finding highlights the inhibitory effect of high metformin concentrations on the
migration capacity of Ishikawa cells at physiological glucose levels. Additionally,
it should be noted that a significantly decreased wound closure was observed
between untreated control groups under different glucose conditions in the
HEC-1A cell line (p = 0.043), indicating an inhibiting effect of high glucose le-

vels on motility.

4. Discussion

Over the last years, metformin has been suggested as a promising drug for both
cancer prevention and treatment with a considerably increased number of expe-
rimental and epidemiologic studies [10] [11] [12] [13] [14]. However, despite the
fact that an overall 27% reduction of the risk for developing any type of cancer in
metformin-treated patients with type II diabetes has been observed in a me-
ta-analysis of 18 observational studies [27], the drug has not been established as
an anti-cancer drug so far, most likely due to methodological weaknesses and
insufficient data of currently available studies.

We would like to point out that the anti-proliferative, pro-apoptotic and mo-
tility-suppressing effects of metformin on EC described in the literature were
analyzed using a short-term exposure of metformin (24 - 72 h) at supra-phar-
macological concentrations (up to 100 mM). Moreover, many of these studies
were performed in the absence of S-estradiol, a known risk factor in endometrial
proliferative disorders [18] [19] [28]. The hormone displayed pro-proliferative
effects in the Ishikawa pre-menopausal cell model in the current study, whereas
the HEC-1A post-menopausal cells remained unaffected, which can be explained
by a reduced expression of estrogen receptor a (ERa), and thus a lower E2 sensi-
tivity in this cell line [29] [30], underlining the cellular differences in the applied
cancer models. Our group previously reported that a low concentration of 0.1
mM metformin was not able to decrease the proliferation potential of the Ishi-
kawa EC cell line after short-term treatment of 72 h in vitro, while concentra-

tions of 1.0 - 5.0 mM metformin affected the proliferation rate [21]. However,
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metformin at a concentration of 0.1 mM was able to inhibit the migration ability
of EC cells in a normoglycemic environment during short-term treatment and
also reduced insulin-induced enhanced motility under hyperglycemic condi-
tions. Also, metformin showed a greater effect on EC cells in the presence of
physiological glucose levels [21]. These results encouraged us to examine the di-
rect anti-tumor effects of low and moderate concentrations of metformin on two
different types of EC cells in a long-term setting of 7 d under the addition of E2,
a common risk factor for the development of EC, which, to the best of our
knowledge, has never been done before in vitro.

The present study used different glucose concentrations in order to mimic the
physiological setting associated with EC development and showed that long-
term treatment with 0.01 and 0.1 mM metformin did not have any effects on EC
proliferation, growth and motility in vitro, independent of glucose levels in the
culture medium. The effects of unphysiologically high concentrations of met-
formin (0.5 - 5.0 mM)—still considered as low or moderate concentrations for in
vitro experiments—were also evaluated in the present study. Results of the MTT
and ATP cell viability assays revealed that metformin concentrations >1.0 (NG)
and 5.0 mM (HG) led to a decreased cellular viability of both EC cell lines. Thus,
it cannot be excluded that changes in proliferation rates are at least to some ex-
tent related to a loss of cellular viability. Furthermore, the results of the present
study have shown that HEC-1A and Ishikawa cells react differently to metfor-
min, as 7.e. HEC-1A cells were more sensitive to the biguanide drug in terms of
cellular viability. In addition, HEC-1A cells in particular showed a high prolife-
ration rate and cellular viability at high glucose levels (Figure 1), which may ex-
plains their more aggressive behavior, especially in a high glucose environment.
According to our results, the two cell lines responded very differently to met-
formin within the distinct metabolic conditions. As mentioned above, it is im-
portant to take into consideration that the HEC-1A and Ishikawa cell lines differ
in their gene expression profile, such as the gene encoding for ER and metabolic
enzymes and therefore represent different in vitro models. Ishikawa cells
represent a model for estrogen-dependent, pre-menopausal EC expressing vari-
ous ER to different extents, whereas HEC-1A cells represent a model for post-
menopausal EC with lower sensitivity to E2, and are lacking ERa expression. But
it was also shown that HEC-1A cells express ERf and G protein-coupled estro-
gen receptor 1 (GPER) and therefore maintain a low estrogen sensitivity [29]
[30]. Therefore, resistance to metformin effects exhibited by cells cultured in an
environment with 17.0 mM glucose might to some extent be driven by differ-
ences in ER expression. Filigheddu et al detected stimulating effects of E2 on
cellular proliferation, migration and growth of HEC-1A cells independent of
ERa via a GPER-mediated activation of diacylglycerol kinase a (DGKa) [31], but
these results were not confirmed in our study, as no effects of E2 supplementa-
tion on proliferation, clonogenicity or cellular viability of HEC-1A cells were

observed.
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Mitsuhashi and colleagues compared metformin concentrations in vivo with
in vitro results and the analysis revealed that the concentration of metformin
required for growth suppression in vivo was 400-fold lower than the respective
concentration that inhibited cellular growth in vitro (1.0 mM for Ishikawa and
HEC-1B cells after 72 h) [28]. This effect may be attributed to the fact that met-
formin has an additional peripheral effect on the reduction of the hyperglycemia
due to its known benefit on insulin-sensitizing of the tissues, leading to a norma-
lization of glucose levels [10] [28]. This hypothesis was supported by our results,
as the estrogen-independent HEC-1A cells were resistant to the direct inhibiting
effect of metformin on proliferation at very high metformin concentrations of
5.0 mM only in the hyperglycemic environment, while an anti-proliferative ef-
fect was already detected at 0.5 mM in a more physiological glucose environ-
ment (Figure 1). Additionally, HEC-1A cells overgrew the substrate surface in
the high glucose environment, making it impossible to evaluate cellular viability
in the MTT assay after 7 d. Similar effects on HEC-1A cells were observed in the
colony formation assay as well as the migration analysis, where the direct met-
formin effects were substantially lower in a hyperglycemic microenvironment
(Figure 2 and Figure 3). As this effect was not noted in Ishikawa cells, the more
aggressive type II HEC-1A cell line may be fueled more in growth and tumori-
genesis by elevated glucose levels. However, further experiments are necessary to
confirm these findings and to define the molecular effects involved. Additional-
ly, it has to be noted that both cell lines were cultivated under the influence of
deviating serum concentrations, 7e. 5% (v/v) for Ishikawa and 10% (v/v) for
HEC-1A, which might constitutes to the resistance against metformin developed
by HEC-1A cells, although the same conditions were used in the respective con-
trols.

Moreover, hyperglycemia is associated with obesity and insulin resistance,
leading to hyperinsulinemia that stimulated cellular growth and hyperplasia in
different tissues [32] [33] [34]. Tumorigenesis of obesity-associated EC was
linked to enhanced cellular glucose uptake and increased metabolism [35], but
can also be related to increased proliferation in vitro, as seen in the present study
between untreated control cells. Consequently, agents like metformin, that de-
crease glucose and insulin levels, might be a strategy to prevent EC development
and progression, while it shows less effect in type I EC according to our in vitro
results. Accumulating evidence from in vitro and in vivo studies suggests that
metformin acts as an anti-tumor agent directly and indirectly [10], which was
also supported by our findings regarding to the direct effects. Prior studies indi-
cated several indirect effects by metformin, including the systemic reduction of
blood glucose and insulin levels, whereas the activation of 5 adenosine mono-
phosphate-activated protein kinase (AMPK) served as an example for direct ef-
fects on cancer cells [6] [10] [18] [21] [36] [37]. However, multiple other direct
mechanisms have been demonstrated, e.g. an upregulation of markers for cell
cycle arrest, apoptosis, and autophagy, the inhibition of cell migration and pro-

liferation, as well as a downregulation of markers associated with cellular senes-
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cence [18] [21] [36] [37].

Although studies evaluating the relationship between metformin and EC inci-
dence revealed conflicting results [38] [39], mainly due to a lack of well-designed
and adequately powered randomized controlled trials, the findings of the present
in vitro study supports the hypothesis that metformin not only displays indirect
effects on cancer metabolism via changes of the metabolic environment, but also
direct effects on endometrial cells that may prevent hyperplasia and EC devel-
opment. This accounts particularly for the aggressive type II cancer, as type II
post-menopausal HEC-1A cells proliferated more under hyperglycemic condi-
tions and cells were less sensitive to the direct metformin effects at elevated
glucose levels. On the other hand, pre-menopausal Ishikawa cells that reflect
the more common and less aggressive type I EC only showed minor differ-
ences regarding the direct metformin effects under normo- and hypergly-
cemic conditions, suggesting that these effects were independent of the glu-

cose state.

5. Conclusion

In conclusion, the present study highlighted the importance of the metabolic en-
vironment in EC development and progression, and potential actions of met-
formin as a therapeutic agent in the treatment for EC subtypes. Furthermore, it
was shown that metformin acts on endometrial cancer cell lines via direct effects,
in addition to its well-known indirect effects, i.e. lowering serum glucose levels.
These findings suggest that the drug might be a potential adjuvant agent in EC
therapy. However, further studies are required to elucidate the role of metformin
in EC prevention and treatment in more detail in order to define the relevance of

our data for clinical applications.
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Figure S1. Effects of E2 supplementation at normal or high glucose levels in different assays. A concentration of 10 nM E2 in me-
dium was freshly prepared directly before use by dilution (1:1000) of a 10 uM E2 stock solution in ethanol (final solvent concen-
tration: 0.1% EtOH (v/v)). Cells were treated with E2 in a normoglycemic (=; 5.5 mM glucose) or hyperglycemic (=; 17.5 mM glu-
cose) environment for 7 d with renewed treatments every 2 - 3 d. (a) E2 supplementation did not affect cellular viability of
HEC-1A (NG: 100.4%; HG: 97.7%) and Ishikawa cells (NG: 99.2%; HG: 96.6%) in the ATP assay when compared to sol-
vent-treated control cells (0.1% (v/v) EtOH). (b) Proliferation rate, as assessed by the crystal violet (CV) assay, was not affected in
HEC-1A cells (post-menopausal model; NG: 95.0%; HG: 97.2%). However, proliferation in Ishikawa (pre-menopausal model) was
substantially increased after supplementation with E2 under normo- (121.3%, p = 0.026) and hyperglycemic conditions (138.1%, p
= 0.015) in comparison with cells cultivated in medium only or medium with 0.1% (v/v) EtOH (p = 0.016 (NG); p = 0.018 (HG)).
Under hyperglycemic conditions, proliferation was also elevated after the addition of 0.1% (v/v) EtOH (109.1%, p = 0.04) com-
pared to untreated reference cells, whereas no solvent effects were observed at normal glucose levels (98.2%). (C) Effects of E2 on
clonogenicity, as evaluated by the colony formation assay, were not observed in HEC-1A (NG: 104.3%; HG: 102.8%) and Ishikawa
cells (NG: 100%; HG: 100%) when compared to untreated control cells. The presence of 0.1% (v/v) EtOH did not affect clonoge-
nicity as well (NG: 102.7%; HG: 100.1%). Results are presented as means from at least three independent experiments; *p < 0.05
(E2 vs. control); *p < 0.05 (E2 vs. 0.1% (v/v) EtOH); n > 3.
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