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Abstract

Background Accumulating evidence indicates that type 2 di-
abetes is associated with an increased risk to develop breast
cancer. This risk has been attributed to hyperglycemia,
hyperinsulinemia and chronic inflammation. As yet, however,
the mechanisms underlying this association are poorly under-
stood. Here, we studied the effect of high glucose and insulin
on breast cancer-derived cell proliferation, migration,
epithelial-mesenchymal transition (EMT) and invasiveness,
as well as its relationship to reactive oxygen species (ROS)
production and the plasminogen activation system.

Methods MDA-MB-231 cell proliferation, migration and in-
vasion were assessed using 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), scratch-wound and
matrigel transwell assays, respectively. ROS production was
determined using 2’ 7’-dichlorodihydrofluorescein diacetate.
The expression of E-cadherin, vimentin, fibronectin, uroki-
nase plasminogen activator (uPA), its receptor (uPAR) and
its inhibitor (PAI-1) were assessed using qRT-PCR and/or
Western blotting assays, respectively. uPA activity was deter-
mined using gel zymography.

Results We found that high glucose stimulated MDA-MB-231
cell proliferation, migration and invasion, together with an
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increased expression of mesenchymal markers (i.e., vimentin
and fibronectin). These effects were further enhanced by the
simultaneous administration of insulin. In both cases, the inva-
sion and growth responses were found to be associated with an
increased expression of uPA, uPAR and PAI-1, as well as an
increase in active uPA. An osmolality effect of high glucose
was excluded by using mannitol at an equimolar concentration.
We also found that all changes induced by high glucose and
insulin were attenuated by the anti-oxidant N-acetylcysteine
(NAC) and, thus, depended on ROS production.

Conclusions From our data we conclude that hyperglycemia
and hyperinsulinemia can promote breast cancer cell prolifer-
ation, migration and invasion. We found that these features
were associated with increased expression of the mesenchy-
mal markers vimentin and fibronectin, as well as increased
uPA expression and activation through a mechanism mediated
by ROS.

Keywords Breast cancer - Cancer cell invasion - uPA - ROS -
High glucose - Insulin

1 Introduction

Breast cancer and diabetes increasingly rank among the major
health care problems worldwide, due in part to the adoption of
sedentary lifestyles and diets that are rich in carbohydrates and
lipids [1, 2]. Accumulating evidence indicates a strong associ-
ation between type 2 diabetes and breast cancer [3—6]. As yet,
however, the biological and molecular mechanisms underlying
this association are not fully understood. Metabolic (hypergly-
cemia), hormonal (insulin/insulin like growth factor 1 or IGF-1)
and inflammatory anomalies in diabetic patients may act syn-
ergistically with other risk factors (diet, environmental
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exposure) and, by doing so, trigger cellular proliferation and
ultimately the development of breast cancer [5].

In recent years, hyperglycemia and hyperinsulinemia have
been recognized as key risk factors for the initiation and pro-
gression of breast cancer. Hyperglycemia provides a favorable
environment for the growth and survival of breast cancer cells
and has been considered as a secondary cause based on the
fact that glucose is known to be used as an energy source by
cancer cells [7, 8]. Moreover, it has been found that the sur-
vival of diabetic breast cancer patients with hyperglycemia is
reduced compared to patients with an adequate metabolic con-
trol [9]. Additionally, high glucose levels have been found to
promote epithelial-mesenchymal transition (EMT) [10],
which is characterized by the loss of epithelial and the acqui-
sition of mesenchymal features by the cells. This process is
associated with a migratory and invasive phenotype [10].

Hyperinsulinemia is a hallmark of insulin resistance. This
condition is commonly observed in type 2 diabetes patients and
is considered as a primary cause of carcinogenesis. Breast, colon
and pancreatic tumors have also been associated with elevated
levels of endogenous circulating insulin in non-diabetic patients
[11]. The action of insulin is mediated by insulin receptors and/or
increasing circulating IGF-1 levels [12]. Up-regulation of insulin
and IGF receptors has been associated with cancer cells, which
frequently express the fetal isoform A of the insulin receptor (IR-
A) [13]. IR-A mediates the mitogenic actions of insulin and IGF-
1. Moreover, high levels of insulin have been found to increase
the hepatic expression of IGF, thereby stimulating cellular growth
[14]. After interactions of IGF and insulin receptors with their
ligands, various signaling pathways can be activated through the
insulin receptor substrate 1, including the phosphatidylinositol 3
kinase (PI3K)/Akt and Ras/mitogen-activated protein kinase
(MAPK) pathways, resulting in cell cycle progression [15].
Additionally, it has been found that insulin can induce the expres-
sion and activation of the estrogen receptor, and that an increased
sensitivity to estrogens may favor breast carcinogenesis [16]. The
actions of high glucose and insulin have also been associated
with an increased production of reactive oxygen species (ROS),
which are known to mediate various physiological and patholog-
ical processes [17, 18]. DNA damage caused by oxidative stress
has been found to be closely linked to carcinogenesis [18].

Turnover or degradation of extracellular matrix (ECM) struc-
tures is inherent to the acquisition of proliferative, migrative and
invasive capacities of cells during cancer development and met-
astatic spread [19]. The capacity of cells to break down the
ECM is, in turn, dependent on the presence of several proteo-
lytic systems, among which the plasminogen activation system.
This system participates in the early proteolytic cascades in-
volved in tumor cell invasion where plasminogen activators,
such as the urokinase type-plasminogen activator or urokinase
(uPA), catalyze the conversion of plasminogen to plasmin.
Plasmin can degrade various components of the ECM, such as
fibrin and collagen, and participates in the activation of matrix
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metalloproteinases (MMPs), which are highly efficient in the
degradation of the ECM [20-22]. Both plasmin and MMPs
degrade ECM proteins, thereby facilitating the proliferation,
invasion and metastasis of tumor cells [23]. The complex of
uPA with its receptor (UPAR) allows the efficient conversion
of plasminogen to plasmin at the cell surface. As such, these
proteins are considered key regulators of invasion and metasta-
sis [24-27]. Increased uPA expression has been noted when
cancer cells exhibit a more invasive behavior, whereas the ex-
pression of uPA and its receptor uPAR have been found to be
decreased in cases in which the invasive process is inhibited [28,
29]. In addition, it has been reported that cancer progression can
be prevented by the administration of synthetic low-molecular-
weight serine protease inhibitors, antibodies directed against
uPA or small interfering RNAs targeting uPA [30]. Similarly,
it has been found that inhibition of plasmin formation may
reduce cancer cell invasion and metastasis [31]. Diabetic condi-
tions such as hyperglycemia and hyperinsulinemia are likely to
affect the regulation of the plasminogen activation system and,
thus, to contribute to cancer development.

Here, we provide experimental evidence for a role of high
glucose and insulin on MDA-MB-231 breast cancer-derived
cell proliferation, migration, EMT and invasion. We report
that these effects are associated with changes in the expression
of members of the plasminogen activation system, possibly
mediated by ROS.

2 Materials and methods
2.1 Culture media and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), bovine insu-
lin, bovine «-casein, bovine plasminogen and N-
acetylcysteine (NAC) were purchased from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA). Fetal bovine serum
(FBS), antibiotic (penicillin and streptomycin) and trypsin-
EDTA solutions were purchased from Invitrogen (Carlsbad,
CA, USA). All the other reagents were purchased from Sigma
(St. Louis, MO, USA), unless stated otherwise.

2.2 Cell culture and treatment regimens

The MDA-MB-231 breast cancer-derived cells were obtained
from the American Type Culture Collection (ATCC;
Rockville, MD, USA) and maintained in DMEM containing
normal glucose (5.6 mmoles/L), supplemented with 10 %
FBS and antibiotics (penicillin 100 U/ml and streptomycin
100 mg/ml) at 37 °C in a humidified 5 % CO, atmosphere.
All experiments were performed with cells from passages 8—15.

The following treatment regimens were applied: a) normal
glucose control (NG), 5.6 mmol/L glucose, b) high glucose
(HG), 30 mmol/L glucose, ¢) normal glucose (5.6 mmol/L)
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plus 40 nmol/L insulin (NG +1) and d) high glucose
(30 mmol/L) plus 40 nmol/L insulin (HG+1). Additional as-
says were performed with the ROS scavenger NAC, 5 mmol/
L [32], to assess the role of ROS as mediators of high glucose
and insulin action. Treatment with 5.6 mmol/L glucose plus
24.4 mmol/L mannitol was used as an osmolality control.

2.3 Cell viability and growth assays

The percentage of viable cells was determined using a trypan
blue exclusion assay according to the procedure described by
Freshney [33]. Briefly, 1x10° MDA-MB-231 cells were
seeded in 24-well culture plates and treated for 48 h with high
glucose, insulin and NAC as described above. Upon comple-
tion of the incubation, culture media (with floating dead cells)
were collected and pooled with the adherent cells that were
removed from the plates by trypsinization. Next, the cells
were briefly spun down and re-suspended in normal culture
medium. Cell viability was assessed by adding 50 ul 0.4 %
trypan blue solution in phosphate-buffered saline (PBS) to
50 ul of the cell suspension. After 2 min the number of living
cells, which did not retain the dye, was counted using a he-
mocytometer and compared to the total number of cells (liv-
ing +dead) to calculate the viability percentage.

The growth of the cell population was evaluated using a
3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bro-
mide (MTT) assay (ATCC, Rockville, MD, USA). The cells
were seeded in a 96-well plate at a density of 1 x 10* per well
(100 ul) and the above described treatment regimens were
applied for 48 h. After this, 10 ul MTT reagent was added
to the wells, after which the plate was incubated at 37 °C for
24 h. Next, detergent reagent (100 ul) was added to the wells
and mixed to dissolve the dark formazan blue crystals. After
the plate was incubated at room temperature in the dark for 2 h
to ensure that all crystals were dissolved, the plate was read on
a microplate reader (Multiskan EX, Thermo Electron
Corporation) at 570 nm. The data are expressed as fold change
compared to the control. Given that formazan production from
MTT is dependent on the metabolic activity of the cells, this
assay depends on cell number, which in our experimental
conditions increased in the HG and HG+1 treatment regi-
mens. Therefore, the increase in formazan production was
measured based on the total number of cells in the assay wells.
Similar results were obtained by directly counting the total
number of viable cells in the assay wells using a Neubauer
chamber (data not shown).

2.4 Detection of reactive oxygen species

For the detection of reactive oxygen species (ROS) cells were
seeded in 96-well plates at a density of 1x10% per well
(100 ul), and the above described treatment regimens were
applied for 48 h. After this, the cells were washed with PBS

and incubated in 5 pmol/L of 2’ 7'-dichlorodihydrofluorescein
diacetate (DCDF-DA; Molecular Probes, Eugene, OR, USA)
in Hank’s solution for 30 min in the dark. The fluorescence
emission (530 nm) was measured using a microplate fluores-
cence reader FRx800 (Bio-Tek Instruments, Inc., Winooski,
VT, USA) at 488 nm excitation.

2.5 Cell migration assay

The migratory capacities of the MDA-MB-231 cells were
assessed using a scratch-wound migration assay in 24-well
plates. After the cells reached 80 to 90 % confluency, the
monolayer was scratched with a sterile 1000 pul micropipette
tip, washed once with fresh medium, subjected to different
treatment regimens and photographed. After 24 h incubation,
the cells were stained with Giemsa and photographed again
using a CCD camera (Evolution, Media Cybernetics,
Rockville, MD, USA) installed on an inverted microscope
(Olympus CKX41, Tokyo, Japan). The distance of migration
(um) was measured using Q-Capture Pro7 software
(QImaging, Inc., Surrey BC, Canada).

2.6 Cell invasion assay

For invasion assessment 8 um pore transwells in 24-well
plates were used (Greiner Bio-One GMBH, Frickenhausen,
Germany). The transwells were coated with 100 pl 10 %
Matrigel (BD Biosciences, San Jose, CA, USA) in DMEM
and then incubated at 37 °C and 5 % CO, for 24 h to allow
gelation. MDA-MB-231 cells (1 x 10°) were seeded on top of
the transwell in serum-free DMEM medium using the above
described treatment regimens. DMEM was supplemented
with 10 % FBS as a chemoattractant in the lower part of the
well. After 24 h incubation, the non-invading cells on top of
the transwell were removed with a cotton swab. Invading cells
that adhered to the lower surface of each filter were fixed with
methanol for 10 min and stained with Giemsa for 15 min. The
number of cells invading through the Matrigel was imaged
and counted in three fields (200x magnification) randomly
selected from both central and peripheral regions of the filter
using an inverted microscope (CKX41; Olympus, Tokyo,
Japan) equipped with a CCD camera (Evolution, Media
Cybernetics) in conjunction with Q-Capture Pro7 software
(QImaging, Inc., Surrey BC, Canada). The invasiveness of
the cells is expressed as the mean number of cells that invaded
to the lower side of the filter. The experiments were performed
in triplicate.

2.7 RNA extraction and real-time RT-PCR
Total RNA was isolated from samples of 10 cells using Trizol

reagent (Invitrogen, Carlsbad, USA). An aliquot of the RNA
was dissolved in 100 pl RNAse-free water through incubation
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at 55 °C for 10 min, and the absorbance was measured at 260
and 280 nm in an UV-VIS Genova spectrophotometer
(Jenway, Staffordshire, UK) to determine the concentration
and the purity of the RNA.

Total RNA (1 png) was subjected to M-MuLV Reverse
Transcriptase (Fermentas, Thermo-Fisher Scientific, Vilnius,
Lithuania) for 60 min at 37 °C using random primers. Then,
the enzyme was inactivated at 70 °C for 15 min and real-time
PCR was performed using a PCR Rotor Gene Real-Time
Apparatus 2004 (Corbett Research, Cambridgeshire, UK)
using a Maxima SYBR Green/ROX Master Mix kit
(Fermentas, Thermo-Fisher Scientific) following the instruc-
tions of the supplier. The following specific primer pairs were
used: uPA, sense 5-CGCTGCTCCCACATTGGCTAAG-3'
and antisense 5-TGTGCATGGGTGAAGGGAGAGC-3'
[34]; uPAR, sense 5'-CAACGAGGGCCCAATCCT-3' and
antisense 5'-GTAACACTGGCGGCCATTCT-3' [35]; PAI-1,
sense 5-TGCTGGTGAATGCCCTCTACT-3" and antisense
5'-CGGTCATTCCCAGGTTCTCTA-3' [36] and ribosomal
protein S18 (RPS18) as a housekeeping (control) gene, sense
5'-GATATGCTCATGTGGTGTTG-3" and antisense 5'-
AATCTTCTTCAGTCGCTCCA-3'[36]. The amplification re-
action included 40 cycles of heat denaturation at 95 °C for 30 s,
followed by annealing for 30 s at 51 °C (RPS18), 54 °C (PAI-1),
58 °C (uPAR) or 60 °C (uPA) and extension for 30 s at 72 °C.
After the final cycle, the temperature was maintained at 72 °C
for 10 min. The relative expression of the genes was determined
by the comparative C method (2"**<7) using their respective
baselines as reference points. The results were expressed as fold
change compared to the glucose 5.6 mmol/L group.

2.8 Protein isolation and Western blotting

After treatment, cells were washed twice with PBS, de-
tached using 20 mmol/L EDTA in PBS for approximate-
ly 5 min at 37 °C and centrifuged at 1200 g for 5 min.
The resulting cell pellets were washed twice with PBS
and lysed in ice-cold Pierce RIPA Buffer (Cat. 89900,
Thermo Scientific, Rockford, Il, USA) containing a pro-
tease inhibitor cocktail (Cat. 13786, Sigma-Aldrich).
After an aliquot was obtained for protein quantification
by Bradford technique [37] the lysates were stored at
=70 ° C until use. The protein samples were mixed with
Laemmli buffer, subjected to 10 % sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene difluoride
(PVDF) membranes (0.8 mA/cm2, 2 h) in 25 mmol/L
Tris buffer, 192 mmol/L glycine and 20 % methanol.
After blocking nonspecific binding sites with Tris-
buffered-saline (TBS) supplemented with 5 % BSA,
the membranes were incubated overnight at 4 °C with
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primary antibodies directed against uPA (H-140), PAI-1,
uPAR (10G7), E-cadherin (67A4), (3-Actin (C-2) (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), Vimentin
(clone V9, Dako, Glostrup, Denmark) and Fibronectin
(clone FN15, Sigma-Aldrich) in TBS-Tween-20 0.1 %
containing 1 % BSA and washed three times with the
same buffer. Antibody binding was detected using a
secondary antibody labeled with horseradish peroxidase
(HRP) in conjunction with a commercial chemilumines-
cence kit (Clarity Western ECL substrate, Bio-Rad,
Hercules, CA, USA) following the supplier’s instructions.
Blot image acquisition was performed using a C-Digit Blot
Scanner (LI-COR Biotechnology, Lincoln, NE, USA). The
band intensities were calculated after background subtraction
and normalization to (3-Actin using Image Studio 4.0 software
(LI-COR Biotechnology).

2.9 Gel zymography

Cell lysates and conditioned media were harvested from cells
subjected to the corresponding treatment regimens in serum-
free medium. The conditioned media were centrifuged for
5 min at 1500 g to remove cellular material. Next, uPA activity
was determined by substrate gel zymography [22, 38]. To this
end, aliquots of cell lysates or conditioned media containing
20 pg proteins were resolved by non-denaturing electropho-
resis in 10 % SDS-PAGE containing 1 mg/ml bovine x-casein
and 10 pg/ml bovine plasminogen. The gels were run at 8 °C.
After electrophoresis, the gels were washed twice for 30 min
in 2 % (v/v) Triton X-100 to remove SDS and then incubated
for 24 h at 37 °C in 100 mmol/L glycine and 10 mmol/L
EDTA, pH 8.3. Next, the gels were stained overnight with
Coomassie Brilliant Blue R-250 0.5 % in 45 % methanol
and 10 % acetic acid and destained in the same solution with-
out dye. Plasminogen-dependent caseinolytic proteins were
detected as clear zones of degradation against a blue back-
ground. Gels exclusively co-polymerized with casein were
used to exclude non-specific plasminogen caseinolytic
bands. The zymograms were imaged using a G:Box
Gene Documentation System (Syngene, Frederick, MD,
USA) and zones of enzyme activity were quantified as
integrated density by densitometry analysis using Image
Studio 4.0 software (LI-COR Biotechnology, Lincoln,
NE, USA).

2.10 Statistical analyses

Values are expressed as the mean=standard deviation (SD).
The results represent three different experiments. All the data
were analyzed using the NCSS (Number Cruncher Statistical
System) 2007 Statistical Software Package Program (Utah,
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USA). Statistical comparison was performed using one-way
analysis of variance (ANOVA) followed by Tukey’s test.

3 Results

3.1 High glucose and insulin induce breast cancer cell
proliferation and oxidative stress

To assess the effect of high glucose and insulin on the viability
and proliferative capacity of the breast cancer-derived MDA-
MB-231 cells, the percentage of living cells in relation to the
total number of cells (living + dead) and the total cell numbers
in the assay wells were evaluated using trypan blue exclusion
and MTT assays, respectively. In accordance with previously
reported data [39], we found that high glucose had a growth
promoting effect, as the MTT assay revealed a significant
increase in the cell population (1.9 times). This effect was
further enhanced (2.7 times) compared to the respective con-
trols when high glucose was used in conjunction with insulin
(Fig. 1a).

To investigate whether the action of high glucose and in-
sulin in MDA-MB-231 cells was associated with the genera-
tion of ROS, we next set out to assess ROS levels and to study
the effect of the ROS scavenger NAC on the actions of high
glucose and insulin. In accordance with the notion that ROS
can serve as mediators of high glucose or insulin, ROS levels
were found to be increased after treatment with high glucose
(1.36 times). This effect was further enhanced by insulin,
reaching a value 1.8 times higher than the control (NG) group
(Fig. 1c). The increase in ROS induced by high glucose or
high glucose plus insulin could partially be prevented by the
addition of 5 mmol/L NAC (44 and 31.8 %, respectively).
From these data we conclude that high glucose and insulin
can significantly increase ROS levels and that NAC treatment
can significantly reduce these levels. Additionally, we found
that NAC attenuated the increase in cell population induced
by high glucose alone or its combination with insulin (24.2
and 31 %, respectively; Fig. 1a).

Based on the trypan blue dye exclusion test, we found that
the percentage of viable cells was high in all experimental
conditions (86.7 to 100 %). A slight decrease (10 %) in via-
bility was noted in cells treated with high glucose and high
glucose plus insulin (14 %) compared to the controls (Fig. 1b).
This decrease could partially be prevented by NAC, resulting
in viability values of 94.80+0.32 % for cells treated with high
glucose and NAC and 90.40+2.11 % for cells treated with
high glucose plus insulin and NAC (Fig. 1b). The addition of
24.6 mmol/L mannitol to the media containing 5.6 mmol/L D-
glucose did not affect the viability or proliferative capacity of
the cells (data not shown).
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Fig.1 Induction of MDA-MB-231 cell proliferation by high glucose and
insulin is mediated by ROS. MDA-MB-231 cells were incubated with
5.6 mmol/L glucose (normal glucose, NG) or 30 mmol/L glucose (high
glucose, HG) for 48 h. Some cultures were treated simultaneously with
40 nmol/L insulin (I) or S mmol/L NAC. The total number of viable cells
(cell population) was assessed by MTT assay (a), the viability percentage
was assessed by trypan blue exclusion assays (b) and ROS
production was assessed using 2’ 7'-dichlorodihydrofluorescein
diacetate (DCDF-DA) (¢). Data in a and c¢ represent the percent
changes, with the NG group set at 100 %. In b the percentages of
viable cells are shown as means+SD of 3 independent
experiments. * p<0.01 compared to NG, ¥ p<0.01 compared to
the respective treatment without insulin and p <0.05 compared to
the respective NAC treatment.
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Fig. 2 Enhancement of MDA-
MB-231 cell migration by high
glucose and insulin is mediated
by ROS. MDA-MB-231 cells
were grown in the presence of
5.6 mmol/L glucose (NG) or

30 mmol/L glucose (HG) for 24 h.
Some cultures were treated si-
multaneously with 40 nmol/L
insulin (I) or 5 mmol/L NAC.
Migration was evaluated by
wound healing assay. The upper
panels show representative
images of MDA-MB-231 cells
taken by phase-contrast
microscopy (0 h) or after Giemsa
staining (24 h) after scratching.
Lines indicate the distance not
covered by invading cells. The
lower panel represents the
distance of migration. Data are
shown as the means+SD of 3

independent experiments, * _ soo
»<0.05 compared to NG, ¥ € 700
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The slight decrease in cell viability induced by high glu-
cose or high glucose plus insulin is indicative of a low pro-
portion of cell death concomitant with a higher rate of cell
proliferation under these circumstances. We conclude that
high glucose- or high glucose plus insulin-induced increases
in cell population may at least partially be mediated by a
mechanism involving oxidative stress.

3.2 Enhanced MDA-MB-231 cell migration and invasion
by high glucose and insulin are mediated by ROS

Using cell migration assays, we found that high glucose en-
hanced the migration of MDA-MB-231 cells (1.3 times) and
that treatment with high glucose plus insulin led to a further
increase in cell migration (1.6 times). In addition, we found
that the use of NAC did not affect the migration of cells treated
with high glucose, but reduced the increase in migration in-
duced by treatment with high glucose plus insulin by 33 %
(Fig. 2). In Fig. 3 it is shown that the invasive capacity of cells
treated with normal glucose is minimal, and that this capacity
was only slightly increased by insulin treatment (2.55+0.31
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times). The invasiveness was, however, clearly enhanced in
cells treated with high glucose (36.83+3.03 times) and high
glucose plus insulin (46.16+2.57 times). Subsequent treat-
ment with NAC led to a significant attenuation of these effects
(Fig. 3). The addition of 24.6 mmol/L. mannitol to the media
containing 5.6 mmol/L D-glucose did not affect the migrative
and invasive capacities of the cells (data not shown).

From these combined data we conclude that the induction of
MDA-MB-231 cell invasion by high glucose and high glucose
plus insulin may be mediated by ROS, in a manner similar to the
promigratory activity of insulin in a high-glucose environment.

3.3 Induction of a mesenchymal phenotype by high
glucose and insulin is mediated by ROS

Given that enhanced cell migration and invasion are known to
be associated with epithelial-mesenchymal transition (EMT),
we next set out to assess changes in E-cadherin,
vimentin and fibronectin expression levels. The epithe-
lial marker E-cadherin was not detected in MDA-MB-
231 cells grown in the presence of normal glucose, high
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Fig. 3 Enhancement of MDA- , NG
MB-231 cell invasion by high -
glucose and insulin is mediated
by ROS. MDA-MB-231 cells
were grown in the presence of
5.6 mmol/L glucose (NG) or

30 mmol/L glucose (HG) for 24 h.
Some cultures were treated si-
multaneously with 40 nmol/L
insulin (I) or 5 mmol/L NAC. Cell
invasion was evaluated by
transwell matrigel assay. The
upper panels show representative
microscopic images and the lower
panel represents the number of
invading cells by field. Data are
shown as the means+SD of 3
independent experiments, *
p<0.05 compared to the NG
group, ¥ p <0.005 compared to
the respective treatment without
insulin and p<0.01 compared to
the respective NAC treatment

glucose or high glucose plus insulin. However, E-
cadherin was found to be present in MCF-7 cells, which
we used as a positive control (Fig. 4a). This observation
is in accordance with literature data indicating that
MDA-MB-231 cells have lost at least some of their
epithelial markers [40]. On the other hand, we found
that high glucose treatment led to increases in the ex-
pression levels of some mesenchymal markers, including
vimentin and fibronectin, which were found to be in-
creased even further by a combined treatment with high
glucose and insulin (Fig. 4a, ¢ and d). Subsequent NAC
treatment was found to slightly induce the expression of
E-cadherin under normal glucose conditions, and to atten-
uate the increased vimentin and fibronectin levels induced by
high glucose and high glucose plus insulin treatments (Fig. 4).
In addition, we found that insulin did not affect the EMT
markers tested in cells grown in 5.6 mmol/L glucose
(Fig. 4). The E-cadherin, vimentin and fibronectin protein
levels were not found to be affected in the osmolality control
with mannitol (data not shown).

From these data we conclude that the increased cell migra-
tion and invasion induced by high glucose and insulin are
associated with higher expression levels of mesenchymal
markers (Figs. 2, 3 and 4) and that NAC can undo the effects
of high glucose and high glucose plus insulin on the vimentin
and fibronectin expression levels in a manner similar to the
prevention of ROS generation by NAC under the same con-
ditions (Figs. 1 and 4).

NG NAC

NG+l NAC

“¥&

NG HG NG+l HG+l NG HG NG+l HG+l
NAC NAC NAC NAC

3.4 Increased uPA, uPAR and PAI-1 expression induced
by high glucose and insulin is mediated by ROS

Using real-time RT-PCR and Western blotting assays we found
that high glucose and high glucose plus insulin treatments led to
increased uPA, uPAR and PAI-1 expression levels at both the
mRNA and protein levels in MDA-MB-231 cells (Figs. 5 and 6).

High glucose treatment induced an increase in the uPA
mRNA expression level (2.26+0.39 times), and this effect was
further enhanced after combination with insulin (3.61+£0.75
times). These effects could partially be reduced by NAC (52
and 49 %, respectively) (Fig. 5a). We also found that high glu-
cose treatment induced a relatively lower increase in the uPAR
mRNA expression level (1.46+0.73 times), and no significant
additional effect was seen when the cells were treated with high
glucose and insulin (2.34+0.63 times). NAC was found to par-
tially reduce the effects of high glucose and high glucose plus
insulin by 62 and 48 %, respectively (Fig. 5b). Treatment with
30 mmol/L glucose was subsequently found to induce an in-
crease in the PAI-1 mRNA expression level (2.42+0.41 times).
The simultaneous treatment with glucose and insulin did not
significantly modify the effect of high glucose (3.34+0.53
times). In addition, we found that NAC partially reduced the
effects of high glucose and high glucose plus insulin by 59 and
46 %, respectively (Fig. 5c). In cells grown in the presence of
5.6 mmol/L glucose, insulin slightly increased the #P4 mRNA
level by 1.38-fold (Fig. 5a), whereas mannitol had no effect on
the uPA4, uPAR and PAI-1 mRNAs levels (data not shown).
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Fig. 4 Enhancement of EMT in

MDA-MB-231 cells by high a NG

glucose and insulin is mediated
by ROS. MDA-MB-231 cells
were incubated with 5.6 mmol/L
glucose (NG) or 30 mmol/L
glucose (HG) for 48 h. Some
cultures were treated
simultaneously with 40 nmol/L

E-cadherin
Vimentin
Fibronectin|

B-Actin

NAC
HG+l NG HG NG+l

HG NG+l HG+l MCF7

insulin (I) or 5 mmol/L NAC. Cell
lysates were analyzed by Western
blotting (a), followed by
densitometry analysis for E-
cadherin (b), vimentin (c¢) and
fibronectin (d). Results are
expressed as the ratio of E-
cadherin, vimentin or fibronectin
to [3-actin. Representative blots
and mean = SD of 3 independent
experiments are shown, * p<0.05
compared to NG group, ¥ p <0.05
compared to the respective treat-
ment without insulin and p <0.05
compared to the respective NAC
treatment

3.5 High glucose and insulin induce increased uPA, uPAR
and PAI-1 protein levels through a ROS-mediated
mechanism

Through Western blot analysis we were able to detect the
precursor of single chain pro-uPA and the A chain of the
two-chain active uPA (Fig. 6a). Pro-uPA showed an increase
in expression of 1.8 times in cells grown with high glucose,
and this effect was potentiated in the presence of high glucose
plus insulin, reaching an increase of 2.46-fold compared to the
normal glucose group. NAC attenuated the effect of high glu-
cose and high glucose plus insulin by 45.7 and 49.35 %, re-
spectively (Fig. 6a and b). The A chain of active uPA in-
creased most profoundly in cells cultured with high glucose
and high glucose plus insulin (3.7-fold and 5-fold,
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respectively). NAC treatment attenuated the increase in the
active protein by 63 and 53.5 % upon induction by high glu-
cose and high glucose plus insulin, respectively (Fig. 6a and c).
We found that the expression of uPAR increased 1.9-fold in
cells grown with high glucose and 2.3-fold in cells grown with
high glucose plus insulin. NAC reduced the increase in uPAR
induced by high glucose by 58 and by 36 % in cells treated
with high glucose plus insulin (Fig. 6a and d). We also found
that PAI-1 exhibited a similar trend to the proteins previously
analyzed, with a 2-fold increase in cells treated with high glu-
cose and a 2.5-fold increase in cells treated with high
glucose plus insulin. Similarly, the effect of high glucose was
reduced by NAC by 38.5 %, and the effect of high glucose plus
insulin was reduced by 43 % (Fig. 6a and e). Insulin only
slightly increased the PAI-1 protein level in cells grown in
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Fig. 5 Increased uPA, uPAR and PAI-1 mRNA levels induced by high
glucose and insulin are mediated by ROS. MDA-MB-231 cells were
grown in the presence of 5.6 mmol/L glucose (NG) or 30 mmol/L
glucose (HG) for 48 h. Some cultures were treated simultaneously with
40 nmol/L insulin (I) or S mmol/L NAC. mRNA expression levels of uP4
(a), uPAR (b) and PAI-1 (c) were evaluated by real-time RT-PCR. The
relative mRNA expression levels of uPA, uPAR or PAI-1 were calculated
using ribosomal protein S18 (RPS18) as a reference and were expressed
as fold changes in relation to glucose 5.6 mmol/L treatment. The means
+SD of 3 independent experiments are shown, * p<0.05 compared to
NG, ¥ p<0.05 compared to the respective treatment without insulin and
»<0.05 compared to the respective NAC treatment

normal glucose by 1.2-fold (Fig. 6a and e), whereas mannitol
had no effect on the uPA, uPAR and PAI-1 protein expression
levels (data not shown).

Together, the RT-PCR and Western blot data indicate that
the uPA, uPAR and PAI-1 expression levels are up-regulated
in response to high glucose and insulin treatment, and that
NAC can significantly reduce the effects of high glucose and
high glucose plus insulin on the uPA, active uPA, uPAR and
PAI-1 mRNA and protein expression levels, in a manner that
is similar to the prevention of ROS generation by NAC under
the same conditions (Figs. 1, 5 and 6).

3.6 Increased uPA activity induced by high glucose
and insulin is mediated by ROS

Next, we set out to assess the proteolytic activity of uPA in cell
lysates and conditioned media obtained from MDA-MB-231
cells using casein plus plasminogen gel zymography (Fig. 7).
By doing so, we found that treatment of cells with high glu-
cose increased the uPA activity by 2-fold, whereas after treat-
ment with high glucose plus insulin the increase was 1.8-fold.
Therefore, we conclude that the uPA activity was not further
increased by insulin. After NAC treatment we observed a clear
decrease in uPA activity in both high glucose and glucose plus
insulin treated cells, reaching values lower than the normal
glucose control (between 22 and 35 % of the activity present-
ed by the normal glucose control group). In the conditioned
media in the absence of serum, treatment with high glucose
alone or high glucose plus insulin induced a similar increase in
uPA activity (1.4 and 1.38 times, respectively; Fig. 7b),
whereas NAC again induced a complete inhibition in uPA
activity in the conditioned media under all conditions, includ-
ing normal glucose treatment (Fig. 7¢).

4 Discussion

It is well-recognized that hyperglycemia and hyperinsulinemia
can promote the development of several cancers, including breast
cancer. However, the exact mechanisms involved still remain to
be elucidated [4-06, 18]. Here, we show that high concentrations
of glucose and insulin can promote the proliferation, migration
and invasion of triple-negative MDA-MB-231 breast cancer-
derived cells. These actions were found to be mediated by
ROS and to be associated with the acquisition of a more pro-
nounced mesenchymal phenotype (EMT transition), as well as
with an enhanced expression of components of the proteolytic
system of plasminogen activation (i.e., uPA, uPAR and PAI-1).
Previously, mitogenic, pro-migratory and pro-invasive ef-
fects of high glucose and insulin have been observed in both
normal [17] and cancer cells [7, 15, 18, 41, 42]. In accordance
with our results, high glucose and insulin have been found to
increase the proliferation of MDA-MB-231 cells [39, 43] and
to stimulate the migratory ability of other breast cancer-
derived cells (MCF7 and MDA-MB-468) [41]. The increases
in cell population induced by high glucose and insulin can be
attributed to increased cell proliferation. After glucose or glu-
cose plus insulin treatment, increased numbers of cells were
detected by the MTT assay, whereas only slight decreases in
the percentages of living cells were noted. Cell proliferation
can be promoted by a high availability and consumption of
glucose and a pro-mitogenic action of insulin [44]. Glucose
metabolism in cancer cells leads to the synthesis of nucleo-
tides, lipids and amino acids precursors [ 18] and, together with
insulin, these conditions may promote DNA synthesis [45] and
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Fig. 6 Increased uPA, uPAR and
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proliferation [39, 41, 43, 46]. The action of insulin in tumor
tissues appears to be important for cell survival and
mitogenesis rather than for glucose transport, since it has been
found that the transport of glucose can also be affected by
insulin-independent mechanisms [47]. Cell proliferation can
also be stimulated by uPA and PAI-1, which have in the past
been associated with the proliferation of tumor cells, including
MDA-MB-231 cells [48, 49]. Here, we found that the expres-
sion of these proteins was increased by high glucose and high
glucose plus insulin treatment in MDA-MB-231 cells. uPA
induces proliferation through interaction of its epidermal
growth factor-like domain with uPAR [49], whereas PAI-1
has been found to stimulate progression from the Go to the
G1 phase of the cell cycle [48, 50]. The exact roles of uPA
and PAI-1 in proliferation induction by high glucose and insu-
lin, however, still remain to be elucidated.

In the past, an icrease in migration induced by high glucose
and high glucose plus insulin in MDA-MB-468 breast cancer-
derived cells has been reported using a 3D collagen matrix
assay [41, 46]. Here, we found similar effects of these treat-
ments in MDA-MB-231 cells using a scratch-wound assay.
Additionally, we found that high glucose and insulin increased
the invasive activity of MDA-MB-231 cells using a matrigel-
transwell assay. The observed enhanced migration and invasion
of MDA-MB-231 cells likely involves EMT, based on the
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observation that these cells incubated with high glucose and
high glucose plus insulin exhibited increased vimentin and fi-
bronectin protein expression levels. Up-regulation of these pro-
teins is an indication of EMT and has been correlated with
metastasis, also in non-invasive MCF-7 breast cancer-derived
cells [40]. Additionally, it was previously found that high glu-
cose levels can activate EMT-associated changes in HK-2 hu-
man renal proximal tubular epithelial cells [10]. A role for in-
sulin in the activation of EMT has not been established yet, but
it has been found that the insulin receptor IR-A may mediate
EMT induced by IGF [51]. IR-A is abundantly expressed in
cancer cells and it has been reported that insulin can induce the
migratory activity of HepG2 hepatoblastoma cells when these
cells are induced to express IR-A [52]. Here, we show for the
first time that EMT can be enhanced by insulin in MDA-MB-
237 cells grown in a high-glucose environment. Our observa-
tions suggest that high glucose and insulin can promote the
EMT program in MDA-MB-231 cells.

In order to unravel the mechanism underlying high glucose
and insulin-dependent MDA-MB-231 cell migration and inva-
sion, the plasminogen system was studied. The results obtained
are consistent with previously reported associations between
uPA, uPAR and PAI-1 over-expression and increased invasive-
ness and metastasis of breast cancer cells, as well as poor prog-
noses in humans and experimental models [48, 53—59]. These
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Fig. 7 Stimulation of uPA activity by high glucose and insulin is
mediated by ROS. MDA-MB-231 cells were grown in the presence of
5.6 mmol/L glucose (NG) or 30 mmol/L glucose (HG) in serum-free
medium for 48 h. Some cultures were treated simultaneously with
40 nmol/L insulin (I) or 5 mmol/L NAC. The activity of uPA was
evaluated by plasminogen-casein zymography (a) and densitometry
analysis of cell lysates (b) or conditioned media (c). Representative
zymograms and means £ SD of 3 independent experiments are shown. NAC
decreases the activity of uPA in all treatments. * p<0.05 compared to
NG, ¥ p<0.05 compared to the respective treatment without insulin and
p=<0.05 compared to the respective NAC treatment

proteins are commonly over-expressed in primary breast can-
cers and have also been found to be up-regulated in several
metastatic cancer cell types [48, 55, 56]. uPA primarily pro-
motes cancer invasion through the conversion of plasminogen
to plasmin. This reaction is more efficient when uPA is bound
to uPAR at the cell surface. Plasmin is known to contribute to
ECM degradation and the activation of various MMPs and
growth factors [59, 60]. We observed increased uPA, uPAR
and PAI-1 mRNA and protein levels after high glucose and
high glucose plus insulin treatments. The coordinated actions
of these proteins potentially allow ECM remodeling, thereby
promoting increased migratory and invasive activities. Based
on its ability to inhibit uPA activity, PAI-1 may suppress can-
cer progression. Recent studies, however, suggest that PAI-1,
at the levels found in tumor extracts, may be involved in
mediating cancer progression [48]. It has been found that

PAI-1 may e.g. favor cancer cell proliferation and angiogene-
sis and/or prevent apoptosis [50, 59, 61]. Indeed, direct
evidence for a role for PAI-1 in cancer progression was recent-
ly obtained when a specific inhibitor of PAI-1 was found to
block angiogenesis and tumor progression in an animal model
[62]. Additionally, it has been proposed that over-expression
of uPAR [56] and the interaction of uPA-uPAR with matrix-
bound PAI-1 may lead to amoeboid cell behavior and, as such,
to increased tumor cell migration and invasion [63].
Coordinated expression of proteolytic enzymes, their inhibi-
tors and receptors provide a mechanism for fine tuning focal
proteolysis to facilitate matrix restructuring and cell motility
during metastasis. Interestingly, the active form of uPA was
found to be increased in cells cultured in the presence of high
glucose as well as in the presence of high glucose plus insulin,
indicating that uPA was activated in these pro-migratory and
pro-invasive conditions, despite the up-regulation of PAI-1
[48]. These results suggest that the pro-migratory and pro-
invasive actions of high glucose and insulin are associated
with the activation of uPA despite PAI-1 over-expression.
We conclude that uPA, uPAR and PAI-1 are involved in the
pro-migratory and pro-invasive activities of high glucose and
insulin and that, as such, these proteins may be involved in
enhanced tumor development in patients with diabetes. The
effect of insulin on the expression of uPA, uPAR and PAI-1
has so far poorly been studied. PAI-1 has been found to be up-
regulated by insulin in adipocytes [64] and in some cancer-
derived cell lines in culture [65-67]. PAI-1 levels have also
been found to be elevated in patients with diabetes type 2, and
this elevation has been correlated with complications of dia-
betes. Therefore, PAI-1 likely mediates carcinogenesis and
tumor cell invasion induced by hyperglycemia and
hyperinsulinemia. Insulin does not induce uPA activity in a
hormone-responsive, noninvasive, epithelial cell line derived
from a rat breast adenocarcinoma [68]. Although, we did not
find any literature report dealing with the action of insulin on
uPA and uPAR, indirect evidence indicates that insulin may
up-regulate these proteins given the observation that IGF-1
acts through similar receptors and signaling pathways [69,
70], thereby inducing uPA in human breast cancer-derived
MDA-MB-231 cells [54]. On the other hand, the Ets2 tran-
scription factor has been found to be up-regulated by insulin in
mouse mammary carcinoma-derived Mvt-1 cells [70] and to
activate the uPA gene promoter in response to EGF in invasive
breast cancer-derived cell lines [71].

Our findings suggest that the increased cell proliferation and
invasion induced by high glucose and insulin in a high-glucose
environment in MDA-MB-231 cells are mediated by ROS, and
that the up-regulation of uPA, uPAR and PAI-1 mediates the
effects of ROS. Both treatment regimens induced increased
ROS levels, which could be attenuated by NAC. Additionally,
we found that NAC significantly attenuated high glucose and
high glucose plus insulin-induced increases in cell proliferation
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and invasion, and the up-regulation of mesenchymal markers,
uPA and PAI-1. High glucose and insulin are known to promote
increased ROS generation in normal and cancer cells in culture
[32, 72—74] and ROS is known to mediate the proliferation and
migration induced by insulin in various cells [17]. Several re-
searchers have reported convincing evidence that ROS can reg-
ulate the plasminogen system, and can act as mediators of the
action of high glucose. ROS have been found to induce the up-
regulation of uPA [32, 75], uPAR [76] and PAI-1 [65, 77] and to
mediate the up-regulation of uPA induced by hepatocyte
growth factor in human gastric cancer cells [32]. Additionally,
ROS has been found to mediate the up-regulation of PAI-1
induced by high glucose in rat white adipocytes [77] and in
mesangial cells [65]. Insulin has been found to induce or po-
tentiate the activation of PAI-1 transcription associated with
oxidative stress [65—67, 78]. In this context, anti-oxidants
may provide protection against tumor invasion and metastasis
both in vivo and in vitro. In particular, it has been found that
NAC may inhibit the invasiveness of endothelial cells associ-
ated with increased expression of uPAR and increased ROS
production [76], as well as the proliferation [79] and invasive-
ness of some cancer-derived cells in vitro [80]. It is noteworthy
that the action of insulin was only clearly observed in the pres-
ence of high glucose. It is possible that insulin and high glucose
act synergistically on the proliferation and invasion of MDA-
MB-231 cells, as well as the expression of mesenchymal
markers, uPA, uPAR and PAI-1 in these cells. A similar syner-
gistic effect was observed on albumin permeability in cultured
rat podocytes [81]. The mechanism by which high glucose
sensitizes cells to the insulin action remains to be elucidated.

In conclusion, we found that high glucose and high glucose
plus insulin induced proliferative, migrative and invasive ac-
tivities in MDA-MB-231 cells associated with increased ROS
generation, EMT, up-regulation of uPA, uPAR and PAI-1 ex-
pression and increased uPA activity. These effects could be
attenuated by NAC, indicating that the plasminogen activation
system is regulated by ROS during the acquisition of a more
invasive phenotype. Anti-oxidants may prevent the acquisi-
tion of an invasive cancer phenotype in conditions of hyper-
glycemia and hyperinsulinemia.
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