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Abstract. Breast cancer progression is composed of multiple 
steps that are influenced by tumor cell adaptations to survive 
under acidic conditions in the tumor microenvironment. 
Regulation of this cell survival behavior is a promising 
strategy to avoid cancer development. Melatonin is a natural 
hormone produced and secreted by the pineal gland capable of 
modulating different biological pathways in cancer. Although 
the anti‑cancer effects of melatonin are currently widespread, 
its role in the acid tumor microenvironment remains poorly 
understood. The aim of the present study was to investigate the 
effect of low pH (6.7) on human breast cancer cell lines MCF‑7 
and MDA‑MB‑231, and the effectiveness of melatonin in acute 
acidosis survival mechanisms. Cell viability was measured 
by a MTT assay and the protein expression of glucose trans-
porter (GLUT)‑1, Ki‑67 and caspase‑3 was evaluated by 
immunocytochemical (ICC) analysis following low pH media 
and melatonin treatment. In both cell lines the viability was 
decreased after melatonin treatment (1 mM) under acidosis 
conditions for 24 h. ICC analysis showed a significant increase 
in GLUT‑1 and Ki‑67 expression at pH 6.7, and a decrease 
after treatment with melatonin for 12 and 24 h. The low pH 
media decreased the expression of caspase‑3, which was 
increased after melatonin treatment for 12 and 24 h. Overall, 
the results of the present study revealed melatonin treatment 
increases apoptosis, as indicated by changes in caspase‑3, and 
decreases proliferation, indicated by changes to Ki‑67, and 

GLUT‑1 protein expression under acute acidosis conditions in 
breast cancer cell lines.

Introduction

Breast cancer is the most common tumor among women and 
the fifth leading cause of cancer‑related death worldwide 
confirmed by high rates of incidence and mortality (1,2). Breast 
tumors are very heterogeneous with multiple histological and 
molecular subtypes and features, and thus, one of the major 
challenges for clinical prediction and therapy response assess-
ment  (3,4). Therefore, the understanding of the molecular 
characteristics of tumors has contributed to a better prognosis 
and development of new therapeutic strategies (5‑8).

Currently, the classification of breast cancer is based 
on estrogen receptor (ER), progesterone receptor (PR) and 
growth factor receptor epidermal 2 (HER‑2/neu). The status 
of these receptors is used within the clinical routine and 
allows establishment of tumor subtypes with distinct clinical 
behavior and individualized treatment  (9). Approximately 
60 to 75% of breast cancers express ER‑a and/or PR, which 
are markers and determinants for the use of endocrine thera-
pies (10,11). Conversely, triple negative breast cancer (TNBC) 
is a heterogeneous subgroup of breast cancer characterized by 
the absence of expression of ER, PR and HER‑2/neu. TNBC 
represents approximately 15‑20% of all breast cancer cases 
and is generally considered as the most severe subgroup of 
breast cancer associated with the occurrence of metastases and 
poor survival of patients (12‑14).

In recent decades, it has become clear that this type of 
cancer can no longer be considered as a single disease entity. 
It is essential to know about the tumor microenvironment and 
adaptations of the cells beyond the analysis of molecular char-
acteristics of breast cancer. During the tumorigenesis, cancer 
cells adapt their metabolic pathways to meet the high‑energy 
demands required for their accelerated growth and prolif-
eration and the associated metabolic stresses (15). Once the 
tumor size reaches more than 1‑2 mm of diameter size and 
the growth outpaces that of adequate vasculature, oxygen and 
nutrient delivery become insufficient. This dynamic interplay 
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between the normal stroma and the malignant cells coupled 
with inevitable hypoxia is common in any solid tumor micro-
environment (16).

The environmental stress of hypoxia triggers molecular 
changes especially the suppression of the degradation of 
hypoxia‑inducible factors (HIFs) that facilitate metabolic 
adaptations in order to maintain the tumor growth (17‑20). 
One important cell feature capable of modulating the HIFs 
expression is the activation of glucose transporter (GLUT)‑1 
which facilitates the glucose transportation into the cells 
which is essential for the malignant cells to adapt their 
metabolism under hypoxia conditions  (17,21). Instead the 
normal cells, the tumor cells show anaerobic glycolysis as 
predominant metabolic activity even in presence of oxygen 
a process called Warburg effect  (22,23). Once that the 
cells are on anaerobic glycolysis mode, the levels of lactate 
and hydrogen increase forcing them to export it out and 
hence decreasing the pH and acidifying the extracellular 
matrix (19,24,25). The acid effect is able to induce apoptosis 
in healthy cells but the malignant cells have adaptive feature 
which avoid this mechanism enhancing the advantages on 
the proliferation and progression (25).

Based on those prior features, the hypoxia and acidifica-
tion in the tumor microenvironment are key factors that give 
advantages to the malignancy of the tumor cells  (25‑28). 
Therefore, the development of models that mimic the tumor 
microenvironment heterogeneity has become important to 
find new therapeutic targets to eliminate different populations 
of tumor cells. In this context, we highlight melatonin, an 
indole hormone, mainly produced and secreted by the pineal 
gland and also can be found in all biological fluids including 
cerebrospinal fluid, saliva, bile, synovial fluid, amniotic fluid, 
and breast milk (29,30). The melatonin's actions involved in 
cancer are varied, including: Antioxidant effects, regulation 
of the ER expression and transactivation, modulation of the 
enzymes involved in the local synthesis of estrogens, modu-
lation of cell cycle and induction of apoptosis, inhibition of 
telomerase activity, inhibition of metastasis, prevention of 
circadian disruption, antiangiogenics, epigenetic effects, 
stimulation of cell differentiation and activation of the 
immune system  (31,32). Researchers have focused in the 
role of melatonin in metastasis and proliferation providing 
results that show inhibition in the proliferation as well as 
invasion/migration of human cells disrupting the tube forma-
tion and counteracted the VEGF‑stimulated tubular network 
formation in vitro (33). Another work has found that melatonin 
(both endogenous and exogenous) significantly represses 
this invasive/metastatic phenotype through a mechanism 
that involves the suppression of EMT, either by promoting 
mesenchymal‑to‑epithelial transition, and/or by inhibiting key 
signaling pathways involved in later stages of metastasis (34). 
However, the comprehension melatonin function on low PH 
microenvironment is fundamental to verify its use as adjuvant 
treatment in breast cancer.

The aim of this study was therefore to determine the 
capability of melatonin on the modulation of proliferation and 
apoptosis in acid microenvironment of ER‑positive tumor cell 
line MCF‑7 and triple‑negative tumor cell line MDA‑MB‑231 
through the expression of proteins involved in the tumorigenic 
process.

Materials and methods

Cell culture. This study was performed using human breast 
cancer cell lines MCF‑7 [American Type Culture Collection, 
(ATCC), Manassas, VA, USA] and MDA‑MB‑231 (ATCC). 
Both cell lines were grown in 75  cm2 flasks (Sarstedt, 
Nümbrecht, Germany) with DMEM (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and RPMI‑1640 medium (Thermo 
Fisher Scientific, Inc.), respectively and supplemented with 
10% fetal bovine serum (FBS; Cultilab, Campinas, SP, 
Brazil), penicillin (100 U/ml) and streptomycin (100 mg/ml) 
(Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany). Both 
cell lines were cultured in a humidified chamber with 5% CO2 
and at 37˚C.

Experimental conditions. The MCF‑7 and MDA‑MB‑231 
cells were seeded in complete medium with initial number of 
2.1x106 cells. Six experimental conditions were performed. 
Group I: Control group, cells grown in complete medium, 
maintained at pH 7.4; group II: Cells grown in culture medium 
(pH 7.4) and treated with vehicle (ethanol 100%: PBS) for 24 h; 
group III: Cells grown in culture medium (pH 7.4) and treated 
with melatonin (1 mM) (Sigma‑Aldrich; Merck KGaA) for 
24 h (35); group IV: Cells grown for 24 h in complete medium 
with MES, pH adjusted to 6.7 (36); group V: Cells cultured in low 
pH medium with MES reagent (4‑Morpholineethanesulfonic 
acid monohydrate; Sigma‑Aldrich; Merck KGaA) and treated 
with melatonin (1 mM) for 24 h; group VI: Cells cultured in 
low pH medium with MES for 12 h, and then treated with 
melatonin (1 mM) for an additional 12 h in the same medium. 
It should be emphasized here that the concentration of 1 mM 
melatonin used for the treatment of the cells was defined 
according to the literature. This is the pharmacological 
concentration used in several studies about the effects of mela-
tonin in breast cancer (35,37,38). For an induction of the acute 
acidosis condition, the growth medium was replaced for a 
medium supplemented with 25 mM buffer 2‑(N‑Morpholino) 
ethanesulfonic acid (MES; Sigma‑Aldrich; Merck KGaA) and 
the pH adjusted to 6.7 and maintained for 24 h (39).

Cell viability. MCF‑7 and MDA‑MB‑231 cells were grown 
on a 96 well plate (Sarstedt, Nümbrecht, Germany) with 
100 µl of medium containing 0.05x106 cells/well. The cells 
were incubated under the different experimental conditions 
described above. Then the cells were washed and pulsed with 
10 µl of MTT at 0.5 mg/ml [3‑(4,5‑Dimethylthiazol‑2‑yl)‑2, 
5‑diphenyltetrazolium bromide; Thermo Fisher Scientific, 
Inc.] to each well and the plate was incubated at 37˚C for 4 h. 
The solubilization of the MTT formazan crystals was made 
adding 10 mM SDS‑HCl (Thermo Fisher Scientific, Inc.) for 
4 h at 37˚C. Measurement of the absorbance was carried out 
on ELISA reader (Thermo Fisher Scientific, Inc.) at 570 nm 
and the results were expressed as percentage of viable cells 
compared to the control group. All treatments were performed 
in triplicate.

Immunocytochemistry. The immunocytochemical (ICC) 
technique was performed to evaluate the expression of the 
protein transporter of GLUT‑1 (1:1,200; Abcam, Cambridge, 
UK), Ki‑67 (1:200; BioCare, Concord, CA, USA) and cleaved 
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Caspase‑3 (1:100; BioCare) (Table I). Initially, 0.05x106 cells 
were attached to 8‑well chamber slides (Sarstedt, Newtoon, 
NC, USA) and maintained at 37˚C and 5% CO2. After cellular 
adherence, cells were incubated at different experimental condi-
tions for 24 h. Subsequently, the chamber slides were removed 
and the slides were washed with PBS and immediately fixed 
in 4% paraformaldehyde for 24 h. After this period, the cells 
were washed with 1 ml of PBS, blocked with 10% PBS+BSA 
(Sigma‑Aldrich; Merck KGaA) for 30 min and with the primary 
antibody at 4˚C for 12 h. In sequence, the slides were washed 
in PBS and incubated with Reveal Biotin‑Free Polyvalent 
DAB (Spring Bioscience, Pleasanton, CA, USA) containing the 
secondary antibody (Biotinylated antimouse, rabbit, goat immu-
noglobulins) for one hour. Positive staining was detected using 
3,3'‑diaminobenzidine (DAB) as a substrate (Thermo Fisher 
Scientific, Inc.) and counterstained with hematoxylin for 40 sec. 
The slides were mounted with medium Erv‑Mount (EasyPath, 
Erviegas, SP, Brazil). All ICC reactions were performed with a 
positive control for the tested antibody and a negative control was 
obtained by omitting the primary antibody. For densitometric 
analyses, three slides from each experimental group were used, 
and 20 points were analyzed in three fields to obtain an average 
related to the intensity of immunoreactivity. At the end of the 
procedure, the expression of the antibodies was quantified by 
densitometry technique with the Nikon Eclipse E200 micro-
scope (Nikon Corporation, Tokyo, Japan). The image analyzer 
and values obtained as arbitrary units (a.u.) were performed 
using the software HistoQuant.

Statistical analysis. All data were expressed as mean ± standard 
error comparison between treatment with melatonin and the 
vehicle group using the Student t‑test and analysis of vari-
ance (ANOVA), followed by test Bonferroni with GraphPad 
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA). All assays were performed in three independent experi-
ments done in triplicate and P<0.05 was considered to indicate 
a statistically significant difference.

Ethical considerations. The study was discharged from the 
ethics committee of the Faculty of Medicine of São José do 
Rio Preto, Sao Paulo, Brazil because it was performed with 
breast cancer cell lines.

Results

Effects of low pH microenvironment and melatonin treat‑
ment on the cell viability of MCF‑7 and MDA‑MB‑231 
cells. The cell viability was investigated under the different 
experimental conditions via MTT assay. The assay was 
performed on MCF‑7 and MDA‑MB‑231 cell lines under 
normal conditions (pH 7.4), under acidosis (pH 6.7) and with 
or without treatment with melatonin. The results showed 
decrease of cell viability of both cells lines under acidosis 
condition compared to the control group (P<0.001; Fig. 1). 
The treatment with melatonin in complete medium with 
pH 7.4 significantly decreased cell viability compared with 
the control group (P<0.001; Fig. 1). The same effect was 
observed under acute acidosis when the cells were treated 
with melatonin for 24 h or after 12 h of acidosis induction 
(P<0.001; Fig. 1). However, the results revealed no significant 

differences in cell viability between 12 or 24 h of melatonin 
treatment under acidosis (Fig. 1).

Expression of GLUT‑1 in MCF‑7 and MDA‑MB‑231 cells. 
The immunocytochemistry assay to evaluate the expression of 
GLUT‑1 was conducted in MCF‑7 (Fig. 2) and MDA‑MB‑231 
cells (Fig.  3) control, melatonin (1  mM), acidosis and 
acidosis/melatonin at 12 and 24 h. There was no significant 
difference between cells treated with vehicle (Figs. 2B and 3B) 
compared to control group (Figs. 2A and 3A). The treatment 
with melatonin for 24 h efficiently reduced the expression 
of GLUT‑1 (Figs.  2C  and  3C) compared to control cells 
(Figs. 2A and 3A). Acute exposure to acidic medium increased 
the expression of GLUT‑1 (Figs. 2D and 3D) and decreased 
after treatment with melatonin for 12 h (Figs. 2E and 3E) and 
24 h (Figs. 2F and 3F). The densitometric analysis confirmed 
the reduction of GLUT‑1 in cells treated with melatonin after 
24 h. A similar effect was observed in the group after acidosis 
conditions and treatment with melatonin for 12 and 24 h. On 
the other hand, low pH environment conditions increased the 
expression of GLUT‑1 (P<0.05; Figs. 2G and 3G).

Expression of cell proliferation marker Ki‑67 in MCF‑7 and 
MDA‑MB‑231 cells. The expression of Ki‑67 was analyzed 
in MCF‑7 (Fig. 4) and MDA‑MB‑231 cells (Fig. 5) control, 
melatonin (1 mM), acidosis and acidosis/melatonin at 12 and 
24 h. There was no significant difference when compared cells 
treated with vehicle (Figs. 4B and 5B) with the control cells 
(Figs. 4A and 5A). We observed reduced expression of Ki‑67 
after treatment with melatonin for 24 h (Figs. 4C and 5C) 
compared to control cells (Figs.  4A  and  5A). After acute 
acidosis (Figs. 4D and 5D) an increase in Ki‑67 was observed 
and the expression decreased after treatment with melatonin 
for 12 h (Figs. 4F and 5F) and 24 h (Figs. 4E and 5E). The 
densitometric analysis showed significant decrease in Ki‑67 
expression in cells treated with melatonin after 24 h (P<0.05). 
A similar effect was observed in both cells lines culture in 
pH 6.7 and treated with melatonin for 12 and 24 h. However, 
cells cultured transiently at low pH increased the expression of 
Ki‑67 (P<0.05; Figs. 4G and 5G).

Expression of cell death marker Caspase‑3 (cleaved) in MCF‑7 
and MDA‑MB‑231 cells. The immunocytochemistry analysis 

Table I. Antibodies used in immunocytochemistry.

Antibody	 Supplier	 Code	 Dilution

GLUT‑1	 Abcam	 AB 652	    1:1,200
Ki‑67	 BioCare	 CRM 325	 1:200
	 medical		
Caspase‑3	 BioCare	 CP 229	 1:100
(cleaved)	 medical		
Secondary	 Spring	 SPD 015	 Ready to use
antibodya	 biosciences		

aBiotinylated antimouse, rabbit, goat immunoglobulin. GLUT‑1, 
glucose transporter 1.
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to evaluate the expression of cleaved Caspase‑3 was conducted 
in MCF‑7 (Fig. 6) and MDA‑MB‑231 cells (Fig. 7) under 

the different experimental conditions. There was no signifi-
cant difference when the cells were compared under normal 

Figure 1. Evaluation of viability of MCF‑7 and MDA‑MB‑231 cell lines subject to different experimental conditions for 24 h. (A) MCF‑7 cell line. 
(B) MDA‑MB‑231 cell line. The cell viability of both cells line was measured by MTT assay. The cell viability was decrease under acidosis condition and after 
melatonin treatment (1 mM) for 24 h in both cell types. Results were obtained as mean ± SEM densitometric index of three independent experiments done in 
triplicate. ***P<0.001 vs. control and ###P<0.001 vs. acidosis. SEM, standard error of the mean.

Figure 2. Analysis of the expression GLUT‑1 in MCF‑7 cells. (A) Control cells (pH 7.2). (B) Cells after treatment with vehicle. (C) Post‑treatment with 
melatonin (1 mM) for 24 h decreases the expression of GLUT‑1. (D) Cells under acidosis (pH 6.7) have increased GLUT‑1 expression. (E) Cells exposed to 
pH 6.7 treated concomitantly with melatonin (1 mM) for 24 h. (F) Cells exposed to the pH 6.7 treated with melatonin (1 mM) for 12 h. Scale bar=10 µm. 
Magnification, x40. (G) Densitometric analysis of GLUT‑1 expression. Results were obtained as mean ± SEM densitometric index of three independent experi-
ments done in triplicate. ***P<0.001 vs. control; ###P<0.001 vs. acidosis. SEM, standard error of the mean; GLUT‑1, glucose transporter‑1.
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growth conditions (Figs. 6A and 7A) with cells treated with 
vehicle (Figs. 6B and 7B). The treatment with melatonin for 
24 h increases the expression of Caspase‑3 (Figs. 6C and 7C) 
compared to control group (Figs. 6A and 7A). We showed a 
decrease in Caspase‑3 expression in both cells lines grown in 
low pH media for 24 h (Figs. 6D and 7D) and increased after 
treatment with melatonin for 12 h (Figs. 6F and 7F) and 24 h 
(Figs. 6E and 7E). Similarly, densitometry analysis confirmed 
these observations (P<0.05; Figs. 6G and 7G).

Discussion

In this study the effects of melatonin were investigated on the 
ER‑positive tumor cell line MCF‑7 and triple‑negative tumor 
cell line MDA‑MB‑231 under acute acidosis. We showed that 
low pH conditions increased the levels of poor prognostic 
markers in tumor cells and that melatonin can reverse this by 

decreasing the cell viability, expression of GLUT‑1 and Ki‑67 
and by increasing the expression of Caspase‑3.

The inhibitory effect of melatonin on cell viability in 
MCF‑7 and MDA‑MB‑231 was achieved with the concentra-
tion of 1 mM in both low pH and normal pH (7.4) medium 
conditions. In our study, MTT assay also showed that at low 
pH conditions the cell viability of MCF‑7 and MDA‑MB‑231 
cell lines were reduced compared with control group. Another 
study also noted that acute exposure to acidic medium reduced 
the proliferation of MDA‑MB‑231 cells after 72 h and that 
large percentage of these cells were in G1 phase at 24 and 72 h. 
In addition, both cells lines were grown in pH 6.7 medium for 
3 months, under chronic acidosis conditions and had similar 
growth rates to non‑adapted cells using the autophagy mecha-
nism to survive (39).

After investigation of the effect of melatonin on cell 
viability, we evaluated the expression of GLUT‑1 by 

Figure 3. Analysis of expression of GLUT‑1 in MDA‑MB‑231 cells. (A) Control cells (pH 7.2). (B) Cells after treatment with vehicle. (C) Post‑treatment with 
melatonin (1 mM) for 24 h decreases the expression of GLUT‑1. (D) Cells under acidosis (pH 6.7) have increased GLUT‑1 expression. (E) Cells exposed to 
the pH 6.7 treated concomitantly with melatonin (1 mM) for 24 h. (F) Cells exposed to the pH 6.7 treated with melatonin (1 mM) for 12 h. Scale bar=10 µm. 
Magnification, x40. (G) Densitometric analysis of GLUT‑1 expression. Results were obtained as mean ± SEM densitometric index of three independent experi-
ments done in triplicate. *P<0.05, **P<0.01, ***P<0.001 vs. control; ###P<0.001 vs. acidosis. SEM, standard error of the mean; GLUT‑1, glucose transporter‑1.
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immunocytochemistry in MCF‑7 and MDA‑MB‑231 cell lines 
under normal conditions and acidosis. Densitometric analysis 
showed an increase in expression of GLUT‑1 under acidosis 
conditions and a decrease in expression after treatment with 
melatonin in both cell lines. The upregulation of GLUT‑1 was 
observed in a variety of tumors and it is clearly associated with 
tumor progression (40). Although the metabolic consequences 
of increased glucose transport are not understood, GLUT‑1 
expression seems to have significant clinical function in 
several tumors (41). The fast tumor growth induces metabolic 
changes in tumor cells to increase the consumption of glucose 
and supply the large energetic cost required by the intense 
activity of cell proliferation and accelerated metabolism. To 
maintain homeostasis of the tumor environment, tumor cells 
undergo anaerobic glycolysis, which leads to a high consump-
tion of glucose; this activity is dependent on the GLUT‑1 

transporter (42). The treatment with melatonin (1 mM) reduces 
the GLUT‑1 expression in normal conditions and under 
acidosis. The effects of melatonin in GLUTs expression are 
not well established. Hevia et al (43) showed that melatonin 
competes with glucose to bind the GLUT‑1 receptor decreasing 
the glucose uptake and GLUT‑1 expression in prostate cancer 
cells. The authors suggested that melatonin can be transported 
by GLUT‑1, increasing its intracellular levels (43).

A similar effect was observed for Ki‑67. Analysis of 
Ki‑67 protein expression by immunocytochemistry showed 
that melatonin decreases Ki‑67 protein levels under acidosis 
conditions and it also decrease after melatonin treatment in 
both cell lines. Hill and Black (1988) showed that melatonin 
inhibits MCF‑7 cell proliferation (44). It is true that melatonin 
has many anti‑tumor properties, including anti‑proliferative 
and pro‑apoptotic actions, broadly investigated in many tumor 

Figure 4. Analysis of expression of Ki‑67 in MCF‑7 cells. (A) Control cells (pH 7.2). (B) Cells after treatment with vehicle. (C) Post‑treatment with melatonin 
(1 mM) for 24 h decreases expression of Ki‑67. (D) Cells under acidosis (pH 6.7) have increased Ki‑67 expression. (E) Cells exposed to the pH 6.7 treated 
concomitantly with melatonin (1 mM) for 24 h. (F) Cells exposed to the pH 6.7 treated with melatonin (1 mM) for 12 h. Scale bar=10 µm. Magnification, x40. 
(G) Densitometric analysis of Ki‑67 expression. Results were obtained as mean ± SEM densitometric index of three independent experiments done in triplicate. 
***P<0.001 vs. control; ###P<0.001 vs. acidosis. SEM, standard error of the mean.
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types especially in breast cancer (45,46). However it is poorly 
understood how these effects correlate with breast cancer 
proliferation under acidosis conditions particularly with the 
Ki‑67 protein expression, a known cell proliferation biomarker 
used for breast cancer prognosis (47). Based on this, the Ki‑67 
expression was evaluated in cell lines under acidosis treated 
with melatonin and the results showed a decrease in Ki‑67 
expression after 12 and 24 h of treatment. These data corrobo-
rate with other studies that showed a significant decrease in 
Ki‑67 expression in MCF‑7 cells after treatment with mela-
tonin (46,48). Lower expression of Ki‑67 was also showed in a 
previous study using nude mice with breast cancer treated with 
40 mg/kg of melatonin for 21 days (35).

Danielczyk and Dziegiel (49) examined the relationship 
between expression of melatonin MT1 receptors and the 
level of Ki‑67 in dermal melanoma (primary tumours and 

metastatic lymph nodes). In both, primary and metastasis, a 
very weak correlation was disclosed between MT1 and Ki‑67 
expression. Taken together these observations published so far 
suggest a variable relation between the expression of Ki‑67 
and melatonin. This relationship depends on the type of cell 
and tumor involved, as suggested by the authors (49).

The melatonin effect on GLUT‑1 and Ki‑67 protein expres-
sion have already been described only in melanoma (50) and 
prostate cancer  (43). Studies that analyze the induction of 
melatonin apoptosis are based on its kinetic suppression effect 
on cell growth and on its metabolic activity in breast cancer. 
Thus, studies involving molecular mechanisms of this action 
are still scarce. So, the molecular pathways of melatonin on 
the expression of GLUT‑1 and Ki‑67 still unclear. Moreover, 
further experiments should be done in order to investigate the 
possible mechanisms that melatonin is involved.

Figure 5. Analysis expression of Ki‑67 in MDA‑MB‑231 cells. (A) Control cells (pH 7.2). (B) Cells after treatment with vehicle. (C) Post‑treatment with mela-
tonin (1 mM) for 24 h decreases expression of Ki‑67. (D) Cells under acidosis (pH 6.7) have increased Ki‑67 expression. (E) Cells exposed to the pH 6.7 treated 
concomitantly with melatonin (1 mM) for 24 h. (F) Cells exposed to the pH 6.7 treated with melatonin (1 mM) for 12 h. Scale bar=10 µm. Magnification, x40. 
(G) Densitometric analysis of Ki‑67 expression. Results were obtained as mean ± SEM densitometric index of three independent experiments done in triplicate. 
***P<0.001 vs. control; ###P<0.001 vs. acidosis. SEM, standard error of the mean.
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Differently of the regulation of melatonin in the expres-
sion of GLUT‑1 and Ki‑67, the expression of Capase‑3 after 
treatment increases its protein levels under normal conditions 
and acidosis in both tumor cell lines. The modulation of 
Caspases by melatonin was previous showed only in leukemia 
cells, but not in breast cancer cell lines (51). Regarding the 
pro‑apoptotic effect, studies have shown that melatonin is 
able to induce apoptosis activating the Caspase‑3 pathway. 
This enzyme acts as an executor of apoptosis so, once it is 
activated, the programmed cell death begins irreversibly (52). 
In normal cells, there are two apoptosis‑related pathways: The 
intrinsic and extrinsic pathway, the intrinsic pathway impli-
cates the participation of the mitochondria. Studies suggest 
that melatonin causes translocation of the Cytochrome c from 
inside the mitochondria to the extracellular matrix through 
unspecific pores triggering the Caspase‑9 and subsequent 

the Caspase‑3 activation (52). Therefore this mechanism may 
explain our data where melatonin administration in both cell 
lines has increased the Caspase‑3 levels with subsequent 
cell death. An additional method to assess apoptosis is the 
TUNEL assay (Terminal deoxyribonucleotidyl transferase 
(TDT)‑mediated dUTP‑digoxigenin nick end labeling), which 
detects DNA fragments in situ. However, DNA fragmenta-
tion is common to different types of cell death and its in situ 
detection should not be considered as a specific marker of 
apoptosis (53).

Models demonstrate that different evolutionary trajectories 
may occur in adaptation to hypoxia and acidosis, but will 
generally converge to a final phenotype with constitutive 
upregulation of glycolysis and resistance to acid‑induced 
toxicity (26). Taken together, our results show that melatonin 
treatment decreases the cell proliferation and GLUT‑1 protein 

Figure 6. Analysis of Caspase‑3 (cleaved) expression in MCF‑7 cells. (A) Control group (pH 7.2). (B) Cells treated with vehicle only. (C) Post‑treatment with 
melatonin (1 mM) for 24 h increased the expression of Caspase‑3. (D) Cells under acidosis (pH 6.7) have decreased expression of Caspase‑3. (E) Cells exposed 
to the pH 6.7 and treated concomitantly with melatonin (1 mM) for 24 h. (F) Cells exposed to the pH 6.7 treated with melatonin (1 mM) for 12 h. Scale 
bar=10 µm. Magnification, x40. (G) Densitometric analysis of the expression of Caspase‑3. Results were obtained as mean ± SEM densitometric index of three 
independent experiments done in triplicate. ***P<0.001 vs. control; ###P<0.001 vs. acidosis. SEM, standard error of the mean.
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expression and increase the apoptosis under acute acidosis 
in breast cancer cell lines. The analysis of the expression of 
the caspase‑3, Ki‑67 and GLUT‑1 markers have been poorly 
studied using in vitro assays with breast cancer cells, espe-
cially in MDA‑MB‑231 and MCF‑7, highlighting that our 
results present different data from the current literature. In 
conclusion, we have proposed in this report that melatonin has 
the ability to prevent the aggressive phenotype cell shifting 
of the mammary tumor cell lines under acidosis condition. It 
is noteworthy that several evidences showed that melatonin 
is a potential adjuvant therapeutic target for breast cancer but 
is required further investigations for a deeper understanding 
of the regulating mechanism of breast tumor under acidosis 
environment.
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