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Abstract. Ascorbic acid (A) has been demonstrated to exhibit 
anti‑cancer activity in association with chemotherapeutic 
agents. Potassium (K) is a regulator of cellular proliferation. In 
the present study, the biological effects of A and K bicarbonate, 
alone or in combination (A+K), on breast cancer cell lines were 
evaluated. The survival of cancer cells was determined by 
sulforhodamine B cell proliferation assay, while analysis of the 
cell cycle distribution was conducted via fluorescence‑activated 
cell sorting. In addition, the expression of signaling proteins was 
analyzed upon treatment. The results indicated that there was 
a heterogeneous response of the different cell lines to A and 
K, and the best effects were achieved by A+K and A treatment. 
The interaction between A+K indicated an additive or syner-
gistic effect. In addition, A+K increased the percentage of cells 
in the sub‑G1 phase of the cell cycle, and was the most effec-
tive treatment in activating the degradation of poly(adenosine 
diphosphate‑ribose) polymerase‑1. In the breast cancer cell line 
MCF‑7, A+K induced the appearance of the 18 kDa isoform 
of B‑cell lymphoma‑2‑associated X protein (Bax), which is a 
more potent inducer of apoptosis than the full‑length Bax‑p21. 
The effects of A and K on the phosphorylation of extracellular 
signal‑regulated kinase (ERK)1 and ERK2 were heterogeneous. 
In addition, treatment with K, A and A+K inhibited the expres-
sion of nuclear factor‑κB. Overall, the results of the present 
study indicated that K potentiated the anti‑tumoral effects of A 
in breast cancer cells in vitro.

Introduction

The use of ascorbic acid (A) as an anti‑cancer agent has been 
analyzed in the last 50 years (1,2). Previous epidemiological 
studies have demonstrated that dietary administration of A 
exerts a preventive effect on multiple tumors (1,2). However, 
Cameron and Pauling (3) have argued its role as a thera-
peutic anti‑cancer agent, in agreement with previous studies 
disproving its potential role as an anti‑cancer agent (4,5). 
These studies were performed supplementing the diet with 
high doses of orally administered vitamin C, which allows 
to reach saturation at plasma concentrations of 1  g/day, 
while higher doses of vitamin C are excreted (6,7). Blood 
concentrations of vitamin C at mM levels are only possible 
to obtain via intravenous injections of high doses of the 
compound (8,9). In recent years, the interest on A and its 
effects on cancer growth has increased  (10). A has been 
recently demonstrated to be highly effective in cancer therapy 
in association with commonly used chemotherapeutic agents 
in ovarian tumors (11).

Similarly to the case of A, the role of potassium (K) in 
cancer has remained unclear since Cone (12) reported in 1971 
higher levels of Na+ and lower levels of K+, Ca2+ and Zn in 
cancer cells, compared with healthy cells. K+ is capable of 
acting as an anti‑apoptotic and as a pro‑apoptotic agent (13,14), 
and is also a regulator of cell proliferation  (15‑17). The 
intracellular homeostasis of Na+ and K+ is disregulated in 
cancer cells  (18‑20). Altered expression and activity of 
Na+/K+ adenosine triphosphate (ATP)ase has been observed 
in cancer cells, which may explain the differences in concen-
tration of Na+ and K+ observed in these cells, compared with 
normal cells (21,22). Furthermore, K+ is essential to fold and 
stabilize G‑quadruplexes (23). Agents that stabilize or target 
G‑quadruplexes may act as anti‑tumor agents  (24); thus, 
physiological concentrations of K+ are likely to be required for 
normal cell behavior (25,26). K ascorbate has been proposed 
as an anti‑degenerative agent (27). Previous studies reported 
a strong antioxidant effect of K ascorbate on red blood cell 
oxidation (28,29). In addition, it has been suggested that K 
ascorbate may act as a K intracellular carrier and may be able 
to inhibit the cell cycle in tumor cells (30).
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In order to clarify the potential role of K ascorbate as an 
anti‑tumor agent, the effects of A, K and A+K on different 
breast cancer cell lines were analyzed in the present study.

Materials and methods

Reagents. K bicarbonate and A were obtained from AEIE 
Biochemical Research (Oviedo, Spain). Sulforhodamine B 
(SRB) was purchased from Sigma‑Aldrich (St. Louis, MO, 
USA). Rabbit anti-human polyclonal B‑cell lymphoma‑2 
(Bcl‑2)‑associated X  protein (Bax; cat.  no.  554104) and 
mouse anti-human monoclonal Bcl‑2 (cat. no. 610538) anti-
bodies were obtained from Transduction Laboratories (BD 
Biosciences, Franklin Lakes, NJ, USA). Anti-human mouse 
monoclonal p53 (cat. no. sc-126), rabbit anti-rat polyclonal 
extracellular signal‑regulated kinase (ERK)1/2 (C‑14; cat. no. 
sc-154), mouse anti-human monoclonal phosphorylated 
(p)‑ERK (E‑4, which recognizes the phosphorylated and 
active form of ERK1 and ERK2; cat. no. sc-7383), nuclear 
factor (NF)‑κB p65 (cat. no. sc-8008) and mouse anti-human 
monoclonal poly(adenosine diphosphate‑ribose) polymerase‑1 
(PARP‑1; F-2; cat. no. sc-8007) antibodies were obtained from 
Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit 
anti‑human polyclonal antibody against actin (cat. no. A5060) 
and peroxidase‑conjugated goat anti‑mouse polyclonal 
(cat. no. A2554) or anti‑rabbit  polyclonal (cat. no. A6154) 
immunoglobulin (Ig)G were obtained from Sigma‑Aldrich.

Cell lines and treatments. Human breast cancer cell lines 
MDA‑MB‑231, MDA‑MB‑453, MDA‑MB‑468, T47‑D 
and MCF‑7 were maintained in Dulbecco's modified Eagle 
medium ‑ high glucose containing 10% fetal bovine serum, 
100 U/ml penicillin and 100 µg/ml streptomycin (complete 
medium) (all purchased from Aurogene, Rome, Italy). Cells 
were cultured at 37˚C in a humidified incubator with 5% CO2.

For treatments, cells were incubated for the indicated 
times in the presence of K and A, alone or in combination 
(A+K), or in the presence of culture medium (CTRL). The 
stock solutions (150 mM) of K, A and A+K were obtained by 
diluting K and A, alone or in combination, in distilled water. 
Thus, K stock solution was obtained by dissolving 300 mg 
K in 20 ml distilled water; A stock solution was obtained by 
dissolving 150 mg A in 20 ml distilled water; and A+K stock 
solution was obtained combining 300 mg K and 150 mg A in 
20 ml distilled water. The concentrations used for cell treat-
ment were reached by diluting the stock solutions in complete 
CTRL.

SRB cell proliferation assay. Cells were seeded in 96‑well 
plates at a density of 5x103 cells/well, and incubated at 37˚C 
to allow cell attachment. Following 24 h, the medium was 
changed, and the cells were treated with K and A, alone 
or in combination (A+K), at a dose range of 1.5‑15 mM, or 
with CTRL, and incubated for 24, 48 or 72 h. Subsequently, 
cells were fixed with cold trichloroacetic acid (final concen-
tration, 10%; Sigma‑Aldrich) for 1  h at 4˚C. Following 
4  washes with distilled water, the plates were air‑dried 
and stained for 30 min with 0.4% (w/v) SRB in 1% acetic 
acid (Sigma‑Aldrich). Following 4 washes with 1% acetic 
acid to remove the unbound dye, the plates were air‑dried, 

and cell‑bound SRB was dissolved with 10 mM unbuffered 
Tris base solution (100 µl/well; Sigma‑Aldrich). The optical 
density (OD) of the samples was determined at 540 nm using 
a spectrophotometric plate reader (Wallac 1420 Victor; Perkin 
Elmer Inc., Waltham, MA, USA). The percentage survival of 
the cultures treated with the aforementioned compounds was 
calculated by normalizing their OD values to those of the 
control cultures (31,32). The experiments were performed in 
triplicate and repeated three times.

Fluorescence‑activated cell sorting (FACS) analysis. 
Asynchronized, log‑phase growing cells (60% confluent, 
~1.5x105  cells/well in 6‑well plates) were treated with 
10 mM K and A, alone or in combination (A+K), or with 
CTRL. Following 24 h, adherent and suspended cells were 
harvested, centrifuged (5417R centrifuge; Eppendorf, 
Hamburg, Germany) at 300 x g for 10 min and washed twice 
with cold phosphate‑buffered saline (PBS). Cell pellets 
were resuspended in 70% ethanol and incubated for 1 h at 
‑20˚C. Cells were then washed twice with cold PBS, centri-
fuged at 300 x g for 10 min, incubated for 1 h in the dark 
with propidium iodide (Sigma‑Aldrich) at a final concentra-
tion of 25 µg/ml in 0.1% citrate (Sigma‑Aldrich) and 0.1% 
Triton X‑100 (Sigma‑Aldrich), and analyzed by flow cytom-
etry using a FACSCalibur™ cytometer (BD Biosciences) with 
CellQuest Pro 5.2 software (BD Biosciences) (31,32).

Preparation of cell lysates and western blotting. Cells 
(~1x106 cells/plate) were seeded into 100‑mm tissue culture 
plates for 24 h prior to the addition of 10 mM K and A, alone or 
in combination (A+K), or CTRL. MCF-7 and MDA-MB‑231 
cells were selected for western blotting analysis of signaling 
pathway proteins as these two cell lines were most sensitive to 
A+K treatment. Following incubation for 24‑h, the MCF‑7 and 
MDA‑MB‑231 cells were harvested, washed twice with cold 
PBS and lysed in radioimmunoprecipitation assay lysis buffer 
[1% Triton X‑100, 0.1% sodium dodecyl sulfate (SDS), 200 mM 
NaCl, 50 mM Tris‑HCl pH 7.5, 1 mM phenylmethylsulfonyl 
fluoride and 1 mM Na3VO4]. Following 30‑min incubation at 
4˚C, the mixtures were centrifuged at 12,000 x g for 15 min, and 
the supernatants were analyzed by western blotting (33,34). 
Handcast gels were prepared from acrylamide and bisacryl-
amide monomer solutions (cat. no. A3574; Sigma-Aldrich). 
SDS-PAGE and western blot analysis were performed using 
Mini-PROTEAN Tetra Cell apparatus (Bio-Rad, Milan, Italy) 
according to the manufacturer's instructions. Electrophoresis 
(cat. no. 161-0732) and blot transfer (cat. no. 161-0734) buffers 
were purchased from Bio-Rad. Hyper PAGE prestained 
markers (cat. no. BIO-33066; Bioline, London, UK) were used. 
For immunoblotting analysis, 50 µg cell lysates were resolved 
in 10% SDS‑polyacrylamide gel electrophoresis (150 V for 
1 h), and then transferred to nitrocellulose membranes (30 V 
for 90 min; GE Healthcare, Piscataway, NJ, USA) (35). After 
blocking with 5% skimmed dry milk in PBS overnight at 
4˚C, the membranes were incubated overnight at 4˚C with 
specific primary antibodies at a concentration of 1‑2 µg/ml. 
Upon washing, the membranes were incubated with peroxi-
dase‑conjugated goat anti‑mouse or anti‑rabbit IgG antibodies 
diluted in PBS for 1 h at room temperature, and developed by 
chemiluminescence (LiteABlot Plus; Euroclone, Milan, Italy), 
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as previously described (36‑38). Densitometric analysis of the 
autoradiographic bands was performed using ImageJ 1.42q 
software (National Institutes of Health, Bethesda, MD, USA) 
following blot scanning (HP Scanjet 4890 Photo Scanner; 
Hewlett-Packard, Palo Alto, CA, USA) (39).

Statistical analysis. Data distribution of cell survival and FACS 
analyses were initially verified by the Kolmogorov‑Smirnov 
test, and data sets were analyzed by one‑way analysis of vari-
ance, followed by Newman‑Keuls test. Differences between 
the intensity of immunoreactive bands were evaluated by 
two‑tailed Student's t test. P≤0.05 was considered to indicate 
a statistically significant difference.

Results

Inhibition of breast cancer cell lines survival by K and A, 
alone or in combination. Survival of breast cancer cell lines 
(MDA‑MB‑231, MDA‑MB‑453, MDA‑MB‑468, T47‑D and 
MCF‑7) was evaluated by SRB assay following exposure to 
increasing doses (1.5, 5, 10 and 15 mM) of K and A, alone or in 
combination (A+K), for 24, 48 and 72 h (Table I). The effect of 
the compounds on cell growth was determined and compared 
with the growth of cells incubated with CTRL. The effect of A 
was dose‑ and time‑dependent on all cell lines, with the excep-
tion of MDA‑MB‑231. K significantly inhibited cell growth of 
MCF‑7 cells only at the highest concentration tested following 
48‑h incubation. The effect obtained with equimolar combi-
nations of A+K was significantly higher than the effect of 
treatment with the highest concentration tested of A on MCF7 
(P<0.01), MDA‑MB‑231 (P<0.05 at 10 mM for 48 h; P<0.001 
at 15 mM for 48 h and 10-15 mM for 72 h) and MDA‑MB‑453 

Table II. IC50 values of A, alone or in combination with K, in 
breast cancer cells.

Cell line	 Treatment 	 IC50 ± SD (mM)	 P‑value

MCF‑7	 A	 24 h	 25.79±1.23	 ‑
	 A	 48 h	 18.23±1.17	 ‑
	 A	 72 h	 12.22±1.01	 ‑
	 A+K	 24 h	 15.51±1.04	 ‑
	 A+K	 48 h	 12.16±1.09	 ‑
	 A+K	 72 h	 9.96±1.02	 <0.050
MDA‑MB‑231	 A	 24 h	 22.65±1.23	 ‑
	 A	 48 h	 18.00±1.07	 ‑
	 A	 72 h	 16.25±1.04	 ‑
	 A+K	 24 h	 14.37±1.06	 <0.010
	 A+K	 48 h	 12.30±1.05	 <0.001
	 A+K	 72 h	 10.69±1.04	 <0.001
MDA‑MB‑453	 A	 24 h	 36.87±1.55	 ‑
	 A	 48 h	 12.88±1.12	 ‑
	 A	 72 h	 9.91±1.04	 ‑
	 A+K	 24 h	 21.28±1.27	 <0.050 
	 A+K	 48 h	 9.37±1.09	 <0.050
	 A+K	 72 h	 6.71±1.12	 ‑
T47‑D	 A	 24 h	 47.84±1.44	 ‑
	 A	 48 h	 12.01±1.03	 ‑
	 A	 72 h	 7.99±1.02	 ‑
	 A+K	 24 h	 13.14±1.04	 <0.001
	 A+K	 48 h	 10.78±1.05	 ‑
	 A+K	 72 h	 7.86±1.07	 ‑
MDA‑MB‑468	 A	 24 h	 8.40±1.17	 ‑
	 A	 48 h	 5.47±1.23	 <0.001
	 A	 72 h	 2.29±1.38	 <0.001
	 A+K	 24 h	 11.09±1.17	 ‑
	 A+K	 48 h	 12.39±1.07	 ‑
	 A+K	 72 h	 10.79±1.06	 ‑

Data are presented as the mean ± SD of three independent experi-
ments performed in triplicate. P‑values of the IC50 values obtained 
following treatment with A+K were calculated in comparison with 
the IC50 values obtained upon treatment with A alone. IC50, inhibitory 
concentration that causes 50% cell growth reduction; A, ascorbic 
acid; K, potassium; SD, standard deviation.
  

Figure 1. Effect of the interaction between potassium and ascorbic acid on 
the growth of breast cancer cell lines aftter 24, 48 and 72 h. The graphs 
represent the Kern's R index following treatment with the aforementioned 
compounds. R>1 represents a synergistic effect; R<1 indicates that the effect 
of the combined treatment is less than additive; and R=1 indicates that the 
effect is additive.
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(P<0.05 at 10-15 mM for 48 h; P<0.01 at 10 mM for 72 h; 
P<0.001 at 15 mM for 72 h) cells following incubation for 
48 or 72 h. The effect obtained with equimolar combinations 
of A+K was significantly higher than the effect obtained with 
10 mM (P<0.01) and 15 mM (P<0.001) A on T47‑D cells 
following incubation for 24 or 72 h, respectively. Conversely, 
the effects with A+K were not significantly different from 
those obtained with A in MDA‑MB‑468 cells. In addition, 
treatment with A was more effective than treatment with A+K 
on MDA‑MB‑468 cells at the lowest concentration tested. 
Overall, these results indicate that there is a heterogeneous 
response of the different cell lines toward the treatment 
with A and/or K, and revealed that the maximum effect was 
achieved with the combined treatment A+K.

The concentration of compound that inhibits 50% of the 
cell growth (IC50) was also determined (Table II). The IC50 

of A+K was significantly reduced, compared with that of A, 
in MCF‑7 (P<0.05 for 72 h), MDA‑MB‑231 (P<0.01 for 24 h; 
P<0.001 for 48 and 72 h) and MDA‑MB‑453 (P<0.05 for 24 
and 48 h) cells. This effect was observed only upon 24‑h 
incubation in T47‑D cells (P<0.001). By contrast, a lower IC50 
value was observed in MDA‑MB‑468 cells following treat-
ment with A alone, compared with A+K (P<0.001 for 48 and 
72 h).

The model of interaction between A and K when used in 
combination was determined using the Kern's method (40) 
(Fig. 1). The results indicated that the interaction between 
A+K was lower than the additive effect in MDA‑MB‑468 cells 
following incubation for 24, 48 and 72 h at all the concentrations 
tested, whereas it was the result of additive effect in MCF‑7 and 
MDA‑MB‑453 cells at all the concentrations tested following 
24 and 48‑h incubation. In addition, the R index >1 obtained 
indicated the onset of a synergistic effect of the two compounds, 
compared with the corresponding single treatment, at a concen-
tration of 15 mM in T47‑D cells following 24‑h incubation 
(P=0.0003), and in MDA‑MB‑231 cells following 24 and 48‑h 
incubation (P<0.05). The combination of A+K resulted in a 
synergistic effect in MDA‑MB‑231 and MDA‑MB‑453 cells 
at concentrations of 10‑15 mM (P<0.01), and in MCF‑7 and 
T47‑D cells at 10 mM concentration (P<0.001), following 72‑h 
incubation.

K potentiates the apoptotic effect of A in breast cancer cell 
lines. In order to determine the effect of K and A, alone or 
in combination, on the apoptosis and cell cycle distribution of 
breast cancer cells, a FACS analysis of their DNA content was 
performed. Cells were incubated for 24 h with the aforemen-
tioned compounds, alone or in combination, at a concentration 

Table III. Effects of 24‑h treatment with 10 mM K and A, alone or in combination, on the cell cycle of breast cancer cell lines. 

	 Sub‑G1	 G0/G1	 S	 G2/M
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑ ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑----‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑---	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑---‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
		  Cells (%)		  Cells (%)		  Cells (%)		  Cells (%)
Cell line	 Treatment 	 ±SD	 P‑value	 ±SD	 P‑value	 ±SD	 P‑value	 ±SD	 P‑value

MCF‑7	 CTRL	 6.32±2.09	 -	 38.42±2.35	 -	 16.77±1.85	 -	 37.13±0.15	 -
	 K	 5.85±1.81	 -	 36.57±2.76	 -	 17.07±2.74	 -	 38.56±0.52	 -
	 A	 27.28±0.66	 1c, 2c	 41.26±2.91	 -	 13.72±0.49	 -	 18.32±4.20	 1c, 2c

	 A+K	 51.05±0.91	 1c, 3c	 36.76±0.86	 -	 3.97±0.16	 1c, 2c, 3b	 8.42±2.38	 1c, 2c, 3b

T47‑D	 CTRL	 7.40±1.55	 -	 42.43±1.18	 -	 11.74±0.54	 -	 38.29±0.68	 -
	 K	 6.82±0.05	 -	 41.34±5.18	 -	 12.67±1.16	 -	 38.97±5.11	 -
	 A	 17.86±5.12	 -	 39.26±5.27	 -	 12.43±1.68	 -	 30.36±1.86	 -
	 A+K	 26.12±7.19	 1c, 2a	 33.98±3.22	 -	 13.96±0.98	 -	 25.54±3.59	 -
MDA‑MB‑231	 CTRL	 18.89±1.47	 -	 39.83±0.23	 -	 16.49±0.28	 -	 24.61±0.76	 -
	 K	 16.59±0.18	 -	 39.22± 0.48	 -	 17.23±0.09	 -	 26.17±0.64	 -
	 A	 68.58±3.87	 1c, 2c	 14.14±3.08	 1c, 2c	 7.92±0.79	 1c, 2c	 8.98±0.01	 1c, 2c

	 A+K	 91.07±3.45	 1c, 3c	 5.39±1.81	 1c, 2c, 3b	 2.58±1.22	 1c, 2c, 3b	 0.91±0.35	 1c, 2c, 3a

MDA‑MB‑453	 CTRL	 7.14±1.09	 -	 50.98±3.79	 -	 12.03±1.45	 -	 28.43±3.15	 -
	 K	 6.85±1.28	 -	 51.59±1.76	 -	 11.55±1.06	 -	 29.17±1.75	 -
	 A	 24.12±3.14	 1c, 2a	 41.38±1.06	 1c, 2a	 11.24±0.30	 -	 22.46±3.24	 -
	 A+K	 43.36±11.03	 1c, 3c	 30.30±4.76	 1c, 2c, 3b	 8.83±0.90	 1c, 2a	 16.96±4.33	 1b, 2c

MDA‑MB‑468	 CTRL	 6.74±0.73	 -	 52.04±4.75	 -	 15.86±2.70	 -	 25.66±3.12	 -
	 K	 7.65±1.07	 -	 51.12±5.13	 -	 16.81±3.35	 -	 24.74±4.83	 -
	 A	 13.95±2.57	 -	 43.31±5.91	 -	 16.85±4.59	 -	 26.18±3.85	 -
	 A+K	 37.30±6.10	 1c, 3c	 34.18±2.60	 1c, 2b	 14.23±2.66	 -	 14.55±5.55	 1c, 3a

The percentage of cells in the sub‑G1, G0/G1, S and G2/M phases of the cell cycle was calculated using CellQuest Pro software. The data 
represent the mean of three independent experiments. The statistical significance of the effects obtained following treatment with compounds 
A and K, alone or in combination, was calculated vs. those obtained following treatment with (1) CTRL, (2) K and (3) A; aP<0.05; bP<0.01; 
cP<0.001. CTRL, culture medium; K, potassium; A, ascorbic acid; SD, standard deviation.
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of 10 mM, or with CTRL. Compared with CTRL, K treatment 
did not affect the cell cycle distribution in any of the cell lines 
evaluated (Table III). Compared with CTRL, treatment with 
10 mM A induced a significant increase in the percentage of cells 
in the sub‑G1 phase of the cell cycle in all the cell lines tested 
(P<0.001), except in T47‑D and MDA‑MB‑468. This effect was 
associated with a significant decrease in the percentage of cells 
in G0/G1, S and G2/M phases in MDA‑MB‑231 (P<0.001), 
while a significant decrease in the percentage of cells in the 
G2/M phase was observed in MCF‑7 cells (P<0.001). Treat-
ment with A+K significantly increased the percentage of cells 
in the sub‑G1 phase in MCF‑7, MDA‑MB‑231, MDA‑MB‑453 
and MDA‑MB‑468 cells, compared with treatment with A 
alone (P<0.001).

In particular, the apoptotic rate obtained with the combined 
treatment was 1.87, 1.46, 1.33, 1.80 and 2.67 times higher than 
that obtained following treatment with A in MCF‑7, T47‑D, 
MDA‑MB‑231, MDA‑MB‑453 and MDA‑MB‑468 cells, 
respectively.

In addition, a significant decrease in the percentage of 
MCF‑7 cells in S and G2/M phases was observed following 
treatment with A+K, compared with A alone (P<0.01). Treat-
ment with A+K reduced the percentage of MDA‑MB‑231 
cells in G0/G1 (P<0.01), S  (P<0.01) and G2/M (P<0.05) 
phases, compared with A. Treatment with A+K resulted in a 
significant decrease in the percentage of cells in G0/G1 phase, 
compared with treatment with A, in MDA‑MB‑453 (P<0.01) 

and MDA‑MB‑468 (P<0.05) cells. Overall, these results 
indicated an heterogeneous response of different cell lines to 
treatment with A and/or K, with the maximum effect achieved 
following combined treatment with A and K.

Effect of K and A, alone or in combination, on signaling proteins 
associated with apoptosis. The expression levels of signaling 
proteins associated with apoptosis were investigated by western 
blotting in MCF‑7, MDA‑MB‑231 and MDA‑MD‑435 cells 
treated for 24 h with 10 mM A and K, alone or in combination. 
A representative experiment is illustrated in Fig. 2.

Treatment with A alone (P=0.0028), and in combina-
tion with K (P=0.0025) increased the Bax/Bcl‑2 ratio (R*), 
compared with CTRL, in MCF‑7 cells. Notably, A+K induced 
the appearance of the 18  kDa Bax isoform (Bax‑p18) in 
MCF‑7 cells, which is known to be a more potent inducer of 
apoptotic cell death than the full‑length Bax‑p21 (41). Bcl‑2 
was not detected in MDA‑MB‑231 cells; thus, only the expres-
sion of Bax following treatment with A and/or K vs. CTRL 
was evaluated. Treatment with A decreased Bax expression 
in MDA‑MB‑231 cells, compared with CTRL (R=0.82 vs. 
R=1.00, P=0.0017). Conversely, in this cell line, treatment with 
K increased Bax expression, and A+K combination was more 
effective than A (R=1.11 vs. R=0.82; P=0.0015).

To further corroborate that the effect of the aforementioned 
compounds on the increased number of cells in the sub‑G1 
phase of the cell cycle was due to the induction of apoptosis, 

Figure 2. Effect of A and K, alone or in combination, on signaling proteins associated with apoptosis. The expression levels of Bax, Bax-p18 (molecular weight, 
18 kDa), Bcl‑2, cleaved PARP‑1 and p53 were assessed by western blotting in MCF‑7 and MDA‑MB‑231 cells treated for 24 h with 10 mM A and K, alone or 
in combination, or with CTRL. Actin was used as an internal control. The intensity of the bands obtained in two independent experiments was quantified using 
ImageJ software following blot scanning. R* represents the densitometry ratios between the expression levels of Bax and Bcl‑2 or between the levels of cleaved 
vs. full‑length PARP‑1. R** represents the increase in the expression levels of Bax following treatment with A and/or K respect to CTRL, or the decrease in the 
expression levels of full‑length PARP‑1 following treatment with A and/or K, compared with CTRL. The expression levels of p53 vs. actin are also reported. 
The faint higher molecular weight products observed with the anti-actin antibody and the lower molecular weight product observed with the anti-p53 antibody 
may be due to non-specific antibody reactions in these cell lines. CTRL, culture medium; K, potassium; A, ascorbic acid; Bcl‑2, B‑cell lymphoma‑2; Bax, 
Bcl‑2‑associated X protein; PARP‑1, poly(adenosine diphosphate‑ribose) polymerase‑1.
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the cleavage of PARP‑1 was analyzed by western blotting. As 
represented in Fig. 2, treatment with A, alone or in combina-
tion with K, resulted in considerable proteolytic cleavage of 
PARP‑1 or in decreased expression of full‑length PARP‑1, 
compared with CTRL, in MCF‑7 cells. A+K was the most 
effective treatment in activating the degradation of PARP‑1, 
compared with CTRL (R=1.20 vs. R=0.30, P=0.0045) and 
A (R=1.20  vs. R=0.57, P=0.0072). Decreased expression 
of PARP‑1, possibly due to degradation of the protein, was 
observed in MDA‑MB‑231 cells following treatment with A, 
alone or in combination with K. Treatment with K alone did 
not decrease the expression of PARP‑1 or induced its degrada-
tion.

To determine whether the apoptosis induced by A in MCF‑7 
and MDA‑MB‑231 cells was p53‑dependent, the expression 
levels of p53 were analyzed. A (R=0.60) and A+K (R=0.57) 
reduced the expression of p53 in MCF‑7 cells, compared with 
CTRL (R=0.90, P<0.01) and K (R=1.51, P<0.001). In addition, 
K and A increased p53 expression in MDA‑MB‑231 cells, 
compared with CTRL (R=0.41 vs. R=0.31, P=0.014 and 
R=1.02 vs. R=0.31, P=0.001, respectively). However, the 
combination of the two compounds was less effective than 
treatment with A alone in increasing the expression of p53 
(R=0.76 vs. R=1.02, P=0.014).

Effect of K and A, alone or in combination, on ERK1/ERK2 
and NF‑κB signaling proteins. The effect of A and K on ERK 
phosphorylation was investigated. The expression levels of 
p‑ERK1 and p‑ERK2 were compared with those of total 
ERK. The results are presented in Fig. 3. The expression of 
ERK was not altered following different treatments in any 
of the cell lines assessed. K increased the phosphorylation 
of ERK2 in MCF‑7 cells. However, when A was adminis-
tered in combination with K, it was able to counteract the 
phosphorylation of ERK1/ERK2 observed upon treatment 

with A or K alone (R=0.28 vs. R=0.93, P=0.0008 for K and 
R=0.28 vs. R=0.96, P=0.0005 for A, in the case of ERK1; and 
R=0.26 vs. R=1.01, P=0.0001 for K and R=0.26 vs. R=0.84, 
P=0.0004 for A, in the case of ERK2). Similarly, while A did 
not affect ERK1/ERK2 phosphorylation, K increased ERK1 
and ERK2 phosphorylation, compared with CTRL (R=0.34 
vs. R=0.18, P=0.024 for ERK1 and R=0.78 vs. R=0.32, 
P=0.006 for ERK2) in MDA‑MB‑231 cells.

Next, the effect of A and K, alone or in combination, on 
NF‑κB expression was investigated. Treatment with K, A and 
A+K inhibited NF‑κB expression, compared with CTRL, in 
all cell lines (P=0.0017 for K, P=0.0017 for A and P=0.016 
for A+K in MCF‑7 cells; P=0.0084 for K, P=0.0015 for A and 
P=0.001 for A+K in MDA‑MB‑231 cells). A+K inhibited the 
expression of NF‑κB in MDA‑MB‑231 cells, compared with 
A or K alone (A+K vs. K, R=0.61 vs. 0.91, P=0.0014; A+K 
vs. A, R=0.61 vs. 0.69, P=0.008).

Discussion

The use of A as an anti‑cancer agent has been extensively 
analyzed during the last 50 years (1,2). Previous epidemio-
logical studies have demonstrated the preventive effect of A 
in several human tumors when A was ingested through the 
diet (1,2). The intake of A in the diet was associated with lower 
mortality and lower incidence of numerous human malignan-
cies, including cancer of the esophagus, oral cavity, stomach, 
pancreas, cervix, rectum, breast and lung (1,2).

A possesses both pro‑oxidant and anti‑oxidant proper-
ties (42-50). Although the preventive anti‑cancer effect of A 
results from its anti‑oxidant properties (42), previous in vitro 
studies and mouse models have demonstrated that A is able to 
inhibit cell proliferation in various types of cancer due to its ability 
to induce the production of H2O2 (43‑49) without being toxic to 
non‑cancerous cells (43,50). A also possesses anti‑metastatic (51), 

Figure 3. Effect of treatment with A and K, alone or in combination, on pro‑survival signaling proteins. Western blotting was performed on MCF‑7 and 
MDA‑MB‑231 cells treated with A or K, alone or in combination, for 24 h. The levels of phosphorylated ERK1/ERK2 were compared with the total protein 
levels of ERK, and the ratio values are reported. Quantitative densitometric analysis of the expression levels of nuclear factor‑κB, compared with the levels 
of actin, is provided. The faint higher molecular weight product observed with the NF-κB antibody in the MDA-MB-231 cells may be due to non-specific 
reactions in this cell line. CTRL, culture medium; K, potassium; A, ascorbic acid; ERK, extracellular signal‑regulated kinase; p, phosphorylated; NF‑κB, 
nuclear factor‑κB.
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anti‑angiogenic (42) and immuno‑stimulatory properties (52). 
In addition, previous epidemiological studies have confirmed 
that A in combination with chemotherapy or radiation does 
not cause side effects in patients with breast cancer (53), and 
is able to extend survival  (54) and improve the quality of 
life (55) of cancer patients.

Similarly, it has been previously demonstrated that K is 
both an anti‑apoptotic and a pro‑apoptotic agent (13,14), as 
well as a regulator of cell proliferation (15‑17). The intracel-
lular homeostasis of Na+ and K+ is disregulated in cancer 
cells (27). This is due to an alteration in the expression and 
activity of Na+/K+ ATPase in tumor cells, which modifies 
the active transport of Na+ and K+, leading to a diffusion 
of intracellular K+ outside the membrane and a consequent 
increase of the intracellular levels of Na+ (27,56,57). This 
mechanism causes the release of calcium from its intracel-
lular deposits and a simultaneous increase in glucose uptake, 
thus enhancing mitogenic stimulation (27,56,57). It has been 
previously demonstrated that the administration of K ascor-
bate produced anticancer effects in vitro (30,58), possibly due 
to the carrier properties of A, which allows a rapid diffusion 
of K into the cells, leading to the inhibition of tumor cell 
proliferation (27,30).

The results of the present study confirm that A exerts an 
inhibitory effect on the survival of various breast cancer cell 
lines. K alone exhibited an inhibitory effect only at the highest 
concentration tested and following 48‑h incubation in MCF‑7 
cells. The effect of A was dose‑ and time‑dependent in all the 
cell lines evaluated, with the exception of MDA‑MB‑231. K 
ascorbate (formed by combining A+K) significantly increased 
the apoptotic rate of all cell lines, with the exception of 
MDA‑MB‑468, whose apoptotic rate did not significantly 
differ from that of cells treated with A. The combination of 
A+K resulted in a synergistic effect in MDA‑MB‑231 and 
MDA‑MB‑453 cells at 10‑15 mM concentration (P<0.01), and 
in MCF‑7 and T47‑D cells at 10 mM concentration (P<0.001), 
following 72‑h incubation.

The results of FACS analysis further supported a synergic 
effect of A+K, since treatment with A+K significantly 
increased the percentage of cells in the sub‑G1 phase of the 
cell cycle, compared with A alone, in MCF‑7, MDA‑MB‑231, 
MDA‑MB‑453 and MDA‑MB‑468 cells (P<0.001). The 
increase in the apoptotic rate observed upon treatment with 
A+K indicated an anti‑tumoral effect of the compound K in 
the majority of the cell lines tested. A+K was the most effective 
treatment in activating the degradation of PARP‑1, compared 
with CTRL and A alone, thus corroborating the activation of 
apoptosis caused by A+K. The mechanisms responsible for the 
markedly positive but heterogeneous effects observed in the 
different cell lines analyzed in the present study, coupled with 
the variable results obtained upon different exposure times, 
require further investigation, possibly by evaluating the effect 
of the aforementioned treatments at longer times. A possible 
explanation for the heterogeneous effect of the compounds A 
and K on the different cell lines tested in the present study 
may be the intrinsic biological characteristics of the breast 
cancer cell lines used, since all cell lines, with the exception 
of MCF‑7, exhibit a mutated p53 (59), while MCF‑7 and T47‑D 
cell lines are positive for estrogen and progesterone receptors, 
whereas MDA‑MB‑453 overexpresses ErbB2 (60).

Another potential explanation for the heterogeneous effect 
observed in different breast cancer cell lines upon treatment 
with A and K in the present study may be the cell length 
and conformation of telomeres, which may be affected by the 
concentration of K+ in the different cell lines tested (61). In 
healthy cells, each cell replication results in 50‑200 bp loss of 
the telomere (62). When a critical shortening of the telomeric 
DNA is reached, the cell undergoes apoptosis (62). Telomeres 
of cancer cells do not shorten following replication, due to 
the activation of a reverse transcriptase telomerase, which 
is activated in 80‑85% of human cancer cells and extends 
the telomeric sequence at the chromosome ends (63). G‑rich 
telomeres may fold into G‑quadruplexes, which are DNA 
secondary structures consisting of stacked G‑tetrad planes 
connected by a network of Hoogsteen hydrogen bonds and 
stabilized by monovalent cations such as Na+ and K+ (64). 
The formation of G‑quadruplexes by single‑stranded human 
telomeric DNA inhibits the activity of the aforementioned 
reverse transcriptase telomerase (64). Compounds that stabi-
lize the intramolecular DNA G‑quadruplexes formed in the 
human telomeric sequence have been demonstrated to inhibit 
the activity of this telomerase, thus disrupting the capping 
and maintenance of the telomeres. Therefore, intramolecular 
human telomeric DNA G‑quadruplexes are considered an 
attractive target for cancer therapeutic intervention (65‑67). 
G‑quadruplexes may adopt different shapes depending on the 
type of mineral content that they are exposed to (23). The K+ 
structure of G‑quadruplexes is considered to be biologically 
more relevant than Na+ structure, due to the higher physi-
ological intracellular concentration of K+ (68‑71). Previous 
studies have revealed that hybrid‑type intramolecular 
G‑quadruplexes appear to be the predominant conforma-
tion formed in human telomeric sequences in solution in 
the presence of K+   (72,73). It has been reported that the 
increase of K+ transported into the cells alters the shape of 
G‑quadruplexes (30). Therefore, the time‑dependent effect 
observed in the present study upon treatment with A and K 
may reflect the time required for G‑quadruplexes in tumor 
cells to shift from the Na+ to the K+ form. This would allow 
the generation of reactive oxygen species leading to oxidative 
DNA damage (74).

Overall, the present results indicated that K potentiated 
the anti‑tumor effects of A in certain breast cancer cell lines. 
However, further in vitro and in vivo analyses are required 
to understand the mechanisms of action of K ascorbate, a 
natural compound with promising potential as an anti‑cancer 
drug.
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