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A B S T R A C T   

Triple-negative breast cancer is the most aggressive subtype of breast cancer, with worse clinical evolution and 
tumor-free survival, leading to the need to develop new effective therapies for its control. The present study 
evaluated the action of tumor-penetrating peptide BR2 associated with 2-aminoethyl dihydrogen phosphate (2- 
AEH2P) on triple-negative breast tumor cells. Cell viability was evaluated by the MTT colorimetric method, 
mitochondrial electrical potential, and proteins involved in cell proliferation and death control were evaluated 
by flow cytometry and structural and morphological analysis by confocal microscopy. The results obtained 
showed that the peptide BR2 and the association 2-AEH2P + BR2 promoted significant cytotoxicity in tumor 
lines, compared to 2-AEH2P alone. In addition, the association 2-AEH2P + BR2 promoted tumor cells arrest in the 
G0/G1 phases. Interestingly, both treatments modulated the expression of markers CD44, CD34, CD24, cyclin 
D1, and Bcl-2, increased p21, Bax, and released cytochrome c. The association proved to be more effective, 
providing modulation of proteins involved in cell death and senescence, more pronounced cytotoxicity for tumor 
cells compared to normal cells, and the reduction of markers related to aggressiveness profile, progression, and 
tumor metastasis.   

1. Introduction 

Cancer is the main public health problem in the world and is already 
among the four main causes of premature death in most countries [1]. 
Breast cancer is the most recurrent neoplasm among women worldwide 
[1,2]. The triple-negative subtype (TNBC) is an aggressive, highly 
invasive cancer that accounts for about 15% of all breast cancers [3]. 
Compared with other subtypes, the survival time of patients with TNBC 
is shorter and the mortality rate is 40% in the first 5 years after diag
nosis, with a recurrence rate of 25% after surgery [4–6]. 

Nano molecules have shown promise for specific target therapies, 
offering solutions for the treatment of numerous diseases. These 

molecules’ greater efficacy and safety are due to their unique charac
teristics, allowing the incorporation of several support components, 
facilitating their solubilization, protection against degradation, and 
sustained release of numerous drugs, thus improving the balance be
tween their effectiveness and systemic toxicity [7,8]. 

The synthetic peptide BR2 is a non-specific tumor-penetrating de
rivative of the peptide buforin II (21 amino acid residue α-helical with 
complete sequence identity to the N-terminal region of histone H2A), 
showing high tumor cells specificity, with membrane translocation ef
ficiency four to six times higher in tumor cells compared to normal cells 
[9]. BR2 cellular uptakes rely on a unique mechanism that does not 
involve membrane lysis but rather an endocytic transport, binding to the 
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neuropilin-1 receptor and activating the transport pathway [10–13]. 
2-aminoethyl dihydrogen phosphate (2-AEH2P) is a lipid mono

phosphoester involved in membrane turnover, being a precursor in the 
synthesis of several membrane phospholipids. Its antiproliferative and 
pro-apoptotic effect has been evidenced in several tumor cell lines, such 
as triple-negative human breast cancer cells (MDA MB-231) [14], 
human breast adenocarcinoma (MCF-7) [15], chronic myeloid leukemia 
(K562 e K562 Lucena MDR+) [16], hepatocellular carcinoma (Hep
a1c1c7) [17] and melanoma (B16-F10) [18,19]. Furthermore, 2-AEH2P 
induces apoptosis of immature cells in the spleen, and the liver in an in 
vivo model of RAR+ acute myeloid leukemia [18]. 

Considering the limiting factors of the therapies offered for the 
treatment of triple-negative breast cancer, the development of new 
drugs that present less systemic and tissue toxicity with a better response 
to treatment is essential. The objective of this work was to evaluate the 
effect of the BR2 peptide associated with 2-AEH2P on human (MDA MB- 
231) and murine (4T1) triple breast cancer cells. 

2. Materials and methods 

2.1. Solid-phase peptide synthesis (SPPS), purification, and analysis 

The peptides were synthesized on a peptide synthesizer (PS3-Sync 
Technologies) using solid-phase peptide syntheses, fluoromethylox
ycarbonyl (Fmoc) strategy, and Rink Amide resin (substitution degree of 
0.52 mmol g− 1).17 After synthetic steps, the dry peptidyl resins were 
deprotected by TFA/anisole/water solution, as detailed by Torres et al. 
[20]. The crude peptides were precipitated with anhydrous diethyl 
ether, extracted with 60% acetonitrile in water, and lyophilized. Then, 
all peptides were purified by semipreparative reverse-phase high-
performance liquid chromatography (RP-HPLC) on a Delta Prep 600 
(Waters Associates), and the selected fractions containing the purified 
peptides were pooled and lyophilized. The purified peptides were 
characterized by liquid-chromatography electrospray-ionization mass 
spectrometry (LC/ESI-MS) using a Model 6130 Infinity mass spectrom
eter coupled to a Model 1260 HPLC system (Agilent), according to 
Torres et al. [20]. After the purification process, had been obtained an 
aqueous solution of the purified peptide. To obtain a solid material, the 
peptide solution was firstly cooled down to − 20 ◦C and then connected 
to the freeze-dryer Christ Alpha 2–4 LD plus (Serie 17937), at − 90 ◦C 
and a pressure low of 0.01 mbar for 2–3 days, until the complete water 
sublimation. 

HELIQUEST calculates the physicochemical properties and amino 
acid composition of an α-helix to identify protein segments that have 
similar characteristics. The analysis module displays for each generated 
segment a table with net charge z (at pH = 7.4), average hydrophobicity 
<H> and hydrophobic moment < μH> calculated with a standard hy
drophobicity scale, as well as statistics on its composition. Net charge (z) 
is the net positive charge experienced by an electron in a multi-electron 
atom. Mean hydrophobicity <H> is a property exhibited by solids to 
repel water. Hydrophobic moment < μH> is the vector sum of the hy
drophobicity values of each residue present in the polypeptide sequence. 

2.2. Cell culture 

The cell lines cultures were as follows, triple-negative MDA MB-231 
human breast cancer (ATCC® CRM-HTB-26), murine breast cancer 4T1 
(ATCC® CRL-2539), normal human endothelium HUVEC (ATCC® CRL- 
1730), and normal human fibroblast FN1. The cell lines were grown in 
RPMI-1640 medium (LGC Biotecnologia, Cotia, SP, Brazil), except the 
MDA MB-231 line that was grown in Leibovitz medium (LGC Bio
tecnologia, Cotia, SP, Brazil). The media was supplemented with 2 mM 
L-glutamine (Cultilab, Campinas, SP, Brazil), 10 mM HEPES (Cultilab, 
Campinas, SP, Brazil), 24 mM sodium bicarbonate, 0.01% antibiotics, 
and 10% fetal bovine serum (FBS) (Cultilab, Campinas, SP, Brazil). The 
cells were cultivated in a 5% CO2 atmosphere at 37 ◦C. A viability 

assessment was performed using the Trypan Blue exclusion test, pro
ceeding when cell viability was over 94%. 

2.3. MTT cytotoxicity assay 

Tumor and normal cells were incubated in 96-well plates at 1×105 

cells/mL for 24 h and 48 h and treated with the BR2 peptide, 2-AEH2P, 
and the combination of 2-AEH2P + BR2 in different concentrations. The 
treatment with the association was based on the fixed concentration of 
2-AEH2P and varied concentrations of the BR2 peptide. The IC50 values 
obtained for each cell were considered, being fixed to half of the IC50 
value of 2-AEH2P per well and the BR2 peptide in different concentra
tions. After 24 h and 48 h of treatment, the supernatant was aspirated 
and 100 µL of 5 mg/mL MTT (Calbiochem – Darmstadt, Germany) was 
added, the cells were incubated for 3 h in an atmosphere containing 5% 
CO2 at 37 ◦C. Subsequently, the content was removed and 100 µL of 
methanol was added to dissolve the formazan crystals. The absorbance 
at 540 nm was then assessed using a microplate reader. 

The IC50 values are obtained from the GraphPad Prism 5 program. 
After establishing the values of the “X” and “Y” axes, the data is 
normalized to a percentage (100%), the concentration values are con
verted into log values, then a linear regression, to open the "Dose- 
Response - Inhibition" equations tab and choose "log (inhibitor) vs. 
response, at the bottom of the dialog, select the option for "Interpolate 
unknowns from standard curve", ends and the IC50 values are obtained. 

2.4. Analysis of cell cycle phases and fragmented DNA by flow cytometry 

The cells were subjected to treatments for a period of 24 h. The 
treated and control cells were trypsinized and centrifuged at 1200 rpm 
for 5 min. Then, the pellet was resuspended in a solution of 70% alcohol 
and RNAse alcohol and stored at − 20ºC for 24 h. The samples were 
centrifuged at 1500 rpm for 10 min and resuspended in 200 µL of FACS 
buffer, 20 µL of Triton X-100 (Sigma-Aldrich), and 50 µg/mL of propi
dium iodide (Sigma- Aldrich), maintained for 30 min at room temper
ature while protected from light. The samples were then transferred to 
cytometry tubes and taken for analysis on a FACScanto (BD) flow cy
tometer at FLH-1 fluorescence intensity by the number of events (10.000 
events) and the histograms acquired and analyzed by the software Cell- 
Quest - BD. 

2.5. Evaluation of cell markers expression by flow cytometry 

Control or treated MDA MB-231 (105 cells/mL) was incubated for 1 h 
at 4 ºC, with 1 μg of specific antibody conjugated to phycoerythrin. 
Several markers involved in cell death, regulators of cell cycle pro
gression, adhesion, and angiogenesis were used, such as BAX, BCL-2, 
Cyclin D1, Cytochrome C, P21, CD44, CD34, CD24, and PCNA, conju
gated in phycoerythrin-PE. After the cells were centrifuged at 1500 rpm 
and washed with cold PBS, the supernatant was discarded and the pellet 
was resuspended in 200 µL of FACS buffer containing 0.1% para
formaldehyde. The reading and analysis of the expression of receptors 
on the surface of tumor cells were performed in a flow cytometer 
FACScanto (BD) at fluorescence intensity FL1-H by the number of events 
(10.000 events) and the DotPlots acquired and analyzed by the program 
Cell-Quest- BD. 

2.6. Analysis of mitochondrial electrical potential by flow cytometry 

Control or treated tumor cell were centrifuged at 1500 rpm for 10 
min, the supernatant was discarded and 5 µL of Rhodamine-123 (5 mg/ 
mL diluted in ethanol) was added (Molecular Probes, USA). Then, the 
samples were incubated in 5% CO2 at 37ºC for 30 min. Afterward, the 
tubes were centrifuged, the supernatant was discarded, and the pellet 
was resuspended in 100 µL of FACS Flow buffer. The reading and 
analysis of Rhodamine-123 staining on cells were performed in a 
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FACScanto flow cytometer (BD) at FL1-H fluorescence intensity per 
number of events (10.000 events) and the histograms were acquired and 
analyzed by the Cell-Quest - BD software. 

2.7. Morphological evaluation by laser confocal microscopy 

Tumor and normal cells were grown in 24-well plates containing 
round coverslips with respectively RPMI and Leibovitz medium sup
plemented with 10% FBS and incubated with 5% CO2 at 37ºC for 24 h. 
The samples from the control and treated groups were subjected to the 
culture media removal process and washed with RPMI medium. 200 
nML− 1 of MitoRed (Sigma-Aldrich, USA) was then added and the cells 
were incubated for 1 h in the dark at 37º C. Following incubation, the 
cells were washed with PBS, incubated with MitoRed, and fixed with 4% 
paraformaldehyde for 30 min. The cells were then washed with PBS and 
incubated. 100 µL of phalloidin (Sigma-Aldrich, USA) for 1 h in the dark 
at room temperature. The excess phalloidin was removed and the cells 
were washed with a culture medium. The coverslips were placed on 
slides for observation in the Confocal Laser fluorescence microscope 
(Fluoview ™ 300) and the images were documented and analyzed. 

2.8. SynergyFinder 2.0 analysis of multiple drug combinations 

To determine the potential synergy of the drug, a matrix study was 
performed with the BR2 peptide and the 2-AEH2P. The combination 
matrix was tested on two cell lines: MDA MB-231 and 4T1. Synergy
Finder 2.0 software quantified the degree of synergy as the excess over 
the multiplicative effect of single drugs as if they acted independently 
(Bliss), the following higher-order formulations were used to quantify 
drug combination (S) synergy for the multiple drug combination effect 

measured between 2 drugs: 

SBLISS = EA,B − (EA + EB)

SynergyScore =
− 10g(p)
log(0.05)

×
t
|t|

2.9. Statistical analysis 

All values obtained from the different cell lines were expressed as 
mean ± standard deviation. After obtaining the individual values of 
each cell line, treated and controlled, the results were tabulated and 
analyzed using the software Graphpad, Version 5.0, and Version 7.0. 
Data analysis was performed by comparing two or more groups with 
nonparametric distribution using analysis of variance (ANOVA), fol
lowed by the TUKEY-KRAMER multiple comparison tests, considering 
p ≤ 0.05 as the critical level for significance. 

3. Results 

3.1. Synthesis and purification of BR2 peptide 

The crude peptide was purified by semi-preparative RP-HPLC and 
analyzed by mass spectrometry (Fig. 1 A-B). The purified peptide had a 
purity > 97% (Fig. 1 C). The physical-chemical properties data were 
calculated using the Helquist Freeware software [21]. It was observed 
that the peptide has the characteristic of being amphipathic because it 
has a hydrophobicity <H> of 0.48 and a hydrophobic moment <μH> of 
0.4 after the sum of the charge of all the amino acids of the peptide. 
Characteristic that corroborates the presence of the α-helix present in 
the BR2 peptide. The observed net charge of + 6 evidences that the BR2 

Fig. 1. (a) Chromatogram; (b) Mass scan of BR2 in 17.899 min; m/z; (c) Degree of purity of the peptide; (d) physicochemical of the peptide obtained from the 
Heliquest Freeware program. 
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peptide is a cationic peptide, capable of interacting with electronegative 
regions of the tumor cell (Fig. 1 D). 

3.2. Determination of cytotoxic activity 

We next assayed the cytotoxicity effect of BR2 on the tumor breast 
cancer cells MDA MB-231 and 4T1 upon peptide, both 4T1 and MDA 
MB-231 cells showed loss of adhesion and changes in their morphology, 
such as cytoplasmic retraction, increased cytoplasmic volume, and cell 
fragmentation for all groups tested (Fig. 2 A). Dose-response analyses 
indicate that the IC50 values for 2-AEH2P-mediated cell death of the4T1 
tumor cells were 17.4 mM and 2.6 mM for 24 h and 48 h, respectively. 
The BR2 peptide and the association 2-AEH2P + BR2 inhibited cell 
viability in all tested concentrations, resulting in an IC50 for BR2 for the 
periods of 24 h and 48 h of 28 µM and 18 µM, respectively. Interestingly, 
the association 2-AEH2P + BR2 lowered the IC50 concentrations to 
17.5 µM and 10 µM (Fig. 2 B-D). Treatment of MDA MB-231 tumor cells 
with increasing doses of 2-AEH2P revealed IC50 values of 12 mM and 
6.5 mM for 24 h and 48 h, respectively, while IC50 values for the BR2 
peptide were 14 µM and 9.5 µM for 24 and 48 h. As witnessed for 4T1 
cells, the 2-AEH2P + BR2 association lowered the IC50 to 5.4 µM and 
3.3 µM for 24 and 48 h. (Fig. 2 B-D). 

Importantly, similar treatments of normal cells HUVEC and FN1 
showed low toxicity, although there were slight changes in their 
morphology (Supplementary Figure 1 A). 2-AEH2P did not induce sig
nificant cytotoxicity in HUVEC cells, with a calculated IC50 of 32 mM 
and 27 mM following 24 h and 48 h treatment. BR2 peptide promoted 
significant cytotoxicity at the highest concentrations tested, with IC50 of 
39 µM and 42 µM for treatments of 24 h and 48 h, respectively, whereas 
the association 2-AEH2P + BR2 exhibited an IC50 of 33.6 µM for a 24 h 
treatment and 33.3 µM for an 8 h treatment (Supplementary Figure 1 B). 
In normal FN1 cells, 2-AEH2P did not induce significant cytotoxicity, 
with an IC50 of 56 mM and 41 mM for 24 h and 48 h treatments, 
respectively. The peptide BR2 showed moderate activities against FN1 
cells, with IC50 values of 35 µM and 36 µM for 24 h and 48 h treatment. 
Finally, the IC50 values of the 2-AEH2P + BR2 association were 29.5 µM 
and 27 µM for 24 h and 48 h of treatment (Supplementary Figure 1 B). 

3.3. Cell cycle phases distribution analysis, fragmented DNA, and 
proliferation markers 

Treatment of the 4T1 tumor cell line with 2-AEH2P at 17 mM pro
moted a reduction in the G0/G1 phase and an increase in the S phase, 
with percentage values of 37.7 ± 3.2% and 37.3 ± 2.7% respectively, 
and an increase in fragmented DNA of 27.3 ± 2.6%. Treatment with the 
BR2 peptide at 28 µM caused a reduction in the G0/G1 phase (21.2 
± 2.1%), an increase in the S phase (65.4 ± 1.9%), and fragmented DNA 
(39.1 ± 0.9%). The association 2-AEH2P + BR2 reduced the G2/M 
phase (18.6 ± 1.9%) and increased the population of cells in the S phase 
(36.7 ± 2.2%) and fragmented DNA (11.7 ± 3.1%) at the highest tested 
concentration (Fig. 3 A). The treatment of tumor cells MDA MB-231 with 
12 mM of 2-AEH2P promoted an increase in the G0/G1 phase (75.1 
± 1.4%) and fragmented DNA (20.9 ± 1.7%), reduction in the S phase 
(16.6 ± 2.7%). Treatment with the BR2 peptide did not result in a sig
nificant difference in the distribution of the cell cycle whereas DNA 
fragmentation increased considerably (29.7 ± 2.5%). Treatment with 
the association 2-AEH2P + BR2 resulted in cell cycle phases alterations 
similar to that obtained with 2-AEH2P, with a significant increase in the 
G0/G1 phase (72.4 ± 1.4%) and fragmented DNA (36.6 ± 3.9%) and 
reduction of cells in the S phase (22.8 ± 0.5%) at the highest tested 
concentration (Fig. 3 B). 

A significant increase in p21 protein expression was observed after 
treatment of the MDA MB-231 cells with the BR2 peptide (67.1 ± 2.3%) 
and with the association 2-AEH2P + BR2 (68.2 ± 3.5%) (Fig. 3 C). In 
contrast, the expression of cyclin D1 protein decreased following all 
treatments: with a reduction of 45.7 ± 0.3% upon 2-AEH2P exposure, 

41.1 ± 0.2% with the BR2 peptide) and 41.9 ± 0.7% with the associa
tion 2-AEH2P + BR2 (Fig. 3 D). PCNA expression reduced significantly 
following treatments with the BR2 peptide (30.2 ± 1.0%) and 2- 
AEH2P + BR2 association (38.1 ± 1.2%) (Fig. 3 E). 

In HUVEC endothelial cells, treatment with 2-AEH2P at 17 mM 
promoted an increase in the G0/G1 phase (69.9 ± 3.1%) without 
changes in the other cell cycle phases. The treatment with BR2 peptide 
at 20 µM resulted in a reduction in the S phase (19.1 ± 1.1%) and cell 
arrest in the G2/M phase (14.4 ± 0.9%). The association 2- 
AEH2P + BR2 promoted an increase of cells in the G0/G1 phase (68.8 
± 1.2%) and a reduction of cells in the S phase (16.6 ± 0.5%) at the 
concentration of 20 µM. The treatments did not promote a considerable 
increase in fragmented DNA in the HUVEC endothelial cell (Supple
mentary figure 2 A). In normal human fibroblasts FN1 cells, treatment at 
the highest concentration of 2-AEH2P reduced the fraction of cells in the 
G0/G1 phase (35.8 ± 2.1%), increased cells in the S phase (38.5 
± 1.8%) and DNA fragmentation (16.3 ± 1.9%). Treatment with the 
BR2 peptide did not cause any significant changes in the tested con
centrations but increased the percentage of fragmented DNA (14.8 
± 0.8%). However, the association 2-AEH2P + BR2 promoted an in
crease of cells in the G0/G1 phase in all tested concentrations, with 
values of 36.8 ± 2.1%, 53.2 ± 1.1%, and 51.5 ± 0.6% for the concen
trations of 8 µM, 17 µM, and 35 µM of BR2 peptide and 28 mM of 2- 
AEH2P, respectively, whereas, at the highest concentration, the fraction 
of fragmented DNA was 19.4 ± 2.4% (Supplementary figure 2 B). 

3.4. Analysis of the electrical potential of the mitochondrial membrane 
(ΔΨm) 

The analysis of the mitochondrial electrical potential by flow 
cytometry showed that there was a reduction in the mitochondrial 
electrical potential of the 4T1 tumor cells upon exposure to the BR2 
peptide with a percentage value of 9.0 ± 1.21%, whereas 2-AEH2P 
promoted a reduction of 11.5 ± 2.8% and the association 2- 
AEH2P + BR2 promoted a reduction of 14.7 ± 1.25% (Fig. 4 A). MDA 
MB-231 tumor cells treated with BR2 peptide and 2-AEH2P exhibited a 
reduction in mitochondrial electrical potential of 28.3 ± 3.8and 18.9 
± 1.9%, respectively, and the association 2 -AEH2P + BR2 resulted in a 
reduction in mitochondrial electrical potential of 57.8 ± 2.9%. Of note, 
the control group had 9.3 ± 0.9% of non-viable mitochondria (Fig. 4 A). 

The mitochondrial electrical potential of the tumor cells was evalu
ated from the fluorescence intensity of the photomicrographs captured 
in a confocal microscope. There was a reduction in ΔΨm in 4T1 tumor 
cells, with values of 35 ± 3.7% (BR2), 50.7 ± 4.1% (2-AEH2P) and 89.6 
± 3.5% (2-AEH2P + BR2) (Fig. 4B). These treatments promoted similar 
changes in MDA MB-231 tumor cells to those observed in 4T1 tumor 
cells, with a reduction in the mitochondrial electrical potential for the 
BR2 peptide of 71.2 ± 2.1%, when treated with 2-AEH2P and associa
tion 2-AEH2P + BR2, the reduction in mitochondrial electrical potential 
values was 82.6 ± 1.1% and 87.6 ± 1.8% respectively (Fig. 4 B). 

Treatments of the normal HUVEC and FN1 cells at the IC50 con
centrations to that of MDA MB-231 tumor cells did not result in a sig
nificant reduction in ΔΨm (Supplementary Figure 3 A-B). HUVEC cells 
treated with IC50 concentrations corresponding to that of 4T1 tumor 
cells exhibited a reduction of ΔΨm of 37.2 ± 3.4% for the BR2 peptide, 
9.3 ± 0.9% for 2-AEH2P, and 41.4 ± 2.5% for the 2-AEH2P + BR2 as
sociation (Supplementary Figure 3 A). There was a reduction of ΔΨM for 
FN1 cells when treated with IC50 values of 4T1 tumor cells, with per
centage values of 36.6 ± 1.3% for treatment with BR2 peptide, 15.8 
± 2.5% for 2-AEH2P, and 42.4 ± 1.2% for the association 2- 
AEH2P + BR2 (Supplementary Figure 3 B). 

Corroborating the reduction of ΔΨM and already indicating the 
possible mechanism of action of the molecules and the association, flow 
cytometry analysis showed that there was a significant increase in the 
expression of Bax protein when treated with the BR2 peptide (67.1 
± 2.7%) and with the association 2-AEH2P + BR2 (66.4 ± 1.9%), with 
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Fig. 2. Determination of cytotoxicity in triple- 
negative human MDA MB-231 and murine 4T1 
breast cancer tumor cells by the MTT colori
metric method. Cells were treated with different 
concentrations of BR2 peptide, monophosphester 
2-AEH2P, and the association 2-AEH2P + BR2, 
for a period of 24 h and 48 h. (a) Photomicro
graphs of the morphological analysis of MDA 
MB-231 and 4T1 tumor cells treated in a 24 h 
period; (b) Line graph shows the correlation of 
the cytotoxic effect expressed as mean±SD of 
three independent experiments for tumor cells 
4T1 and MDA MB-231 in the period of 24 h and 
48 h; (c) The heatmap shows the correlation of 
the cytotoxic effect expressed as mean±SD of 
three independent experiments; (d) Table with 
IC50 values for murine MDA MB-231 and 4T1 
triple-negative human breast cancer tumor cells.   

L.G. de Sousa Cabral et al.                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 153 (2022) 113398

6

Fig. 3. Analysis of cell cycle phases in MDA MB-231 and murine 4T1 triple-negative human breast cancer tumor cells. The cells were treated with the peptide BR2, 
the monophosphoester 2-AEH2P, and the association 2-AEH2P + BR2, at IC50, for a period of 24 h and 48 h. (a) Distribution profile of 4T1 tumor cells in cell cycle 
phases; (b) Distribution profile of MDA MB-231 tumor cells in cell cycle phases; (c) Expression of P21 in MDA MB-231 tumor cell; (d) Expression of Cyclin D1 in MDA 
MB-231 tumor cell; (e) Expression of PCNA in MDA MB-231 tumor cell. Bar graph expressed as mean±SD of three independent experiments. Representative his
tograms of the distribution of cells in the phases of the cell cycle. Representative Density Plots show the distribution of cell numbers with fluorescence intensity. 
Statistical differences were obtained by ANOVA and Tukey-Kramer multiple comparison test. *p < 0.05, * *p < 0.01 and * **p < 0.001. 
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Fig. 4. Analysis of mitochondrial electrical potential (ΔΨm) in MDA MB-231 and murine 4T1 triple-negative breast cancer tumor cells. The cells were treated with 
the peptide BR2, the monophosphoester 2-AEH2P, and the association 2-AEH2P + BR2 at IC50 values for a period of 24 h. (a) ΔΨm of 4T1 and MDA MB-231 tumor 
cells; (b) ΔΨm of 4T1 and MDA MB-231 tumor cells and total area, analyzed by ImageJ; (c) Expression of Bax, Bcl2, and Cytochrome C release in MDA MB-231 tumor 
cell. Bar and line graph showing ΔΨm expressed as mean±SD of three independent experiments. Representative histograms of the distribution of cells in the phases of 
the cell cycle. Representative Density Plots show the distribution of cell numbers with fluorescence intensity. Statistical differences were obtained by ANOVA and 
Tukey-Kramer multiple comparison tests. *p < 0.05, * *p < 0.01 and * **p < 0.001. 
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no significant changes for treatment with 2-AEH2P (Fig. 4 C). The 
expression of the anti-apoptotic protein Bcl-2 decreased significantly 
after treatment with 2-AEH2P (50.4 ± 0.8%), BR2 peptide (40.8 
± 0.8%) and 2-AEH2P + BR2 association (40.6 ± 0.5%) (Fig. 4 C). All 
treatments demonstrated induced apoptosis in this tumor lineage, 
mediating the release of cytochrome c to the cytoplasm, confirming the 
formation of mitochondrial membrane pores and consequent reduction 
of ΔΨM (Fig. 4 C). 

3.5. Morphological evaluation by laser confocal microscopy 

Confocal laser scanning microscopy examination of untreated cells 
revealed an intense marking of mitochondria with a granular appear
ance (red fluorescence), evenly distributed in the cytoplasm, and the 
cytoskeletal filaments well distributed, maintaining the original 
conformation of the cells (green fluorescence) (Fig. 5). Interestingly, 
treatments with either BR2, 2-AEH2P, or the association 2-AEH2P + BR2 
promoted important morphological changes in the structural arrange
ment of the cytoskeleton of breast tumor cells 4T1 and MDA MB-231, 
indicating apoptosis, such as reducing mitochondrial electrical poten
tial and redistributing mitochondria to the perinuclear region, and de
polarization and reorganization of the cytoskeleton in the pericellular 
region. 

Upon treatments, it was possible to observe in the tumor cells that 
cytoplasmic contraction resulted from depolarization and reorganiza
tion of the cytoskeleton filaments to the pericellular region. The active 
mitochondria were moved to the perinuclear region. With the associa
tion, extravasation of the cytoplasm into the extracellular environment 
was observed (Fig. 5). 

In human endothelial cells, HUVEC, and human fibroblast FN1 the 
treatments with the values of IC50 of that of the tumor cell MDA MB-231 
did not promote significant morphological changes, except for the 2- 
AEH2P + BR2 association, that provided depolarization of the cyto
skeleton in the FN1 cells (Supplementary Figure 4). When treated with 
the IC50 concentrations of 4T1 tumor cells, it was possible to observe 
important morphological changes. Indeed, HUVEC endothelial cells 
treated with the BR2 peptide the presence of more than one nucleus, 
characteristic of aberrant/catastrophic mitosis, in addition to the 
increased intracellular volume. The 2-AEH2P treatment and the 2- 
AEH2P + BR2 association presented depolarization of the cytoskeleton, 
promoting reorganization to the pericellular region and migration of the 
mitochondria to the perinuclear region (Supplementary figure 4). A 
similar cellular reorganization was observed in normal human fibroblast 
FN1 when treated with concentrations corresponding to the IC50 values 
of the 4T1 tumor cell (Supplementary Figure 4). 

3.6. Analysis of progression and metastasis markers 

Flow cytometric analysis of the markers involved in tumor progres
sion, invasiveness and metastasis showed that there was a reduction in 
the expression of the CD44 marker after treatment with 2-AEH2P (46.5 
± 0.7%), with the BR2 peptide (41 ± 2, 1%) and association 2- 
AEH2P + BR2 (45.2 ± 2.4%) (Fig. 6 A). CD24 expression decreased 
significantly with all treatments, with a decrease of 41.3 ± 1.6%, when 
cells were treated with 2-AEH2P, 38.4 ± 2.4%with the BR2 peptide 
treatment, and 32 ± 2.1% with the association 2-AEH2P + BR2 (Fig. 6 
B). When analyzing the expression of the CD34 marker, the only treat
ment that promoted a significant variation was with peptide BR2, pro
moting a reduction in the expression of the marker (Fig. 6 C). 

3.7. Analysis of the synergistic effect of the BR2 peptide and 2-AEH2P 
treatments 

The antagonistic effect is observed in the colored space between 
white and green (≤0), the additive effect and synergism are observed in 
the colored space between white and red (> 0 and <10 additive; > 10 

synergistic). The combinational activity of the BR2 peptide and 2-AEH2P 
was investigated in the tumor cells of MDA MB-231 and 4T1 using 
SynergyFinder 2.0 with the Bliss analysis model. The most significant 
synergy was observed for tumor cells MDA MB-231 when treated with 
the association 2-AEH2P + BR2, presenting a synergistic effect with a 
synergy score of 10.17 (Fig. 7 A). For 4T1 cells, the synergy score ob
tained was 5.97 (Bliss calculated), showing the additive effect of the 
molecules (Fig. 7 B). 

4. Discussions 

In this study, we analyzed the ability of the tumor penetrating pep
tide BR2 to potentiate the antitumor effects of 2-aminoethyl dihydrogen 
phosphate (2-AEH2P) in human and murine triple-negative breast can
cer tumor cells. Our results demonstrate a synergistic effect of the 2- 
AEH2P + BR2 combination compared to the compounds used sepa
rately, resulting in a dramatic reduction of their IC50 when associated. 
There was modulation of proteins involved in cell death and progres
sion, as well as depolarization and degradation of important intracel
lular structures such as the cytoskeleton and distribution of 
mitochondria, evidencing the ability of treatments to possibly modulate 
senescence pathways and selectively regulate cell death for this type of 
neoplasia. 

Cell-penetrating cationic peptides have antiproliferative properties 
with varied molecular targets, from the nucleus to mitochondria, 
modifying several intracellular structures and thus triggering regulated 
cell death with high selectivity for tumor cells [21–23]. Studies have 
shown that the BR2 peptide has antitumor potential, inducing cytotox
icity in several tumor strains, such as HepG2 (hepatocarcinoma); HeLa 
(human cervical cancer); MCF-7 (human breast adenocarcinoma); 
HCT116 (human colon cancer); B16-F10 (murine melanoma) [24–26]. 
One of the main hypothesis for the selective cytotoxicity of cationic 
peptides in tumor cells is that the membranes of tumor cells have greater 
electronegativity due to the high expression of anionic components, 
such as heparan sulfate, phosphatidylserine, and sialic acid [27]. The 
peptide used in this study showed greater selectivity for tumor cells due 
to its net charge of + 6, thus increasing its antitumor potential. 

2-Aminoethyl dihydrogen phosphate has been widely studied by our 
group and has broad antitumor potential and low systemic toxicity, 
inducing cytotoxicity in several tumor cell lines, such as EAT (Ehrlich’s 
ascitic tumor) and H292 cells (human lung carcinoma) [28]; B16F10 
cells (murine melanoma) [19]; MCF-7 cells (human breast adenocarci
noma) [15]; MB-231 MDA cells (human triple-negative breast cancer) 
[14]; Skmel-28 cells, Mewo (human melanoma) and Hepa1c1c7 cells 
(hepatocarcinoma) [17]; K562 and K562-Lucena (chronic myelogenous 
leukaemia-MDR +) [16]. 

In theory, the combination of drugs with different ways of action or 
different pharmacokinetic properties provides a better therapeutic 
response when using lower doses of each component than would be 
necessary for every single administration, with fewer serious adverse 
events [29,30]. The effect of combining the BR2 peptide and the 
2-AEH2P at lower concentrations was analyzed, showing greater toxicity 
for tumor cells, the data corroborate a possible additive effect for the 
tumor cell 4T1 and synergistic for cell tumor MDA MB-231, thus having 
its effects enhanced. Several studies have shown that tumor penetrating 
peptides potentiate the action of other molecules, in immunotherapy 
facilitating the permeabilization of these cells to the tumor microenvi
ronment and, directing drugs in target-specific therapies [31,32]. 

Metastasis is a complex process that involves invasion and homing 
and proliferation at the sites of metastasis [33]. It was observed by 
Sheridan et. al (2006) that the CD44+/CD24- phenotype is associated 
with an enhanced invasive capacity and elevated expression of genes 
involved in invasion in TNBC cells [34]. CD44 and CD24 have been 
shown to positively or negatively regulate breast cancer cell invasion 
and metastasis [35,36]. Yang et al. showed that blocking CD44 expres
sion prevents the formation of local and metastatic tumor nodules in the 
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Fig. 5. Photomicrographs of MDA MB-231 and murine 4T1 triple-negative human breast cancer tumor cells with red-stained mitochondria (MitoRED) and green- 
stained cytoskeleton (phalloidin), analyzed by laser confocal microscopy. Tumor cells treated with the peptide BR2, the monophosphoester 2-AEH2P, and the as
sociation 2-AEH2P + BR2 at IC50 values for a period of 24 h. 
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Fig. 6. Analysis of marker expression in MDA MB-231 human triple-negative breast cancer tumor cells. The expression of the markers was quantified by flow 
cytometry, after 24 h of treatment with the peptide BR2, the monophosphoester 2-AEH2P and the association 2-AEH2P + BR2 at IC50 values. (a) Expression of CD44; 
(b) Expression of CD34; (c) Expression of CD24. Bar graphs showing protein expression level as mean ± SD of three independent experiments. Representative Density 
Plots show the distribution of cell numbers with fluorescence intensity. Values are expressed as mean ± SD standard deviation of three independent experiments. 
Statistical differences were obtained by ANOVA and Tukey-Kramer multiple comparison tests. *p < 0.05, * *p < 0.01 and * **p < 0.001. 
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lungs of immunodeficient mice [37]. CD24 expression has been associ
ated with an adverse prognosis in ovarian cancer, non-small lung cancer 
cells, and prostate cancer [38]. Confirmation of this finding in breast 
cancer underscores the importance of CD24 in the disease progression of 
human carcinomas [38]. The present work evidences the reduction of 
these markers after the treatments, both when using the compounds 
separately and with the association, indicating the relevance of this 
strategy in the modulation of tumor aggressiveness, progression, and 
metastasis. 

The increase of P53, P21, of cells in the G0/G1 phase and reduction 
of Cyclin D1 in 2-AEH2P + BR2-treated cells may be an indication that 
the senescence pathway is being activated together with apoptosis. The 
ARF-P53 pathway is a crucial activator of this pathway, where the ARF 
protein stabilizes P53 levels by inactivating MDM2, enabling post- 
transcriptional activation of P21, inactivating CDKs, among them 
cyclin D1, causing proteins in the retinoblastoma to promote the cell 
cycle in G1 phase [39]. 

The mitochondrial cell death pathway is initiated by stress signals 

Fig. 7. Determination of the additive and synergistic effect of the association of BR2 peptide with monophosphoester 2-AEH2P on MDA MB-231 and murine 4T1 
triple-negative breast cancer tumor cells. (a) Bar graphs show additive or synergistic additivity for concentrations of molecules in 4T1 and MDA MB-231 tumor cells. 
The antagonistic effect is observed in the colored space between white and green (≤0), the additive effect and synergism are observed in the colored space between 
white and red (> 0 and <10 additive; > 10 synergistic). Color saturation is proportional to the magnitude of the difference between these values; (b) Table showing 
drug combination and synergy score for that combination. 
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through the release of apoptogenic factors such as cytochrome c, 
mediated by the reduction of the anti-apoptotic protein Bcl-2, promoting 
mitochondrial membrane permeabilization and cytochrome c release 
[40]. This release triggers caspase-3 activation through the formation of 
the apoptosome cytochrome c/Apaf-1/caspase-9 complex [41]. We can 
observe the reduction in the expression of important markers, directly 
related to cell death by intrinsic pathway, such as reduction of Bcl-2, 
increase of Bax and release of cytochrome c in the cytoplasm, which 
leads to believe that this pathway is active, and leads to the death of 
tumor cells. 

Additional studies should be conducted to elucidate the mechanism 
of action directly involved in the apoptotic and antiproliferative effect of 
the BR2 peptide, the 2- AEH2P, and their association. However, the data 
presented here demonstrate, effectively, the involvement of the death 
and senescence pathways, indicating that the association between the 
BR2 peptide and 2- AEH2P has a greater antitumor potential than the 
isolated molecules. 

5. Conclusions 

The BR2 peptide at concentrations of IC50 of breast tumor cells 
showed no significant hemolytic effect. The association of 2- 
AEH2P + BR2 promoted cytotoxicity in the studied tumor cell lines, in 
comparison with 2-AEH2P. Furthermore, the BR2 peptide caused an 
arrest in the S phase for the MDA MB-231 tumor cells and G0/G1 for the 
4T1 tumor cell, the association 2-AEH2P + BR2 caused an arrest in the 
G0/G1 phases for the 4T1 Cells. and MDA MB-231 tumor cells. MDA MB- 
231 tumor cells were more sensitive to all treatments, promoting 
changes in cell morphology, especially in mitochondria, which lose their 
integrity and reorganize themselves in the perinuclear region, increasing 
the percentage of cells with inactive mitochondria. The BR2 peptide and 
the association 2-AEH2P + BR2 were effective in inducing death in MDA 
MB-231 tumor cells, modulating the death and senescence pathways 
promoting: a decrease in cyclin D1 and Bcl-2 expression, p21 and Bax 
release of isolated cytochrome c on 2-AEH2P. The values obtained with 
the proliferation rate showed a considerable decrease in the proliferative 
response of tumor cells after treatments, validating the reduction in the 
expression of the PCNA marker. The reduction of CD44, CD34, and CD24 
markers related to the aggressiveness profile, progression, and tumor 
metastasis was evidenced. The result obtained in breast cancer cells 
demonstrates the pharmacological potential of treatments with cyto
toxic effects and control of tumor progression, obtaining IC50 values two 
to three times lower in normal cells. 
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