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Mitochondrion is an acceptedmolecular target in cancer treatment since it exhibits a higher transmembrane po-
tential in cancer cells, making it susceptible to be targeted by lipophilic-delocalized cations of triphenylphospho-
nium (TPP+). Thus, we evaluated five TPP+-linked decyl polyhydroxybenzoates as potential cytotoxic agents in
several human breast cancer cell lines that differ in estrogen receptor andHER2/neu expression, and inmetabolic
profile. Results showed that all cell lines tested were sensitive to the cytotoxic action of these compounds. The
mechanism underlying the cytotoxicity would be triggered by their weak uncoupling effect on the oxidative
phosphorylation system, while having a wider and safer therapeutic range than other uncouplers and a signifi-
cant lowering in transmembrane potential. Noteworthy, while the TPP+-derivatives alone led to almost negligi-
ble losses of ATP, when thesewere added in the presence of an AMP-activated protein kinase inhibitor, the levels
of ATP fell greatly. Overall, data presented suggest that decyl polyhydroxybenzoates-TPP+ and its derivatives
warrant future investigation as potential anti-tumor agents.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

According to the definition, a group of cells originated in the breast
tissue which acquire the ability to avoid growth-inhibiting signals,
spread and invade surrounding tissues and metastasizes to distant or-
gans of the body, is called breast cancer (BC) (Unknown, 2014). BC is
also a heterogeneous disease with cellular subtypes that have biological
distinctness, a different biological behavior, clinical risk factors, natural
histories, response to individualized therapy and prognosis. Although
a decrease in overall cancer death rates due to a combination of earlier
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ncer stem cells; ER, estrogen
man epidermal growth factor
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diagnosis and treatment improvement has been recorded, BC remains
a worldwide health problem (Gomes et al., 2015); indeed, approxi-
mately 70% of patients are inoperable because of an advanced tumor
growth or metastasis development (Gomes et al., 2015).

BC is classified into 5 subtypes using the expression of four markers
(estrogen receptor (ER), progesterone receptor (PR), human epidermal
growth factor receptor-2 (HER2/neu) and Ki-67: (a) luminal A (ER-and/
or PR-positive/HER2-negative/low Ki-67), (b) luminal B (ER-and/or PR-
positive/HER2-negative/high Ki-67), (c) HER2-positive luminal B (ER-
and/or PR-positive/HER2 overexpression/any Ki-67), (d) non-luminal
HER2-positive (ER and PR absent/HER2 overexpression), and (e)
triple negative breast cancer (TNBC) (ER and PR absent/HER2-
negative)(Unknown, 2010; Lamb et al., 2015).

TNBC is the most aggressive subtype, showing a higher rate of dis-
tant recurrence and a poorer prognosis than other BC subtypes. Studies
have shown that b30% patients with metastatic TNBCs survive up to
5 years and almost all die of this disease due to the absence of effective
treatments (Ayub et al., 2015). In order to decrease the incidence,
prevalence and worldwide breast cancer death, researchmust continue
to examine new targets that are able to block their growth; as well as
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to develop more effective chemotherapeutic agents against their
malignancy.

Since the last decade, a novel concept has emerged whereby desta-
bilization of mitochondria is a promising effective anti-cancer approach
(Fulda et al., 2010; Ralph et al., 2010; Neuzil et al., 2013). In addition to
compartmentalizing themetabolic pathways and physiological states of
the cell, mitochondria generate a large amount of cellular energy,
regulating both the cellular oxidation–reduction (redox) state and the
thermogenesis. This energy production is also responsible for an impor-
tant production of intra-mitochondrial superoxide anion, which is the
precursor for most of the cellular reactive oxygen species (ROS), such
as hydrogen peroxide, hydroxyl radical or peroxynitrite. It is now clear
that cancer cells are found in a restructured metabolic state with in-
creased glycolytic metabolism and continuous use of oxygen even
when it is at a very low concentration (close to hypoxia). However, it
has been found that ρo tumor cells, which show a depletion of the
mitochondrially-coded respiratory complexes with the consequent re-
duced OXPHOS activity, exhibit an impaired ability to grow and develop
metastasis and a dramatic reduction in tumorigenic potential; as well
as, being extremely sensitive to cytotoxic drugs (Viale et al., 2015). Elec-
tron flow through the respiratory chain process in tumor mitochondria
is fundamental, since tumor cells without mitochondrial DNA (mtDNA)
showed that tumor formation is associated with acquisition of mtDNA
from host cells (mitochondria thieves). This leads to a recovery of mito-
chondrial functions in cells derived from primary tumors grown from
cells without mtDNA; especially, cells from lung metastases exhibited
full restoration of respiratory function and no lag in tumor growth.
These findings suggest the existence of a horizontal transfer of mtDNA
from the host to tumor cells having a compromisedmitochondrial func-
tion, thus re-establishing respiration and tumor-initiating efficacy. The
latter implies the existence of pathophysiological processes to over-
comemtDNA damage and support the notion of a high plasticity of ma-
lignant cells (Tan et al., 2015; Maiuri and Kroemer, 2015; Villanueva,
2015). Consequently, we consider that tumors depend on the electron
flow through the respiratory chain and the consequent generation of
theΨm for the maintenance of their fully transformed phenotype.

A novel concept has emerged whereby destabilization of mitochon-
dria as a target is a promising anti-cancer approach (Fulda et al., 2010).
The term “mitocans” has been proposed, referring to molecules with
anticancer activity that induce apoptosis by destabilizing mitochondria
in cancer cells (Neuzil et al., 2013). Based on their mode of action,
mitocans include 8 groups, each comprising of agents with distinct
activities, resulting in mitochondrial destabilization and the ensuing
induction of the intrinsic apoptotic pathway. Mitocans spread their
anti-cancer effect viamitochondria; but many of them are hydrophobic
compounds that associate with a wide variety of sub-cellular structures
andwhose uptake by cancer cellsmay also present a limitation. The best
way of increasing their efficiency making them more efficient is to tar-
get them directly to mitochondria. We have therefore adapted the ap-
proach pioneered by Murphy and Smith (Murphy and Smith, 2007),
which consists of tagging antioxidants with the cationic triphenylphos-
phonium (TPP+) group. Such an approach increased the lipophilicity of
the compounds and targeted these directly to mitochondria, endowing
these molecules with enhanced mitochondrial-antioxidant activity
when compared to their parent compounds.

Previously,we added the TPP+ group to the aliphatic chain of several
alkyl-gallates, which are the family of antioxidant compounds most
commonly used in the processing of food for human consumption and
animal industry (Jara et al., 2014). Similarly, we added the TPP+ group
to several mono- and di-OH benzoate decyl ester derivatives. We have
also found that lipophilic and delocalized cations of alkyl-gallate deriv-
atives preferentially target mitochondria from cancer cell lines (Jara et
al., 2014; Frey et al., 2007). Such TPP+-derivatives proved to be superior
in killing mouse cancer cells, showing IC50 values that were 1 to 2
orders of magnitude lower than their respective non-conjugated esters.
In addition, TPP+-conjugates were proven to be considerably less
toxic to normal cells. We also found that triphenyl (10-((3,4,5-
trihydroxybenzoyl)oxy)decyl) phosphonium bromide (TPP+C10) in-
duced apoptosis by targeting the mitochondrial inner membrane,
resulting in a high oxygen consumption rate and a consequent decrease
inΨm and intracellular ATP levels (Jara et al., 2014). Thus, we identified
mitochondria as a novel target for anti-cancer activity.

Since the idea of addition of TPP+ to decyl-polyhydroxybenzoates
has been shown to enhance their activity while preserving cancer cell
selectivity (exemplified by C10TPP+), we have applied this approach
to several other drugs that would belong to a new class of
mitocompounds, i.e. agents that act by targeting themitochondrial elec-
tron transport chain (ETC), by weakly uncoupling the oxidative phos-
phorylation system (Lou et al., 2007). Thus, in the present work, we
studied the mitochondrially-targeted polyhydroxybenzoates (namely:
2-hydroxy-(SA-TPP+C10), 2,5-dihydroxy-(GA-TPP+C10), 2,3-dihy-
droxy-(PIA-TPP+C10), 3,4-dihydroxy-(PCA-TPP+C10) and 3,4,5-trihy-
droxy-benzoate (TPP+C10)), linked to a triphenylphosphonium
moiety (TPP+) through a ten carbon atom side chain. Their cytotoxic
potential against BC cell lines, and a putative mechanism underlying
the effect is presented. Results obtained show that the decyl-
polyhydroxybenzoates-TPP+ are cytotoxic for all tested breast cancer
cell lines, and that such cytotoxicity could be triggered by their ability
to weakly uncouple oxidative phosphorylation. The former event
could lead to a loss of mitochondrial potential and, in the long term,
to a mild decline in cellular ATP levels. Additionally, the decyl-
polyhydroxybenzoates-TPP+ were shown to inhibit the migratory abil-
ity of metastatic BC cells.

2. Materials and methods

2.1. General experimental procedures

The 1H nuclear magnetic resonance (NMR) spectra was recorded
using a Bruker Avance 400 spectrometer equipped with a Bruker in-
verse 5 mm Z gradient probe operating at 400.13 and 100.62 MHz, re-
spectively. All experiments were conducted at a probe temperature of
300 K using solutions in DMSO-d6 with tetramethylsilane (TMS) as an
internal standard. The chemical shifts are reported as δ (ppm) down-
field from TMS for 1H NMR (spectra shown in supplementary informa-
tion). Coupling constants (J) are presented in hertz. All compounds
meet the criteria of N95% purity, allowing them to show good in vitro
activity.

2.2. Synthesis of compounds

The synthesis of the decyl-polyhydroxybenzoates-TPP+ used in the
present study (Fig. 1K) was performed in two steps, according to the
procedure described in Jara et al. (2014). The first step consisted in
the synthesis of (10-hydroxydecyl)triphenylphosphonium bromide
performed as follows: a solution of 10-bromodecan-1-ol (277 mg,
1.16 mmol) in dry acetonitrile (100 mL) was treated with
triphenylphosphine (310 mg, 1.18 mmol), and the solution was
refluxed with stirring at 82 °C for 48 h. Finally, the solvent was
removed by a vacuum pump, and the crude product was subjected to
chromatography on silica gel (EtOAc, MeOH) to yield (10-
hydroxydecyl)triphenylphosphonium bromide as a colorless oil
(370 mg, 63%). 1H NMR (400 MHz, DMSO-d6): δ 1.01–1.51 (m, 18H,
CH2), 3.57 (t, J = 7.1 Hz, 2H, CH2), 7.73–7.91 (m, 15H, ArH). HRMS:
m/z 485.4312 (calculated for C27H33BrOP 485.4357).

The second step involved a Steglich esterification, using N,N-
dicyclohexylcarbodiimide (DCC) as reagent, 4-dimethylaminopyridine
(DMAP) as catalyst and N,N-dimethylformamide (DMF) as solvent.
Briefly, in an atmosphere of N2, a solution of each respective
hydroxybenzoic acid (1.3 mmol) in dry DMF (50 mL) was treated
with a solution of DCC (272 mg, 1.3 mmol) in dry DMF (30 mL). The
mixture was cooled down and kept at 0 °C, and a solution of (10-



Fig. 1. Structures and synthesis schedule of decyl-polyhydroxybenzoates-TPP+ and control molecules. The chemical structures of all the decyl-polyhydroxybenzoates-TPP+ and control
molecules used in the present study are depicted, together with the abbreviation used to differentiate them. Structures were obtained using the ChemDraw 9.0 software. (A) (10-((2-
hydroxybenzoyl)oxy)decyl)triphenylphosphonium bromide (SA-TPP+C10), (B) (10-((2,5-dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bromide (GA-TPP+C10), (C) (10-((2,3-
dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bromide (PIA-TPP+C10), (D) (10-((3,4-dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bromide (PCA-TPP+C10), (E)
triphenyl(10-((3,4,5-trihydroxybenzoyl)oxy)decyl)phosphonium bromide (TPP+C10), (F) decyl 2,5-dihydroxybenzoate (C10GA), (G) 10-hydroxydecyl 3,4-dihydroxybenzoate (OH
C10PCA), (H) decyltriphenylphosphonium bromide (C10 TPP+), (I) (10-(benzoyloxy)decyl)triphenylphosphonium bromide (BA-TPP+C10), (J) triphenylphosphine (PPh3). (K)
Synthesis schedule of decyl-polyhydroxybenzoates-TPP+.
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hydroxydecyl) triphenylphosphonium bromide (551 mg, 1.1 mmol) in
DMF (10 mL) and DMAP (in catalytic amounts) in DMF (5.0 mL) was
added. The reaction was stopped the following day, and any resulting
precipitate was removed by filtration. The solvent was then removed,
producing a residue that was subjected to chromatography on silica
gel (DCM, MeOH).

2.2.1. (10-((2-Hydroxybenzoyl)oxy)decyl)triphenylphosphonium bromide
(SA-TPP+C10). Clear yellow oil (41%). 1H NMR (400 MHz, DMSO-d6):
δ 1,13–1,45 (m, 18H, CH2), 3,35 (t, J = 6,5 Hz, 2H, CH2), 6,58–6,65 (m,
2H, ArH), 7,13 (t, J = 6,5 Hz, 1H, ArH), 7,73–7,83 (m, 16H, ArH).

2.2.2. (10-((2,5-Dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bro-
mide (GA-TPP+C10). Dark brown oil (70%). 1H NMR (400 MHz,
DMSO-d6): δ 1,10–1,50 (m, 18H, CH2), 3,34 (t, J = 6,5 Hz, 2H, CH2),
6,50 (d, J = 8,6 Hz, 1H, ArH), 6,68 (dd, J = 8,5 Hz, J = 2,7 Hz, 1H,
ArH), 7,20 (d, J = 2,5 Hz, 1H, ArH) 7,70–7,95 (m, 15H, ArH).

2.2.3. (10-((2,3-Dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bro-
mide (PIA-TPP+C10). Dark yellow oil (39%). 1H NMR (400 MHz,
DMSO-d6): δ 1,16–1,48 (m, 18H, CH2), 3,36 (t, J = 6,1 Hz, 2H, CH2),
6,37 (t, J = 7,6 Hz, 1H, ArH), 6,69 (d, J = 7,4 Hz, 1H, ArH), 7,16 (d,
J = 7,5 Hz, 1H, ArH), 7,72–7,92 (m, 15H, ArH).

2.2.4. (10-((3,4-Dihydroxybenzoyl)oxy)decyl)triphenylphosphonium bro-
mide (PCA-TPP+C10). Clear yellow oil (76%). 1H NMR (400 MHz,
DMSO-d6): δ 1,14–1,47 (m, 18H, CH2), 3,35 (t, J = 6,5 Hz, 2H, CH2),
6,74 (d, J = 8,2 Hz, 1H, ArH), 7,27 (d, J = 8,0 Hz, 1H, ArH), 7,35 (s, 1H,
ArH) 7,76–7,94 (m, 15H, ArH).
2.2.5. Triphenyl(10-((3,4,5-trihydroxybenzoyl)oxy)decyl)phosphonium
bromide (TPP+C10). Dark yellow oil (72%). 1H NMR (400 MHz,
DMSO-d6): δ 1,18–1,52 (m, 18H, CH2), 3,43 (t, J = 6,3 Hz, 2H, CH2),
7,72–7,92 (m, 17H, ArH).

2.3. Cell lines and cell culture

Human breast cancer cell lines MCF7 (ATCC® code HTB-22™, ER+-
HER2/neu−), AU565 (ATCC® code CRL-2351™, ER−-HER2/neu+), BT-
549 (ATCC® code HTB-122™, ER−-HER2/neu−), MDA-MB-361
(ATCC® code HTB-27™, ER+-HER2/neu+) and MDA-MB-231 (ATCC®
code HTB-26™, ER−-HER2/neu−), and the normal breast-epithelial
cell line MCF 10F (ATCC® code CRL-10318™), were all purchased
from ATCC (ATCC, Manassas, VA, USA). All cells were used within
6 months of their initial defrosting and cultured as instructed by ATCC.

2.4. Cellular viability

The evaluation of the effect of the molecules studied (0.1–100 μM)
on the viability of all five breast cancer cell lines was performed by
the MTT reduction assay (Detailed methodology is provided in S.I.).
IC50 values for each condition were calculated by interpolating in a
dose-response curve and are expressed as mean ± SEM. Additionally,
LDH release induced by C10GA, GA-TPP+C10 or C10TPP+ (10 and
20 μM) was measured in MCF7 and MDA-MB-231 cells using the LDH-
Cytotoxicity Assay Kit II (Abcam, Cambridge, UK; a detailedmethodology
is provided in S.I.). All values are expressed as percentage of LDH activity
relative to cells incubatedwith Cell Lysis solution (provided in the kit) for
24 h.
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2.5. Oxygen consumption

The effect on cellular oxygen consumption of the compounds stud-
ied (10, 20 and 50 μM) was determined in MCF7 and MDA-MB-231
cells by means of a Clark-type electrode (Yellow Springs Instruments,
Yellow Spring, OH, USA) as described in S.I. Results are expressed as
the ratio between the oxygen consumption rate (OCR) previously
inhibited by oligomycin and after the addition of the uncoupling agent
(CCCP or the studied compounds).

2.6. Mitochondrial superoxide anion levels

Superoxide anion production induced by all five decyl-
polyhydroxybenzoates-TPP+ (2.5–50 μM) was determined in MCF7
and MDA-MB-231 cells by flow cytometry (FACSAria®III, BD Biosci-
ences), using the fluorescent probe MitoSOX Red® as described in S.I.
Control corresponds to MitoSOX-loaded cells incubated only with PBS,
and results are expressed as percentage of relative fluorescence units
(RFU) over control.

2.7. Mitochondrial membrane potential

The effect of decyl-polyhydroxybenzoates-TPP+ (5, 10 and 20 μM)
on mitochondrial membrane potential (Ψm) was assessed in MCF7
and MDA-MB-231 cells by means of the fluorescent probe safranin-O
(Detailed methodology is presented in S.I.). Total Ψm loss was attained
in a separate measurement by adding CCCP (0.5 μM).

2.8. Cellular ATP levels

The effect of the studied compounds (2.5–20 μM) on cellular ATP
was measured in MCF7, MDA-MB-231 and MCF 10F cells using the
CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega, Madison,
WI, USA), as described in S.I. A similar experiment was performed incu-
bating cells with 10 and 20 μM of GA-TPP+C10 and PCA-TPP+C10 in the
presence of either Compound C (1 μM) or Ap5A (5 μM). All results are
expressed as percentage of ATP relative to control cells treated only
with vehicle.

2.9. Annexin V/propidium iodide staining

The type of cell death induced by the compounds (at concentrations
of 2.5–5 μMforMCF7 andMCF10F cells and10–20 μMforMDA-MB-231
cells) was assessed by flow cytometry (FACSAria®III), using annexin V/
propidium iodide (AV/PI) double staining, following the instructions of
the Annexin V-FITC Apoptosis Detection Kit (Abcam; detailed method-
ology provided in S.I.). Results are expressed as total apoptotic cells
(percentage of AV+/PI− and AV+/PI+ cells) and live cells (percent-
age of AV−/PI− cells).

2.10. Cellular migration (wound healing assay)

The effect of GA-TPP+C10 and PCA-TPP+C10 (1, 2.5 y 5 μM) on the
migration of MDA-MB-231 cells was assessed by means of the wound
healing assay, as described in S.I. Results are expressed as % wound
area compared to t0.

2.11. Statistics

Results are expressed as mean ± SEM of at least three independent
experiments. Normality of all data was tested by Shapiro-Wilk normal-
ity test. The comparison between experimental groups and control was
performed by one- or two-way ANOVAwith Bonferroni post-test, using
the GraphPad Prism 5.0 software. p b 0.05 was established as the mini-
mum significance level.
3. Results

3.1. Synthesis of delocalized lipophilic cations derivatives

The synthetic route (see Section 2.2) allowed us to derive a series of
decyl-polyhydroxybenzoates linked to TPP+ that differed in the number
and position of the hydroxyl groups on the benzoic acid ring (Fig. 1A–E).

3.2. Cellular viability

Results showed that GA-TPP+C10 reduced cell viability in a dose-de-
pendent manner in the five cell lines (Fig.2). Furthermore, the effect of
this compound also showed a slight time-dependency in the case of
MDA-MB-361 (Fig. 2A), MCF7 (Fig. 2B), AU565 (Fig. 2C) and BT-549
(Fig. 2D) cell lines, since the dose-response curves were shifted to
lower concentrations at 48 and 72 h of incubation. However, the cell
lineMDA-MB-231 (Fig. 2E) showed a lower effect on the cytotoxicity in-
duced, as observed in the three curves obtained. The same experiment
was performed with each of the other decyl-polyhydroxybenzoates-
TPP+ under study. The respective dose-response curves obtained
showed similar results in terms of the concentration-dependence of
their cytotoxic effects (Table I). It is noted that IC50 values for the
decyl-polyhydroxybenzoates-TPP+ at 24 h of incubation are relatively
similar between all compounds and cell lines, ranging from 6 to 15 μM
(Table I). Nonetheless, while the four former cell lines evidenced a
marked decrease in the IC50 values at 48 and 72 h, showing a range of
between 2 and 5 μM and between 1 and 3 μM, respectively, the MDA-
MB-231 cell line showed a minor shift in the IC50 values, with values
of 10–13 μM, 8–12 μM, and 7–9 μM after 24, 48 and72 h of incubation,
respectively (Table I).

Similarly, Table II includes IC50 values obtained after incubating
MCF7, AU565 and MDA-MB-231 cells with each of the control mole-
cules for 24, 48 and 72 hours. Results showed that, both C10GA and
OH-C10PCA had almost no cytotoxic effect at concentrations up to
400 μM, and P(Ph)3 has IC50 values between 10- and 40-fold higher
than those exhibited by the decyl-polyhydroxybenzoates-TPP+ in all
cell lines. Also, the BA-TPP+C10 showed no toxicity in concentrations
up to 50 μM (Table II). However, the C10TPP+ molecule exerted a mild
cytotoxic activity at 24 h in all cell lines tested, with IC50 values ranging
between 2 and 33 μM, and a significantly enhanced cytotoxicity after
48 and 72 h, reaching values of 0.5–7 μM and 0.1–3 μM, respectively
(Table II).

Given the similarity of the cytotoxic effect of the decyl-
polyhydroxybenzoates-TPP+ in the breast cancer cell lines MDA-MB-
361, MCF7, AU565 and BT-549 (Fig. 2 and Table I), and the slight differ-
ence shown by the MDA-MB-231 cells, we decided to continue the
study of the putative mechanism underlying such toxicity using only
MCF7 and MDA-MB-231 cells.

In order to address the type of cytotoxicity elicited by each class of
compound (decyl-polyhydroxybenzoates-TPP+, non-TPP+ decyl-
polyhydroxybenzoates and decyl-TPP+), MCF7 and MDA-MB-231 cells
were incubated with two concentrations (10 and 20 μM) of GA-
TPP+C10, C10GA or C10TPP+ for 24 h, and the LDH leakage was mea-
sured. As depicted in Fig. S1, while cells treated with GA-TPP+C10 and
C10GA showed only aminor LDH release (around 5% relative to control),
cells treated with C10TPP+ showed a much greater LDH leakage (N50%
relative to control).

3.3. Oxygen consumption

In order shed light on the mechanism that might underlie the cyto-
toxicity exerted by the decyl-polyhydroxybenzoates-TPP+, cellular oxy-
gen consumption after the addition of each compound was measured.
Data showed that while MCF7 cells seem to have a higher rate of basal
oxygen consumption, MDA-MB-231 cells are almost not affected by
the complex V inhibitor oligomycin. The latter might be explained by



Fig. 2. Cytotoxic activity of TPP+ linked-gentisic acid in different breast cancer cell lines. Human breast cancer cell lines (A)MDA-MB-361, (B)MCF7, (C) AU565, (D) BT-549 and (E)MDA-
MB-231, were incubated with increasing concentrations of GA-TPP+C10 (0.1–50 μM) for 24, 48 and 72 h. Viability was assessed by the MTT reduction assay, as described in Material and
methods. (F) Comparison of viability curves for the incubation of each cell line with GA-TPP+C10 (0.1–50 μM) for 48 h. The % of viability was calculated as the reduction of MTT (read as
λ570 nm) relative to that observed in cells incubated only with vehicle. Values are expressed asmean± SEM (n= 3) and semi-logarithmic dose-response curves were obtained using the
GraphPad Prism software (version 5).
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the higher presence of the complex V endogenous-inhibitor IF1, which
could also underlie their decreased respiration, due to the inhibition of
ATP synthesis (Sanchez-Arago et al., 2013; Barbato et al., 2015;
Sanchez-Cenizo et al., 2010; Sanchez-Arago et al., 2012) (Fig. 3A and
E). Such observation is in agreement with the fact that MDA-MB-231
cells depolarized with rotenone (10 μM) do not undergo repolarization
after the addition of ATP, implying that their Complex V ATPase-activity
is strongly inhibited, while MCF7 cells do increase their rotenone-di-
minished transmembrane potential after the addition of ATP (Fig. S3).
Nonetheless, all compounds increased, concentration-dependently, cel-
lular oxygen consumption, relative to the oligomycin-inhibited respira-
tion, in both cell lines (Figs. 3 and S2). It is important to mention that
althoughMDA-MB-231 cells exhibited a higher level ofmaximal oxygen
consumption after the addition of CCCP (0.5 μM) than that shown by
MCF7 cells (Figs. 3 and S2), the highest concentration of the decyl-
polyhydroxybenzoates-TPP+ exerted the same level of increase in oxy-
gen consumption as did the classic uncoupler in both cases.

3.4. Mitochondrial superoxide anion production

Subsequently, the level ofmitochondrial superoxide anionwasmea-
sured. As shown, concentrations of up to 10 μM of the decyl-
polyhydroxybenzoates-TPP+ had no effect on mitochondrial superox-
ide anion levels in both MCF7 and MDA-MB-231 cells. In the former
cell line, concentrations of 20 μM of each compound increased only
slightly the superoxide anion production (Fig. S4), while in MDA-MB-
231 cells such production was increased up to 2–3.5-fold relative to
control (Fig. S5). Similarly, when concentrations of 50 μM were added,
superoxide anion levels were increased by almost 2 fold in MCF7 cells
and by approximately 4-fold in MDA-MB-231.

3.5. Mitochondrial transmembrane potential

The effect of increasing concentrations of the decyl-
polyhydroxybenzoates-TPP+ (5, 10 and 20 μM)onmitochondrialmem-
brane potential inMCF7 andMDA-MB-231 cells was assessed bymeans
of the fluorescent probe safranin-O (Figs. 4 and S6). All compounds test-
ed are able to concentration-dependently induce the loss ofΨm, as evi-
denced by the increasing slope of the RFU vs. time curves at higher
concentrations. Furthermore, when the compounds were added at
20 μM, the loss ofΨm was almost equal to that observed after the addi-
tion of CCCP (0.5 μM). Interestingly, in contrast withwhatwas observed
in Fig. 3, no difference was evident between the effect of CCCP in MCF7
and MDA-MB-231 cells. The quantification of the effect of decyl-
polyhydroxybenzoates-TPP+ on mitochondrial membrane potential
was performed by analyzing the area under the curve (AUC) for each
condition. Results showed no difference between the effects of the five
compounds in the two cell lines used. Thus, AUC for 20 μM of all com-
pounds was 95% ± 2.5% of that obtained for CCCP 0.5 μM (not-signifi-
cant). In turn, AUC for 10 μM and 5 μM of all compounds were 80% ±



Table I
IC50 values for decyl-polyhydroxybenzoates-TPP+ in all cell lines.

Compound 24 h 48 h 72 h

A. MDA-MB-361 [μM]
SA-TPP+C10

GA-TPP+C10 13.53 ± 0.72 5.69 ± 0.48a 3.93 ± 0.45a,b

PIA-TPP+C10

PCA-TPP+C10 16.44 ± 1.1 4.75 ± 0.43a 2.96 ± 0.37a,b

TPP+C10

B. MCF7 [μM]
SA-TPP+C10 13.96 ± 0.53 2.33 ± 0.18a 2.35 ± 0.32a

GA-TPP+C10 9.41 ± 1.05 2.35 ± 0.43a 2.34 ± 0.12a

PIA-TPP+C10 12.12 ± 2.00 5.17 ± 0.51a 3.14 ± 0.21a,b

PCA-TPP+C10 11.54 ± 0.83 3.72 ± 0.48a 2.03 ± 0.50a

TPP+C10 14.4 ± 0.78 6.17 ± 0.48a 3.33 ± 0.20a,b

C. AU565 [μM]
SA-TPP+C10 9.39 ± 0.37 2.88 ± 0.21a 2.75 ± 0.32a

GA-TPP+C10 12.43 ± 1.39 3.44 ± 0.61a 3.20 ± 0.31a

PIA-TPP+C10 13.85 ± 2.96 3.05 ± 0.14a 3.27 ± 0.19a

PCA-TPP+C10 11.41 ± 1.04 2.70 ± 0.47a 1.68 ± 0.52a

TPP+C10 13.71 ± 2.70 5.01 ± 0.06a 2.25 ± 0.07a,b

D. BT-549 [μM]
SA-TPP+C10 6.45 ± 1.88 1.67 ± 0.57a 1.89 ± 0.86a

GA-TPP+C10 4.82 ± 0.41 1.20 ± 0.10a 1.48 ± 0.24a

PIA-TPP+C10 7.04 ± 0.45 2.40 ± 0.20a 1.51 ± 0.02a

PCA-TPP+C10 5.31 ± 0.67 1.59 ± 0.35a 1.60 ± 0.18a

TPP+C10 6.04 ± 1.84 5.04 ± 1.08 2.52 ± 0.78a,b

E. MDA-MB-231 [μM]
SA-TPP+C10 13.77 ± 0.52 8.34 ± 1.00 7.25 ± 0.18a

GA-TPP+C10 10.08 ± 0.42 8.01 ± 0.57 7.23 ± 0.15
PIA-TPP+C10 12.65 ± 1.57 9.86 ± 0.30 9.0 ± 1.1
PCA-TPP+C10 14.62 ± 0.73 10.63 ± 0.45 8.03 ± 0.37a

TPP+C10 13.31 ± 1.56 11.99 ± 0.17 7.77 ± 0.50a,b

IC50 values (in μM) were calculated from sigmoidal dose-response curves obtained from
MTT reduction assays. Each value represents the mean of at least three independent ex-
periments performed in triplicate (mean ± SEM).

a Significant difference compared to same cell line and compound after 24 h (two way
ANOVA with Bonferroni post-test; p b 0.05).

b significant difference compared to same cell line and compound after 48 h (two way
ANOVA with Bonferroni post-test; p b 0.05).

Table II
IC50 values for control molecules in MCF7, AU565 and MDA-MB-231 cells.

Compound 24 h 48 h 72 h

A. MCF7 [μM]
C10GA N400 N400 N400
OH-C10PCA N400 N400 N400
C10TPP+ 33.1 ± 1.6 7.4 ± 1.4a 0.4 ± 0.1a,b

BA-TPP+C10 N50 N50 N50
Gallic acid 364.73 ± 6.64 292.73 ± 6.81a 183.90 ± 7.42a,b

P(Ph)3 75.89 ± 1.33 72.08 ± 2.12 73.05 ± 0.94

B. AU565 [μM]
C10GA N400 N400 N400
OH-C10PCA N400 N400 N400
C10TPP+ 2.15 ± 0.39 0.57 ± 0.01a 0.39 ± 0.02a

BA-TPP+C10 N50 N50 N50
Gallic acid 99.15 ± 3,99 73.33 ± 4.01a 74.57 ± 3.83a

P(Ph)3 109.03 ± 3.16 95.20 ± 2.36 92.60 ± 2.23

C. MDA-MB-231 [μM]
C10GA N400 N400 N400
OH-C10PCA N400 N400 N400
C10TPP+ 3.0 ± 1.1 0.7 ± 0.1a 0.1 ± 0.07a

BA-TPP+C10 N50 N50 N50
Gallic acid 373.80 ± 9.96 336.33 ± 9.59a 340.57 ± 14.87a

P(Ph)3 202.03 ± 11.00 205.77 ± 5.57 210.3 ± 6.29

IC50 values (in μM) were calculated from sigmoidal dose-response curves obtained from
MTT reduction assays. Each value represents the mean of at least three independent ex-
periments preformed in triplicate (mean ± SEM).

a Significant difference compared to same cell line and compound after 24 h (two way
ANOVA with Bonferroni post-test; p b 0.05).

b Significant difference compared to same cell line and compound after 48 h (two way
ANOVA with Bonferroni post-test; p b 0.05).
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1.4% and 71% ± 2.4%, respectively (both significantly different from
CCCP; p b 0.05).

3.6. ATP levels

We thereafter assessed the effect of the decyl-
polyhydroxybenzoates-TPP+ (at 2.5, 5, 10 and 20 μM) on the total ATP
levels of MCF7 and MDA-MB-231 cells. As shown in Fig. S7, the com-
pounds had a minor effect on the ATP levels of MCF7 cells, lowering
these only to near 75% of control levels at the highest concentration
used (20 μM). In MDA-MB-231 cells the effect of the decyl-
polyhydroxybenzoates-TPP+ was even lower, with the highest concen-
tration of each compound tested, lowering the ATP levels by only about
10% (Fig. S8).

Several intracellular metabolic sensors are activated when the ATP/
ADP ratio falls, rendering the cells able to cope with a diminished ATP
production by the activation of several pathways of ATP synthesis and
the inactivation of ATP consuming processes (Yuan et al., 2013).
Thus, the activation of AMPK after the addition of the decyl-
polyhydroxybenzoates-TPP+ to cells might increase non-mitochondrial
ATP synthesis, allowing cells to cope with the expected decrease in ATP
levels induced by such compounds. In order to test the latter hypothesis,
ATP levels of MCF7 and MDA-MB-231 cells were incubated with GA-
TPP+C10 and PCA-TPP+C10 (at 10 and 20 μM), in the absence or pres-
ence of the AMPK inhibitor Compound C (Ma et al., 2014) (1 μM)
were measured (Fig. 5). As shown, the sole addition of Compound C
had no effect on ATP level. Nonetheless, its addition to decyl-
polyhydroxybenzoate-TPP+-treated MCF7 cells resulted in a higher
fall of cellular ATP, reaching about 57% at 10 μM and 35% at 20 μM of
decyl-polyhydroxybenzoates-TPP+ (compared to 85% and 75%, respec-
tively, in the absence of Compound C) (Fig. 5A, black bars). Similarly,
MDA-MB-231 cells co-incubated with Compound C and decyl-
polyhydroxybenzoates-TPP+ showed a decrease in their ATP levels
compared to cells incubated only with decyl-polyhydroxybenzoates-
TPP+, although such decrease was less marked than in MCF7 cells,
reaching about 85% and 75% at 10 and 20 μM, respectively (compared
to 97% and 85% in the absence of Compound C; Fig. 5B, black bars).

Another important metabolic sensor is adenylate kinase (Dzeja and
Terzic, 2009). Thus,we assessed the effect of the adenylate kinase inhib-
itor Ap5A (Kurebayashi et al., 1980) (5 μM), on ATP levels of MCF7 and
MDA-MB-231 cells co-incubated with GA-TPP+C10 and PCA-TPP+C10
(at 10 and 20 μM). Results show that while Ap5A by itself has no effect
in the cellular ATP, when MCF7 cells were co-incubated with Ap5A and
the decyl-polyhydroxybenzoates-TPP+, ATP levels were reduced
significantly, falling from 85% and 75% at 10 and 20 μM decyl-
polyhydroxybenzoates-TPP+, respectively, to near 71% and 55% in the
presence of Ap5A (Fig. 5A, grey bars). In MDA-MB-231 cells the effect
was less marked, with Ap5A inducing a reduction of ATP levels in
decyl-polyhydroxybenzoates-TPP+-treated cells from 93% and 90%, to
near 89% and 81% at 10 and 20 μM, respectively at the incubation
times used in these assays (Fig. 5B, grey bars). Of particular note, ATP
levels of normal breast epithelia cell lineMCF 10F were not significantly
affected by decyl-polyhydroxybenzoates-TPP+, either alone or in com-
bination with Compound C or Ap5A (Fig. 5C).

3.7. Apoptosis induction

In order to determine the type of death induced by the compounds,
double staining with Annexin V-FITC and propidium iodide was used.
Results show that both GA-TPP+C10 and PCA-TPP+C10 (at 2.5 and
5 μM) are able to significantly induce apoptosis in MCF7 cells after a
48-hour incubation, reaching almost 55% at the higher concentration
(Fig. 6A and B). In contrast, MDA-MB-231 showed a lower response to



Fig. 3. Oxygen consumption of cells treated with decyl-polyhydroxybenzoates-TPP+. (A) Schematic representation of the oxygen consumption assay in MCF7 cells. MCF7 cells, pre-
incubated with oligomycin (2.5 μg/mL), were added increasing concentrations (10, 20 or 50 μM) of (B) SA-TPP+C10, (C) GA-TPP+C10 or (D) TPP+C10 and oxygen consumption rate
was measured by means of a Clark electrode. (E) Schematic representation of the oxygen consumption assay in MDA-MB-231 cells. MDA-MB-231 cells, previously added oligomycin
(2.5 μg/mL), were added increasing concentrations (10, 20 or 50 μM) of (F) SA-TPP+C10, (G) GA-TPP+C10 or (H) TPP+C10 and oxygen consumption rate was measured by means of a
Clark electrode. (A) and (E) include the oxygen consumption rates of each respiratory state (basal, oligomycin-inhibited and CCCP-uncoupled). Results in (B–D) and (F–H) are
expressed as the ratio between oxygen consumption rate after and before the addition of the TPP+-polyhydroxybenzoates (mean ± SEM, n = 3). CCCP (0.5 μM) was used as a
positive uncoupling control. *: significant difference compared to CCCP (one way ANOVA with Bonferroni post-test; p b 0.05), **: p b 0.01, ***: p b 0.001.
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the apoptotic action of both compounds, even when 4-fold higher con-
centrations were used (10 and 20 μM for 48 h). Indeed, 20 μM of decyl-
polyhydroxybenzoates-TPP+ only induced around 35% apoptotic death
(Fig6C andD). Interestingly, GA-TPP+C10 and PCA-TPP+C10 had a lower
effect in normal breast epithelial cells MCF 10F. When added at similar
concentrations as in MCF7 cells, both induced only 10% and 25% of
death (at 2.5 and 5 μM, respectively; Fig. 6E and F).
Fig. 4. Mitochondrial membrane potential of cells treated with decyl-polyhydroxybenzoates
safranin-O for 10 min were added increasing concentrations (5, 10 or 20 μM) of (A) SA-TPP+

with glutamate/malate, digitonin and safranin-O for 10 min were added increasing concentr
fluorescence was recorded for 200 s prior and 800 s after the addition of the TPP+-derivativ
used as a positive uncoupling control. Each curve represents the mean of at least three indepe
3.8. Cellular migration

The effect on the migratory ability of MDA-MB-231 was assayed by
means of the wound-healing assay. Fig. 7A shows the images obtained
from cells incubated with GA-TPP+C10 and PCA-TPP+C10 (5 μM) for
0–72 h after the wound. While cells incubated with BrdU or DMSO
closed the wound area up to a 99% and 65%, respectively, the decyl-
-TPP+. MCF7 human breast cancer, pre-incubated with glutamate/malate, digitonin and
C10, (B) GA-TPP+C10 or (C) TPP+C10. MDA-MB-231 human breast cancer, pre-incubated
ations (5, 10 or 20 μM) of (D) SA-TPP+C10, (E) GA-TPP+C10 or (F) TPP+C10. Safranin-O
es. Curves depict safranin-O relative fluorescence units versus time. CCCP (0.5 μM) was
ndent experiments.



Fig. 5. Effect of metabolic inhibitors on ATP levels of MCF7, MDA-MB-231 and MCF 10F cells incubated with decyl-polyhydroxybenzoates-TPP+. (A) MCF7 human breast cancer cells, (B)
MDA-MB-231 human breast cancer cells and (C) MCF 10F human normal breast epithelial cells were incubated during 4 h with 10 or 20 μM of either GA-TPP+C10 or PCA-TPP+C10.
Incubations were done in the absence (white bars) or presence of either the AMPK inhibitor Compound C (1 μM, during the 4 h, black bars) or the adenylate kinase inhibitor Ap5A
(5 μM, during the last hour, grey bars). Intracellular ATP levels were assessed by means of the CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega). Control columns
represent cells incubated only with vehicle in the absence or presence of the inhibitors and the results are expressed as percentage of each respective control (mean ± SEM, n = 3). *:
significant difference compared to same concentration of TPP+-derivative in the absence of inhibitors (two way ANOVA with Bonferroni post-test; p b 0.05), **: p b 0.01, ***: p b 0.001.
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polyhydroxybenzoate-TPP+-incubated cells only showed a 30% of
wound closing at the highest concentration used (Fig. 7B and C). Such
inhibitory effect appears to be concentration-dependent, since lower
concentrations allowed a more effective wound closing (near 55% and
45% at 1 and 2.5 μM, respectively).

4. Discussion

The need of developing new treatments for breast cancer has driven
considerable investigation around new compounds that could be
targeted directly to mitochondria, interfering with cancer cells metabo-
lism (Ralph et al., 2010; Yan et al., 2015). Based on our previous findings
on the ability of a 3,4,5-trihydroxy-benzoate triphenylphosphonium-
derivative to selectively eliminate mouse breast cancer cells (Jara et
al., 2014; Frey et al., 2007), in the present study we modified four addi-
tional decyl-benzoates with the TPP+ moiety, in order to compare their
cytotoxic potential in a panel of five different human breast cancer cell
lines. The basis of themitochondrial targeting of TPP+-linkedmolecules
lies on the attraction that the negatively charged inner face of the inner
mitochondrial membrane exerts over cations (Modica-Napolitano and
Aprille, 2001; Madak and Neamati, 2015). Despite its charge, TPP+ cat-
ions can easily cross biological membranes due to both their lipophilic-
ity and their ability to delocalize the positive charge between their three
aromatic rings (Madak and Neamati, 2015). Moreover, since the mito-
chondria of cancer cells have been shown to possess a significantly
higher Ψm, the mitochondrial targeting of cytotoxic compounds with
TPP+ cations could represent a significant improvement of the selectiv-
ity of the linked molecules (Modica-Napolitano and Aprille, 2001).



Fig. 6. Apoptosis induction on MCF7, MDA-MB-231 and MCF 10F cells incubated with decyl-polyhydroxybenzoates-TPP+. MCF7 human breast cancer cells and MCF10F human normal
breast epithelial cells were incubated with 2.5 and 5 μM, and MDA-MB-231 human breast cancer cells with 10 and 20 μM, of either GA-TPP+C10 or PCA-TPP+C10 for 48 h.
Staurosporine (STS; 10 μM) was used as a positive apoptosis-induction control. Apoptosis was assessed as annexin V-FITC positive cells using flow cytometry (FACS Canto, BD
Biosciences). Representative dot plots are presented for (A) MCF7, (C) MDA-MB-231 and (E) MCF 10F. Quantification of dot plots for (B) MCF7, (D) MDA-MB-231 and (F) MCF 10F
was done using the Cyflogic software (version 1.2.1.). Alive cells (black bars) were defined as annexin V negative/propidium iodide negative and apoptotic or secondary necrotic cells
(white bars) as the grouping of annexin V positive/propidium iodide negative (early apoptosis) and annexin V positive/propidium iodide positive cells (late apoptosis). Control
columns represent cells incubated only with vehicle and results are expressed as percentage of total cells (mean ± SEM, n = 3). *: significant difference compared to control (one way
ANOVA with Bonferroni post-test; p b 0.05), **: p b 0.01, ***: p b 0.001.
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The cell lines studied represent four of the five types of breast cancer
described in patients, and they differ from each othermainly in their ex-
pression-pattern for estrogen and EGF receptors (ER and HER2/neu, re-
spectively) (Gazdar et al., 1998; Hevir et al., 2011; Boyle, 2012).
Importantly, ER and HER2/neu are known to affect mitochondrial me-
tabolismby stimulating transcription ofmitochondrial respiratory com-
plexes, inhibiting the formation of the mitochondrial transition pore
and the triggering of intrinsic apoptosis and increasing mitochondrial
antioxidant defense (ER) (Chen et al., 2009; Chaudhri et al., 2012), or
inhibiting mitochondrial respiration and stimulating aerobic glycolysis
(HER2/neu) (Ding et al., 2012). Thus, the use of cell lineswhichdifferen-
tially express the latter receptors allowed us to test the cytotoxic effect
of our compounds in relation to different phenotypic scenarios in BC.

As shown, all five decyl-polyhydroxybenzoates-TPP+ exerted a con-
centration-dependent cytotoxic effect on the five cell lines studied, with
little differences in the effect of each compound. Although four of the



Fig. 7. Effect of decyl-polyhydroxybenzoates-TPP+ on themigratory ability ofMDA-MB-231 cells. MDA-MB-231 human breast cancer cells were grown to almost 100% confluency and the
bottom of eachwell waswounded with a 200 μL micropipette tip (corresponding to the area between the two red lines). Afterwards, cells were incubatedwith increasing concentrations
(1, 2.5 and 5 μM) of each TPP+-linked polyhydroxybenzoate in a serum-free media for 72 h and photographed at 0, 24, 48 and 72 h. (A) Representative images of wounds at all the time
points. DMSO in a serum-free media was used as a negative control for migration inhibition and BrdU (30 and 50 μM) in 10% FBS supplemented-media as positive migration controls.
Results are expressed as percentage of original wound area at each analyzed time for (B) GA-TPP+C10 or (C) PCA-TPP+C10 (mean ± SEM, n = 3). %: significant difference compared to
DMSO (two way ANOVA with Bonferroni post-test; p b 0.05), &: p b 0.01, #: p b 0.001.
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cell lines seem similarly sensitive to the compounds (i.e., MCF7 (ER+-
HER2/neu−), AU565 (ER−-HER2/neu+), BT-549 (ER−-HER2/neu−)
and MDA-MB-361 (ER+-HER2/neu+)), the MDA-MB-231 line (ER−-
HER2/neu−) appears to require slightly higher concentrations at 48
and 72 h, showing only the minor change in its IC50 values. This result
allows us to postulate that the cytotoxic effect of the TPP+ derivatives
would be independent on the expression of either ER or HER2/neu, es-
pecially when considering that the more resistant MDA-MB-231 cell
line presents the same expression pattern as the sensitive BT-549 cell
line (Rhodes et al., 2015). Indeed, both belong to TNBC-subtype of can-
cer cells and also express markers of cancer stem cells (CSC), being re-
ferred to as CSC-like populations. Consequently, they might show
intrinsic resistance to the inhibitory action of drugs on TORC1/2
(Bhola et al., 2016). Moreover, TNBC cells have been shown to possess
higher mitochondrial mass (Pelicano et al., 2014), a result consistent
with our finding that MDA-MB-231 are capable of significantly higher
maximal oxygen consumption rates than MCF7 cells. The latter might
be another reason underlying the slightly higher IC50 values obtained
upon incubation of MDA-MB-231 cells with the five decyl-
polyhydroxybenzoates-TPP+ derivatives. Additionally, although both
BT-549 andMDA-MB-231 belong to the TNBC subtype, they can be clas-
sified into different subtypes according to their expression of EGFR
(Yunokawa et al., 2012). Thus, BT-549 belongs to the basal-like TNBC,
with high expression of EGFR, while MDA-MB-231 cells are classified
as non-basal TNBC due to their null expression of this receptor
(Furuya et al., 2016). Interestingly, metabolic differences have also
been found between basal-like and non-basal TNBCs, with both sub-
types exhibiting a larger dependence upon glycolytic metabolism (op-
posite to that observed in ER or HER2/neu expressing BC) (Pelicano et
al., 2014; Zhuang et al., 2014), and non-basal cancer being also able to
rely on glutaminolysis for energy generation (Simpson et al., 2012). A
possible explanation for the fact that TNBC cells exhibit such glycolyt-
ic-dependence while possessing a relatively higher mitochondrial
mass might be an increased expression of the Complex V-inhibitor IF1,
which would reduce ATP generation by mitochondria (Sanchez-Arago
et al., 2013; Barbato et al., 2015; Sanchez-Cenizo et al., 2010;
Sanchez-Arago et al., 2012). Therefore, it is possible that the minor dif-
ferences in sensitivity to the decyl-polyhydroxybenzoates-TPP+ ob-
served between the two TNBC cell-lines could be related to their
different metabolic profiles.

Survival experiments with control molecules (lacking either the
TPP+ or the polyhydroxybenzoate moieties) show that the non-TPP+

compounds have no cytotoxic effect at concentrations up to 400 μM,
while themolecule lacking the polyhydroxybenzoate (C10TPP+)moiety
induces a strong cytotoxic effect on BC cells. This increased cytotoxicity
might involve fatty acid cycling, which would induce a large mitochon-
drial-transmembrane leak of protons (Severin et al., 2010). However,
cell death induced by C10TPP+ appears to imply a major release of
LDH to the extracellular space, supporting a necrotic-like cell death
mechanism, in contrast with an apparent apoptotic-like cell death in-
duced by the TPP+-linked polyhydroxybenzoates. Additionally, the
complete absence of cytotoxic effect induced by the BA-TPP+C10 mole-
cule (Table II) indicates that the presence of hydroxyl groups in the ar-
omatic ring is highly important for such effect, and further supports the
notion that the cytotoxic action of decyl-polyhydroxybenzoates-TPP+

would not be related to the sole presence of the TPP+ moiety.
In addressing the possible mitochondrial mechanism underlying the

cytotoxic effect of the TPP+-derivatives, MCF7 and MDA-MB-231 cells
were chosen since they represent two different metabolic states, with
MCF7 showing a mixed metabolism (oxidative and glycolytic) and
MDA-MB-231 a primary glycolytic metabolism with glutaminolysis ac-
tivation (Pelicanoet al., 2014). Rotenone-sensitive oligomycin-inhibited
oxygen consumption was first used as a marker of mitochondrial respi-
ratory activity. Results show that the addition of TPP+-linked
polyhydroxybenzoates to oligomycin-treated cells is able to increase
oxygen consumption in both MCF7 and MDA-MB-231 cells. Such in-
crease could be the result of the compounds ability to induce either a
weak uncoupling of oxidative phosphorylation or an increase in
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superoxide anion production at the electron transport chain (ETC) level
(Mracek et al., 2014). Thus, we next assessed the effect of TPP+-deriva-
tives on mitochondrial superoxide anion production (Maity et al.,
2009). Results show that TPP+-linked polyhydroxybenzoates are not
able to induce a major increase of superoxide anion production in con-
centrations up to 10–20 μM. Although a concentration of 50 μMwas in-
deed able to induce an increase in mitochondrial superoxide anion
levels, the lack of effect at lower concentrations, which already induce
an increase in oxygen consumption, allows us to suggest that although
it may contribute in some degree, mitochondrial superoxide anion pro-
duction would not be themain responsible for the increment in oxygen
consumption and the cytotoxic effect of decyl-polyhydroxybenzoates-
TPP+. Aswe indicated above, ifmitochondrial superoxide anion produc-
tion is not significantly enhanced, the increment in oxygen consump-
tion could be related to an uncoupling of oxidative phosphorylation.
Uncoupling implies that protons are being translocated from the inter-
membrane space into the mitochondrial matrix, therefore dissipating
the proton gradient needed for ATP synthesis at the Complex V and de-
creasingΨm (Brand and Nicholls, 2011). In order to assess the effect of
our compounds on Ψm, we used the fluorescent probe safranin-O,
which is able to accumulate rapidly, and in a transmembrane poten-
tial-dependent manner, into the mitochondria of lightly permeabilized
cells, where its fluorescence is quenched. When the membrane poten-
tial is diminished the probe exits the mitochondrial compartment, and
its relative fluorescence is increased (Akerman and Saris, 1976;
Akerman and Wikstrom, 1976; Amora et al., 2008). Results show that
all TPP+-derivatives are able to induce a rapid and concentration-de-
pendent loss of Ψm. Taken together; the previous results show that a
weak uncoupling of the oxidative phosphorylation, partially accompa-
nied by an increase in mitochondrial superoxide anion production,
could be the triggering event in the cytotoxicity of TPP+-linked
polyhydroxybenzoates. Noteworthy, the compounds were able to in-
duce a maximal uncoupling (equal to that observed after the addition
of the known uncoupler CCCP) only at 20 μM (as measured by safra-
nin-O) or 50 μM(asmeasuredbyoxygraphy). Thus, theymaybe consid-
ered relatively safer uncouplers, since their uncoupling effect increased
only gradually as its concentration increased, thereby widening the dis-
tance between therapeutic and toxic doses (Lou et al., 2007).

One of themost important effects of aΨm loss is themajor inhibition
ofmitochondrial ATP synthesis which, if not compensated by other syn-
thetic pathways, could lead to cell death. Thus, we investigated the ef-
fect of TPP+-linked polyhydroxybenzoates on ATP levels, and
observed that, contrary to what could be expected, nomajor ATP losses
were induced, possibly due to the short incubation times used or to
compensatory effects by other pathways such as glycolysis, fatty acid
oxidation and TCA cycle (Hardie et al., 2012). In order for cells to acti-
vate the compensatory ATP-generating mechanisms, metabolic sensors
must be activated upon initial signals of ATP decrease (Yuan et al.,
2013). In that regard, one of the main sensors described in cancerous
cells is the AMP-activated kinase (AMPK). Upon its activation, AMPK in-
duces the activation of several ATP generating pathways, such as glycol-
ysis, beta-oxidation and glucose uptake, and inhibits ATP-consuming
macromolecule-synthetic pathways (Hardie et al., 2012). Thus, we test-
ed the effect of the co-incubation of BC cells with TPP+-linked
polyhydroxybenzoates and the AMPK inhibitor Compound C on ATP
levels. As it was shown, Compound C significantly enhanced the ATP
lowering effect of our compounds, evidencing that AMPK activation
might play a role in a cellular attempt of compensating an initial de-
crease in ATP levels induced by the uncoupling TPP+-derivatives. Simi-
lar results were obtained when diadenylate-pentaphosphate (an
adenilate kinase inhibitor) was used instead of Compound C. Adenylate
kinase is one of themain activators of AMPK upon increases in the ADP/
ATP ratio (Dzeja and Terzic, 2009). The co-addition of the adenylate-ki-
nase inhibitor Ap5A together with GA-TPP+C10 or PCA-TPP+C10 result-
ed in a larger decrease in cellular ATP levels. Such a result further
supports the concept that TPP+-linked polyhydroxybenzoates are able
to inhibit the synthesis of mitochondrial ATP, possibly through the
uncoupling of oxidative phosphorylation and the dissipation of Ψm. It
is necessary to note, however, that the effect observed in MDA-MB-
231 cells was never as strong as that seen in MCF7 cells, suggesting
that the former cells might possess other AMPK-independent ATP-gen-
erating compensatory mechanisms (e.g., glutaminolysis) (Simpson et
al., 2012; Jin et al., 2015). Interestingly, the ATP levels of normal breast
epithelial MCF 10F cells were almost not affected by the compounds
tested, either alone or in combination with the two mentioned inhibi-
tors. The latter result might imply that normal epithelial cells are less
significantly affected by the uncoupling effect of TPP+-linked
polyhydroxybenzoates, or that they have major ATP pathways, inde-
pendent of both adenylate kinase and AMPK, to compensate for the pu-
tative decrease in ATP caused by the TPP+-derivatives.

It is important to note that a loss of mitochondrial transmembrane
potential also prevents the operation of another important mitochon-
drial process, the Ca2+ uptake into the matrix space by the Ca2+

uniporter activity, which it is located in the inner membrane and is di-
rectly coupled to the electron flow through respiratory chain (Kirichok
et al., 2004). Therefore, when there is a loss of mitochondrial Ca2+ up-
take, an increase in cytosolic [Ca2+] leads to the activation of Ca2+-de-
pendent degradation enzymes, including phospholipases, proteases
and endonucleases, which in turn causes damage to vital macromole-
cules and results in cell death (Dejeans et al., 2010). Cellular death
might be also triggered by the release of classical intra-mitochondrial
apoptosis activators such as cytochrome c, apoptosis-inducing factor,
endonuclease G or Smac/DIABLO (Kwong et al., 2007; Sareen et al.,
2007). Accordingly, MCF7 and MDA-MB-231 exhibited a characteristic
annexin V-positive staining after the incubation with the TPP+-linked
polyhydroxybenzoates, while propidium iodide-exclusive staining was
observed only in about 5% of the cellular population. The absence of a
necrotic-like phenotype is in accordance with the low levels of LDH re-
lease exerted by GA-TPP+C10 (even at a 20 μM concentration), and it is
observed despite the statistically significant increase in superoxide
anion production induced by all the TPP+-derivatives (at 20–50 μM
concentrations). Although MDA-MB-231 cells show significantly less
apoptotic signal, this is consistent with their slightly increased resis-
tance to the cytotoxic effect of the TPP+-derivatives observed in survival
assays. Of note, MCF 10F cells showed very little cell death when incu-
bated with TPP+-derivatives for 48 h, a result that might be related to
the lack of ATP-lowering effect observed before. Thus, evidence obtain-
ed with MCF 10F suggests that the cytotoxic effect of TPP+-linked
polyhydroxybenzoates might be selective for cancer cells. Nonetheless,
in vivo experiments with animals bearing human-cell tumors are war-
ranted to obtain further support to the latter contention.

Another important process involved in BC progression is cellularmi-
gration, as it allows cancer cells tometastasize and spread the disease to
different organs. This active process is highly dependent on ATP levels,
and thus might be affected by mitochondrial uncouplers (Zhou et al.,
2014). Indeed, our results show that sub-lethal concentrations of
TPP+-derivatives are able to diminish the migratory capacity of MDA-
MB-231 cells, already at 48 h of incubation. Although ATP decrease is
one possible explanation for the inhibition induced by the TPP+-linked
polyhydroxybenzoates on cellular migration, two possible alternative
mechanisms that could underlie such effect are also to be noted. The
first one would involve the relation between mitochondrial dynamics
and lamellipodia formation described by Zhao et al. (2013). As reported
by the authors, inhibition of mitochondrial fission, or up-regulation of
mitochondrial fusion, resulted in decreased mitochondrial distribution
to lamellipodia, thus inhibiting migration of MDA-MB-231 cells. In
fact, results from such study show that the classical uncoupler CCCP is
able to completely ablate cellular migration and lamellipodia formation
already after a 30 min incubation (Zhao et al., 2013). A second mecha-
nism that could possibly underlie the migratory-inhibiting effect of
our compounds might involve the ability of phenolic acids (such as
protocatechuic or gallic acids) to decrease migration through the
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inhibition of NF-κB and small GTPases (including Ras, Cdc42, Rac1,
Rhoa and RhoB), as reported by Ho et al. (2010) and (Lin et al.
(2011)) in AGS gastric adenocarcinoma cells. In view of our results,
we believe that the inhibitory mechanism on cellular migration of
decyl-polyhydroxybenzoates-TPP+ warrants future research.

5. Conclusions

Taken together, our results showed that the mitochondrially-
targeted decyl-polyhydroxybenzoates (namely: SA-TPP+C10, GA-
TPP+C10, PIA-TPP+C10, PCA-TPP+C10 and TPP+C10) are cytotoxic for
all tested breast cancer cell lines, regardless their hormone or growth
factor receptors (ER and HER2/neu –respectively-) expression pattern.
Such cytotoxicity appears to be triggered by an initial loss of mitochon-
drial transmembrane potential, due to a weak uncoupling of the oxida-
tive phosphorylation. The former event could lead, in the long term, to a
mild decline in cellular ATP levels (although such decline might be
partially compensated by the activation of AMPK) and to a release of
mitochondrial calcium into the cytosol, among other processes,
resulting in the activation of apoptotic pathways. Moreover, the decyl-
polyhydroxybenzoates-TPP+ are shown to partially inhibit themigrato-
ry ability of highly metastatic MDA-MB-231 cells at sub-lethal concen-
trations. Thus, we postulate that decyl-polyhydroxybenzoates-TPP+

represent molecules which warrant further research for their potential
as putative pharmacological agents in the treatment of all subtypes of
breast cancer.
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