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We previously demonstrated that alkyl gallates coupled to triphenylphosphine have a selective and efficient an-
tiproliferative effect by inducing mitochondrial uncoupling in vitro due to the increased mitochondrial trans-
membrane potential of tumor cells. Therefore, in this work, the in vivo antitumor activities of alkyl gallate
triphenylphosphonium derivatives (TPP+C8, TPP

+C10 and TPP+C12) were evaluated in a syngeneic murine
model of breast cancer.We found that TPP+C10 increased the cytosolic ADP/ATP ratio and significantly increased
the AMP levels in a concentration-dependent manner in TA3/Hamurine mammary adenocarcinoma cells. Inter-
estingly, TPP+C10 induced a decrease in the levels of cellular proliferation markers and promoted caspase-3 ac-
tivation in tumor-bearing mice. Additionally, TPP+C10 inhibited tumor growth in the syngeneic mouse model.
Importantly, 30 days of intraperitoneal (i.p.) administration of the combination of TPP+C10 (10 mg/kg/48 h)
and the antibiotic doxycycline (10 mg/kg/24 h) completely eliminated the subcutaneous tumor burden in
mice (n = 6), without any relapses at 60 days post-treatment. This enhancement of the individual activities of
TPP+C10 and doxycycline is due to the uncoupling of oxidative phosphorylation by TPP+C10 and the inhibition
of mitochondrial biogenesis by doxycycline, as demonstrated by loss of mitochondrial mass and overexpression
of PGC1-α as an adaptive response.Moreover, i.p. administration of TPP+C10 (10mg/kg/24h) to healthymice did
not produce toxicity or damage in organs important for drug metabolism and excretion, as indicated by hemato-
logical, biochemical and histological assessments. These findings suggest that the combination of TPP+C10 with
doxycycline is a valuable candidate therapy for breast cancer management.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Gallic acid (GA; 3,4,5-trihydroxybenzoic acid) is a well-known poly-
phenol found abundantly in tea, grapes, berries and other fruits. GA has
various biological activities, such as antibacterial, anti-melanogenic,
l; ADP, adenosine diphosphate; AMP,
arbonyl cyanide m-chlorophenyl hydr
, dimethyl sulfoxide; FITC, 4-fluoresc
, lactate dehydrogenase; MCH, mea
lume; OXPHOS, oxidative phosphory
or 1α; ROS, reactive oxygen spec
nzoyl)oxy)decyl) triphenylphosphon
antiviral and anti-inflammatory activities (Kang et al., 2008; Kratz et
al., 2008; Yoon et al., 2013), in addition to its antineoplastic activity in
various cancer cell types (Ji et al., 2009; Maurya et al., 2011), which
merit attention in the development of drugs against cancer. GA and its
alkyl derivatives, the propyl, octyl and lauryl gallates, have been widely
adenosine monophosphate; AP, alkaline phosphatase; AST, aspartate aminotransferase; ATP,
azone; CK, creatine kinase; CK-MB, creatine kinase MB; DAB, diaminobenzidine; DMEM HG,
ein isothiocyanate; GA, gallic acid; HE, hematoxylin and eosin; HK-II, hexokinase 2; IIA,
n corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCT,
lation; PBS, phosphate-buffered saline; PCNA, proliferating cell nuclear antigen; PGC1-α,
ies; TPP+, triphenylphosphonium; TPP+C8, (8-((3,4,5-trihydroxybenzoyl)oxy)octyl)
ium; TPP+C12, (12-((3,4,5-trihydroxybenzoyl)oxy)dodecyl) triphenylphosphonium; VDAC,
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used as antioxidant additives in the food and pharmaceutical industries,
and these compounds have demonstrated significantly low toxicities
both in vitro and in vivo (Fiuza et al., 2004; Verma et al., 2013). Alkyl gal-
lates have shown various biological activities, including cardiovascular
protection, tyrosine kinase inhibition, and antibacterial, antifungal,
anti-inflammatory, and anticancer activities, that in many cases are
greater than those exhibited by GA itself (Locatelli et al., 2008, 2009).
Additionally, it has been demonstrated that n-alkyl gallates can elicit
the following effects: a) decreasemitochondrial membrane potential
(ΔΨm); b) induce mitochondrial permeability transition pore open-
ing; c) promote cytochrome c and apoptosis-inducing factor (AIF)
release and procaspases and endonuclease G activation; and d) up-
regulate the expression of Bcl-2-associated X protein (BAX) and cas-
pase-3, -4 and -9, subsequently causing DNA fragmentation (Yeh et al.,
2011). It has also been reported that increasing concentrations of GA es-
ters generate greater uncoupling of the oxidative phosphorylation
(OXPHOS) system, as well as inhibit electron flow through the mito-
chondrial respiratory chain (at higher concentrations), mainly at
NADH-CoQ oxidoreductase. These effects of GA esters prevent ATP syn-
thesis and ultimately lead to cell death. Moreover, although the struc-
ture and lipophilicity of the alkyl side chain is important for the
antitumor activity of these compounds, a “cutting” effect has been re-
ported with increasing length of the alkyl chain of GA esters, leading
to a decrease in their effects on a range of biological activities (Losada
Barreiro et al., 2013).

Mitochondria play an important role in regulating energymetabolism,
the cytosolic calcium concentration, ROS production and apoptosis. Im-
portantly, mitochondria exhibit significant differences in OXPHOS be-
tween tumor and non-tumor cells; the inner mitochondrial membrane
(IMM) of tumor cells has a ΔΨm of approximately 150–180 mV, in
which the potential is more negative on the matrix side, thus causing an
increased ΔΨm. The ΔΨm in tumor cells is much higher than the mem-
brane potential of any other cell organelle and is higher than the ΔΨm

in other tissues and non-tumor cells (Modica-Napolitano and Singh,
2004). Furthermore, the activities of important enzymes involved in es-
tablishing the ΔΨm are decreased in tumor cells (Lopez-Rios et al.,
2007; Putignani et al., 2008), in association with a low respiration
rate, which is possibly due to mitochondrial dysfunction (Modica-
Napolitano and Singh, 2004); however, the latter point is under debate.
In addition, tumor cells have increased expression of several proteins
involved in glucose metabolism. In some cases, aerobic glycolysis may
contribute N50% of total ATP synthesis and thus serve as the main
source of energy in tumor cell (Pedersen, 2007). Nevertheless, many
studies have confirmed the importance of OXPHOS in ATP production
for tumor cells. This process enables direct delivery of newly synthe-
sized ATP to hexokinase 2 (HK-II), an enzyme attached to the outer mi-
tochondrial membrane through the voltage-dependent anion channel
(VDAC) that is upregulated in tumor cells. Thus, HK-II uses the ATP
synthetized viaOXPHOS to phosphorylate and convert glucose into glu-
cose-6-phosphate, one of the limiting steps in glycolysis (Rosano,
2011). This evidence suggests that mitochondria are excellent targets
for antitumor therapies.

Because tumor cells have the highest ΔΨm, small molecules can be
selectively targeted to tumor cell mitochondria (Coulter et al., 2000).
To enhance the cytotoxic effect of GA esters, we synthesized delocalized
lipophilic cations, in which GA with different alkyl chain lengths were
conjugated to the triphenylphosphonium (TPP+) moiety (Jara et al.,
2014). These compounds, guided by the ΔΨm, selectively accumulate
in tumor cells by binding directly to the phospholipid bilayer due to
their large hydrophobic surface area. This interaction reduces the acti-
vation energy required to capture the TPP+ group (Murphy and
Smith, 2007), resulting in the accumulation of the target in the IMM at
a nearly 500-fold higher concentration than that in the cytosol. We pre-
viously determined that alkyl gallate TPP+ derivatives provoked mito-
chondrial uncoupling in mouse mammary adenocarcinoma cells (TA3/
Ha), leading to a decrease in OXPHOS-mediated ATP synthesis and
ultimately causing cell death (Jara et al., 2014). Also, we have tested
the effectiveness of alkyl gallates in several human breast cancer cell
lines, which differ in their expression of estrogen and epidermal growth
factor receptors, aswell as in theirmetabolic profile (Sandoval-Acuna et
al., 2016). Because of these promising in vitro results, we evaluated the
first in vivo antitumor activities of alkyl gallate-TPP+ derivatives.

It is important to note that the “no observed adverse effect level”
(NOAEL) of GA is approximately 120 mg/kg/day for rats and that the
NOAEL of its alkyl gallate derivatives is approximately 1000 mg/kg/
day in mice (van der Heijden et al., 1986; Lu et al., 2006). Furthermore,
studies using phosphonium salts as contrast agents for diagnostic imag-
ing (Kim et al., 2008) have elucidated two key points concerning these
compounds: 1) they preferentially accumulate within tumor cells, and
2) the phosphonium cation itself does not impart cytotoxicity.

Because of the genetic complexity of cancer cells and the lack of a spe-
cific therapeutic target enabling personalized treatment, it is necessary to
resort to an alternative therapy that focuses on a common trait of tumor
cells. One of these features is the strict dependence onmitochondrial bio-
genesis for the anchorage-independent clonal expansion and survival of
cancer stem cell populations. Considering this dependence, many classes
of FDA-approved antibiotics inhibit mitochondrial biogenesis or OXPHOS
as a mild side effect, and their ability to eradicate cancer stem cells has
been studied (Lamb et al., 2015). Among these drugs, doxycycline repre-
sents an attractive new anticancer agent. Doxycycline is a broad-spec-
trum antibiotic of the tetracycline class that inhibits protein synthesis
by preventing the binding of activated aminoacyl-tRNAs to the A site of
the 30S subunit of bacterial ribosomes. Importantly, the 30S subunit of
the bacterial ribosome is homologous to the 28S subunit of themitochon-
drial ribosome; as a consequence, tetracycline-based antibiotics inhibit
mitochondrial biogenesis. Moreover, doxycycline has been used in
human tumor xenograft and other animal models to significantly reduce
the tumor burden and even suppress metastatic cancer cell growth
(Duivenvoorden et al., 2002; Shen et al., 2010; Chang et al., 2014).

Importantly, combination therapies are known to be more clinically
effective than individual therapies against cancer. Thus, based on the
properties of alkyl gallate TPP+ derivatives described above and the evi-
dence of their cytotoxicity in vitro, we investigated the antitumor effects
of these compounds (chemical structures in Supplementary Fig. 1) in a
syngeneic murine model. In addition, according to the results from stud-
ies of doxycycline in different animalmodels of breast cancer (Lamb et al.,
2015), the effect of the combination of TPP+C10 and doxycycline onmito-
chondrial biogenesis and the capacity of this combination to reduce
tumor growth were analyzed. The results revealed that this combined
treatment decreased themitochondrial mass and consequently increased
the levels of peroxisome proliferator-activated receptor-γ coactivator 1α
(PGC1-α), the master regulator of mitochondrial biogenesis, as compen-
satory effect. Moreover, combined doxycycline and TPP+C10 treatment
completely eliminated the tumor burden in vivo, without recurrence at
60days post-treatment. This combination treatmentmight be a beneficial
therapeutic strategy for the management of breast cancer.

2. Materials and methods

2.1. Drugs used in this study

The compounds used in the present study were synthesized accord-
ing to Jara et al. (2014) andwere numbered based on the size of the car-
bon chain:

TPP+C8: triphenyl (8-((3,4,5-trihydroxybenzoyl)oxy)octyl) phos-
phonium bromide;
TPP+C10: triphenyl (10-((3,4,5-trihydroxybenzoyl)oxy)decyl)
phosphonium bromide; and
TPP+C12: triphenyl (12-((3,4,5-trihydroxybenzoyl)oxy)dodecyl)
phosphonium bromide.



336 L. Peredo-Silva et al. / Toxicology and Applied Pharmacology 329 (2017) 334–346
2.2. TA3/Ha cell line

TA3/Ha cells were kindly provided by Dr. Gasic, University of
Pennsylvania, and have been used by our laboratory since 1989.
This cell lines were propagated until the day of the assay by weekly
intraperitoneal (i.p.) inoculation of ascitic fluid into young adult male
AJ mice and harvested after 5–7 days (a description of selected features
of this tumor cell line is provided in the Supplementary information),
however no authentication has been performed.

2.3. Determination of O2 consumption and H+ extrusion

Oxygen consumption by TA3/Ha mouse mammary adenocarcinoma
cells was measured polarographically using a Clark electrode (Yellow
Spring Instruments Co.), and the release of H+ was measured potentio-
metrically using a pH electrode (Cole-Palmer) as described in the Sup-
plementary information. Analysis of the recorded data was performed
using SigmaPlot 12 (Systat Software, Inc., San Jose, CA). For this experi-
ment, TA3/Ha cells were obtained directly frommouse as ascitic tumor,
and were prepared as follows: TA3/Ha cells were resuspended in medi-
um consisted in 150mMNaCl, 5 mM KCl and 1 mM Tris-HCl, pH 7.0. As
respiratory substrate glutamine 5 mM and glucose 5 mM were used.
The compounds added in eachmeasurement are indicated in the traces.

The calibration of H+ release was determined by backtitration
with known amounts of 0.1 M HCl. The solubility of oxygen in the
air-saturated test medium used was determined to be 452.5 ng
atoms of oxygen/mL at 25 °C.

2.4. Analysis of the colocalization of C12-FITC and TPP+C12-FITC with
mitochondria in TA3/Ha cells

For visualization, TPP+C12 was conjugated to the fluorescent com-
pound fluorescein isothiocyanate-4 (FITC) as described by Han et al.
(2008). Detailed methodology is provided in the Supplementary infor-
mation. For quantification of colocalization of MitoTracker-orange
MTO (mitochondria) with FITC conjugated to lauryl gallate (C12-FITC)
or a gallic acid derivative (TPP+C12-FITC), colocalization ratioswere cal-
culated based on effective colocalization using local Manders overlap
coefficients.

2.5. Determination of the ADP/ATP ratio and AMP levels in TA3/Ha cells

TheADP/ATP ratiowas calculated using anADP/ATP ratio assay (Bio-
luminescent) Kit (Abcam®, ab65313) according to the manufacturer's
instructions. AMP levels were measured using an AMP-Glo™ Assay kit
(Promega® V5011) according to the manufacturer's instructions; de-
tailed methodology is provided in the Supplementary information.
Values are expressed as the ATP/ADP ratio or in relative luminescence
units.

2.6. Syngeneic mouse model and experimental procedure

Adult AJ male mice, weighing between 28 and 30 g, were purchased
from the animal facility of the Faculty of Medicine of the University of
Chile. The animals were housed in a stable laboratory environment
with a 12 h light/dark cycle at 21 °C in accordance with institutional
animal protocols (University of Chile Committee on Animal Welfare).
Detailed methodology of the propagation of the TA3/Ha cell line in ani-
mals for production of the syngeneic murine model is provided in the
Supplementary information.

Prior to injection, TA3/Ha cells werewashedwith 0.9%NaCl and cen-
trifuged at 3000 rpm for 5min; the cell pelletswere suspended in 100 μL
of 0.9% NaCl and injected (1 × 106 cells/mouse) subcutaneously into the
back of the mice. The animals were randomly allocated to the different
treatment groups (n=6). Detailedmethodology is provided in the Sup-
plementary information.
2.7. Hematology, biochemical analysis and cardiac enzyme activity
evaluation

Groups of six mice were i.p. administered 10 or 50 mg/kg/48 h of a
tested compound or vehicle for 30 days. At the end of treatment, a
fresh blood sample was collected prior to anesthesia with ketamine/
xylazine (100/5 mg/kg) and transferred into a Microtainer tube con-
taining EDTA for hematological evaluation or into a Microtainer tube
containing separating gel for biochemical analysis and cardiac en-
zyme activity evaluation; for details on the parameters evaluated,
see the Supplementary information. The analyses of these parame-
ters were performed in the Clinical Laboratory of the Clinical Hospi-
tal of the University of Chile.

2.8. Immunofluorescence analysis of the cellular proliferation markers
Ki-67 and PCNA

Animals were treated i.p. with 10 mg/kg/48 h of a tested compound
or vehicle for 28 days. At the end of treatment, the surviving mice were
sacrificed, and their tumor tissuewas removed. The samples were proc-
essed for conventional immunofluorescence. Detailed methodology is
provided in the Supplementary information.

2.9. Immunohistochemistry for caspase 3, caspase 9 and translocase of
outer mitochondrial membrane-20 (TOMM-20)

Animals were treated i.p. with 10 mg/kg/48 h of a tested compound
or vehicle for 28 days. At the end of treatment, the surviving mice were
sacrificed, and their tumor tissuewas removed. The samples were proc-
essed for conventional immunohistochemistry. Detailed methodology
is provided in the Supplementary information.

2.10. Western blotting for active caspase-3, active caspase-9 and PGC1-α

Western blotting analysis for active caspase-9 was performed in
TA3/Ha cells. These cells were treated for 6 h with different concen-
trations of TPP+C10; for detailed methodology, see the Supplemen-
tary information. For Western blotting for PGC1-α, TA3/Ha cells
were treated for 24 h with different concentrations of doxycycline,
TPP+C10 or doxycycline together with TPP+C10 (as detailed in the
Supplementary information). For determination of caspase-3 and
procaspase-9 expression by Western blotting in tumor tissue, ani-
mals were treated i.p. with 10 mg/kg/48 h of a tested compound or
vehicle during 28 days. At the end of treatment, protein expression
in tumor tissue was measured via SDS-PAGE; for detailed methodol-
ogy, see the Supplementary information. Immunoreactive bands
were quantified using ImageJ 1.47v software.

2.11. Flow cytometric analysis of mitochondrial mass and active caspase-3
in TA3/Ha cells

To measure mitochondrial mass, TA3/Ha cells were treated with
different concentrations of doxycycline and/or TPP+C10 and then
stained with MitoTracker® Green FM (#M7514 Invitrogen; λex

490/λem 516), a mitochondrial stain that localizes to mitochondria
regardless of ΔΨm; detailed methodology is provided in the Supple-
mentary information.

For active caspase-3, TA3/Ha cells were treated with different con-
centrations of TPP+C10 for 24 h and then processed using PE Active Cas-
pase-3 Apoptosis Kit (BD Bioscience®, #550914) according to the
manufacturer's instructions, see the Supplementary information.

2.12. Statistical analysis

Survival of animals was statistically analyzed using the Kaplan-
Meier method. One-way or two-way ANOVA (followed by Bonferroni
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post hoc analysis) was performed as appropriate. For all experiments,
statistical significance was set at p b 0.05. Analyses were performed
using GraphPad Prism Version 5.00 statistical software.

3. Results

3.1. Metabolic characterization of mouse mammary adenocarcinoma
TA3/Ha cells: oxygen uptake and proton extrusion

The kinetics of oxygen uptake and extracellular acidification in
TA3/Ha tumor cells were measured. Such processes, measured as ox-
ygen consumption and H+ extrusion, were at maximal rates when
adding cells because all electron carriers of the respiratory chain
were completely reduced (anaerobic conditions) and the suspension
medium was slightly acidic.

Representative traces of oxygen consumption and H+ extrusion
in the presence of only endogenous substrates (Fig. 1A) showed a de-
crease in the dissolved oxygen concentration with apparent-first
order kinetics, along with a slight linear increase in H+ extrusion.
Addition of glutamine (Fig. 1B) induced a more rapid linear decrease
in the oxygen concentration, as well as a corresponding increase in H+

extrusion. Interestingly, under total anaerobic conditions, a very slight
linear increase in H+ release was observed. When only glucose was
added (Fig. 1C), the rate of oxygen consumption was very similar to
Fig. 1.Metabolic characterization of TA3/Ha cells. Representative traces of oxygen consumption
glucose, D. 5 mM glutamine and 5 mM glucose, E. the Complex I inhibitor rotenone (4 μM) to
(1.25 ng/mL) together with glutamine and glucose as substrates, G. 1.5 μg/mL oligomycin and
oligomycin and TPP+C10 (10 μM) in the presence of glutamine and glucose as substrates, and
the glycolysis inhibitor IIA (1 mM). The number below the solid trace represents ng-atoms O
protein. The lines were fitted using SigmaPlot 12 software, and the slopes were calculated usin
that shown in Fig. 1B, but the linear rate of H+ release was surprisingly
increased, even under aerobic conditions. When glutamine and glu-
cose were simultaneously added (Fig. 1D), the rate of oxygen con-
sumption was very similar to that shown in Fig. 1C. However, a
slower linear increase in H+ extrusion was observed, although this
rate was significantly increased under anaerobic conditions. When
glutamine and glucose were added together with the Complex I in-
hibitor rotenone (Fig. 1E), or the Complex III inhibitor Antimycin A
(Fig. 1F), an abrupt and nearly complete inhibition of oxygen con-
sumption was observed under both conditions, accompanied by an
immediate increase in the rate of H+ release. Similarly, in cells re-
spiring in the presence of glutamine, glucose, and the ATP synthase
inhibitor oligomycin, the oxygen consumption rate was reduced,
and the H+ release rate was abruptly increased. Upon the addition
of the uncoupler CCCP or TPP+C10, a sudden increase in the oxygen
consumption rate occurs with a reduced H+ extrusion (Fig. 1G–H).
The same behaviorwas observedwhen using another classic uncoupler,
2,4-DNP (Supplementary Fig. 2). Interestingly, the H+ release rate de-
creased when all oxygen was exhausted. In the presence of the glycoly-
sis inhibitor iodoacetate (IIA), the oxygen consumption rate was not
affected, but the H+-release rate was strongly reduced (Fig. 1I). When
oligomycin was also added, this rate slightly decreased, attaining a sim-
ilar slope as the CCCP-added cells, reaching almost zerowhen all the ox-
ygen was exhausted.
and H+ release in the presence of A. endogenous substrate, B. 5 mM glutamine, C. 5 mM
gether with glutamine and glucose as substrates, F. the Complex III inhibitor Antimycin A
the uncoupler CCCP (50 nM) in the presence of glutamine and glucose as substrates, H.
I. oligomycin and CCCP in the presence of glutamine and glucose as substrates as well as
/min·mg protein, and the number above the dotted trace represents nmol H+/min·mg
g Excel. Rot: Rotenone; Ant A: Antimycin A; Oligo: Oligomycin.
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3.2. Alkyl gallate triphenylphosphonium derivatives colocalize with tumor
cell mitochondria and increase the ADP/ATP ratio and AMP levels in TA3/
Ha cells

To evaluate the influence of the TPP+ moiety on the degree of mito-
chondrial tropism of alkyl gallate derivatives in TA3/Ha cells, we evalu-
ated the percentage of colocalization of lauryl gallate-TPP+ (TPP+C12)
relative to lauryl gallate alone. The results showed that lauryl gallate-
FITC was widely distributed in the cytosol of tumor cells, showing
only 33% colocalization with mitochondria (Fig. 2Ad). In contrast,
TPP+C12-FITC showed a high level of colocalization with mitochondria
(76%) in TA3/Ha cells (Fig. 2Ah). These results indicate the importance
of TPP+ to the selective guidance of a pharmacophore to tumor cell mi-
tochondria driven by the more negative charge of the mitochondrial
matrix in tumor cells.

The derivative TPP+C10 was established as a safe mitochondrial
uncoupling agent based on its concentration-dependent activity, which
showed a therapeutic range of approximately 500-fold (Jara et al.,
2014). Moreover, it was expected that this effect would be accompanied
Fig. 2. Colocalization of TPP+C10 with mitochondria and the effect of TPP+C10 treatment on
representatives images of at least three independent experiments: a. C12-FITC (lauryl gallate
MTO (MitoTracker orange); g. DAPI; and h. merge. The Manders overlap coefficient (R) was 0
experiment shown in h. Scale bar: 10 μm. B. ADP/ATP ratio; the graph shows the means ± SD
SD of at least three independent experiments in relative luminescence units. 1.0 × 105 TA3/H
and AMP levels were calculated as described in the Methods. Error bars represent 95% CI. On
statistically significant differences compared with the control group.
by a decrease in intracellular ATP content. Therefore, the ADP/ATP ratio
and AMP levels were measured. Treatment with TPP+C10 increased the
ADP/ATP ratio in a concentration-dependentmanner (Fig. 2B). Addition-
ally, AMP levels were increased greatly in the presence of TPP+C10 (Fig.
2C), indicating that the compensatory mechanism for maintaining ATP
levels (adenylate kinase activity) provoked an increase in AMP levels.
This result is directly related to the metabolic stress caused by the
uncoupling activity of TPP+C10, which could lead to cell death.

3.3. Alkyl gallate triphenylphosphonium derivatives did not cause systemic
toxicity or damage to organs important for drug metabolism and excretion

To assess the possible systemic toxicity of the tested compounds,
hematological and biochemical parameters were analyzed. Because
of the mitochondrial tropism of the tested compounds, cardiac dam-
age might be expected; thus, changes in cardiac enzyme activity levels
were assessed. Additionally, the survival of animals at different doses of
the tested compounds was evaluated, and it was determined that i.p.
administration of 10 mg/kg/48 h of all compounds for 30 days led to
the ADP/ATP ratio and AMP levels in mitochondria of TA3/Ha cells. A. The graphs show
conjugated to FITC); b. MTO (MitoTracker orange); c. DAPI; d. merge; e. TPP+C12-FITC; f.
.33 for the experiment shown in d. The Manders overlap coefficient (R) was 0.76 for the
of at least three independent experiments C. AMP levels; the graph shows the means ±

a cells/mL were incubated for 2 h with 0.1, 0.5 or 1 μM TPP+C10. Then, the ADP/ATP ratio
e-way ANOVA followed by the Bonferroni post-test. *p b 0.05 and ***p b 0.001 indicate
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86% survival. Moreover, at this dose, no loss of body weight (Supple-
mentary Fig. 3), ruffling of fur, or alteration in behavior was detected.

Treatment with TPP+C10 or TPP+C12 at 10 or 50mg/kg did not alter
hematological parameters (Table 1A). Similarly, treatment with these
compounds at 10 mg/kg did not alter biochemical parameters. Only in
mice treated with TPP+C12 at 50 mg/kg, there was an increase in the
levels of blood urea nitrogen (BUN) and aspartate aminotransferase
(AST) (indicators of renal and hepatic dysfunction, respectively)
(Table 1B). However, at 10 mg/kg TPP+C12, there was no change in
the parameters measured. Moreover, there was no increase in cardiac
enzyme activity levels for any of the compounds assessed (Table 1B).
To further confirm the safety of these compounds, histopathological
analysis of cardiac, hepatic and renal tissue was conducted, and the re-
sults were consistent with those of hematological analysis. At 10mg/kg,
no morphological changes in organs or fibrosis in cardiac tissue were
detected (Supplementary Fig. 4). Altogether, these results confirmed
that i.p. administration of 10 mg/kg (TPP+C10 or TPP+C12) is safe, as
these treatments did not cause systemic toxicity or damage to the or-
gans responsible for themetabolism and excretion of these compounds.
Table 1
(A) Hematologic parameters and (B) Biochemical parameters of healthy mice treated with TPP

Parameter Control TPP+C10

10 mg/kg

(A) Hematologic parameters
Red blood cell count
106 cells/mm3

8.5 ± 0.3 7.9 ± 0.7

Packed cell volume
%

49.9 ± 0.7 46.2 ± 3.1

Hemoglobin level
g/dL

12.7 ± 0.4 12.2 ± 0.8

MCV
fL

58.5 ± 1.3 58.4 ± 3.6

MCH
pg

14.9 ± 0.9 15.5 ± 0.4

MCHC
g/dL

25.5 ± 0.9 26.5 ± 1.3

White blood cell count
103 cells/μL

12.3 ± 8.9 5.9 ± 1.6

Monocyte count
103 cells/μL

6.7 ± 1.5 8.3 ± 1.2

Lymphocyte count
103 cells/μL

62.7 ± 6.0 62.7 ± 13.1

Platelet count
103 platelets/μL

1066 ± 157 1047 ± 266

(B) Biochemical parameters
Glucose
mg/dL

205.3 ± 22.1 196 ± 38.8

Total protein
g/dL

5.0 ± 0.1 4.65 ± 0.07

Uric acid
mg/dL

1.1 ± 0.1 1.3 ± 0.2

Albumin
g/dL

2.0 ± 0.2 1.9 ± 0.07

Cholesterol
mg/dL

120 ± 15.8 94.5 ± 10.6

Blood urea nitrogen (BUN)
mg/dL

19 ± 1.7 21.5 ± 2.1

Total bilirubin
mg/dL

0.23 ± 0.05 0.15 ± 0.1

Aspartate aminotransferase (AST)
U/L

161 ± 50.3 155 ± 28.3

Alkaline phosphatase
U/L

231 ± 35.3 171 ± 80.6

Lactic dehydrogenase (LDH)
U/L

9235 ± 257 9143 ± 900

CK
U/L

387 ± 41.8 270 ± 77.7

CK-MB
U/L

633 ± 44.5 434 ± 49.9

Animals were treated with 10 or 50 mg/kg body weight TPP+C10 or TPP+C12 every 48 h. Value
One-way ANOVA. *p b 0.05 indicates a statistically significant difference compared with the co
3.4. TPP+C10 enhanced the inhibition of mitochondrial biogenesis induced
by doxycycline

It has been widely established that doxycycline can inhibit mito-
chondrial protein synthesis as a side effect and can therefore inhibit mi-
tochondrial biogenesis. Thus, this antibiotic has the ability to inhibit the
anchorage-dependent survival and spread of cancer stem cells aswell as
the formation ofmetastases in animalmodels of cancer. Furthermore, as
described for the above analysis, TPP+C10 can alter mitochondrial func-
tion by uncoupling OXPHOS. For this reason, the effect of the combina-
tion of doxycycline and TPP+C10 on mitochondrial biogenesis was
analyzed.

This combined treatment decreased the mitochondrial mass of TA3/
Ha cells, as assessed by MitoTracker Green staining based on FACS (Fig.
3A–B). This decrease was statistically significant for 50, 100 and 200 μM
doxycycline compared to the control treatment. More importantly, the
combination of 1.0 μM TPP+C10 and 25 or 200 μM doxycycline further
decreased the mitochondrial mass compared with 25 or 200 μM doxy-
cycline alone (Fig. 3B). Moreover, combined treatment of 1.0 μM
+C10 or TPP+C12.

TPP+C10 TPP+C12 TPP+C12

50 mg/kg 10 mg/kg 50 mg/kg

8.2 ± 0.6 7.87 ± 0.6 8.3 ± 0.5

45.1 ± 4.7 45.9 ± 1.1 46.6 ± 0.8

13.4 ± 1.1 12.5 ± 0.3 12.1 ± 0.1

54.8 ± 5.9 58.6 ± 6.1 56.4 ± 2.9

16.3 ± 0.5 15.9 ± 0.9 14.7 ± 1.1

29.9 ± 2.7 25.9 ± 0.5 26.0 ± 0.7

6.8 ± 1.6 4.3 ± 2.2 5.42 ± 0.8

12.0 ± 4.1 12.5 ± 0.7 7.7 ± 0.9

53.5 ± 9.1 56.0 ± 5.7 47.3 ± 8.8

806.5 ± 235 1037 ± 111 1410 ± 86

182 ± 14.5 208 ± 13.4 172 ± 33.9

4.8 ± 0.7 5.0 ± 0.2 4.5 ± 0.2

1.3 ± 0.6 1.5 ± 0.4 1.1 ± 0.2

1.9 ± 0.1 2.1 ± 0.1 1.8 ± 0.1

116 ± 9.5 115 ± 18.3 89 ± 7.1

25 ± 1.3 18 ± 0.5 39.5 ± 2.1*

0.2 ± 0.04 0.35 ± 0.07 0.23 ± 0.1

172 ± 12.2 194 ± 8.5 606 ± 36.7*

182 ± 21.4 238 ± 12.7 161 ± 14.8

− 9965 ± 262 −

288 ± 44.5 276 ± 61.1 327 ± 81.3

− 400 ± 97.7 −

s are presented as means ± SD of two independent experiments (n= 6mice per group).
ntrol group.



Fig. 3. TPP+C10 enhanced the inhibition ofmitochondrial biogenesis induced by doxycycline. TA3/Ha cellswere treatedwith increasing concentrations of TPP+C10 and doxycycline for 24h
as described in theMethods. A. Representative histograms of flow cytometry usingMitoTracker® Green FM. B. Representativemean fluorescence intensity (MFI) from three independent
experiments. C. Western blotting for PGC1-α from four independent experiments. One-way ANOVA followed by the Bonferroni post-test. ***p b 0.001 indicates a statistically significant
difference compared with the control group. #: 25 Dox statistically significantly different compared with 25 Dox + 1.0 TPP+C10. %: 200 Dox statistically significantly different compared
with 200 Dox + 1.0 TPP+C10.
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TPP+C10 and 100 μM doxycycline increased the protein expression of
PGC1-α, as assessed byWestern blotting (Fig. 3C). PGC1-α is considered
a key regulator of mitochondrial biogenesis and is required for the tran-
scription of nuclear-encodedmitochondrial genes, which triggers mito-
chondrial biogenesis. The observed effect of the combination treatment
on this transcription coactivator may be due to an adaptive response of
the tumor cells to maintain their survival and growth, upregulating
PGC1-α to offset the loss of mitochondrial function. Together, these re-
sults established that combination treatment of TPP+C10 and doxycy-
cline increased the deleterious effects on mitochondrial function in
TA3/Ha cells, suggesting that this treatment may be an important alter-
native cancer therapy that warrants investigation in vivo.

3.5. Alkyl gallate triphenylphosphonium derivatives decreased the expres-
sion of cell proliferation markers, caused caspase-dependent cell death
and reduced mitochondrial biomass in vivo

To evaluate the effect of the combination treatment on cell prolifer-
ation, the expression of two proliferation markers widely used in the
clinic was assessed. Ki-67 expression correlates with disease prognosis,
tumor stage and the treatment response, while PCNA is a nuclear pro-
tein that is detected in the early G1 phase of the cell cycle, with a peak
of expression in the S phase. Treatment with TPP+C10 or TPP+C12 sig-
nificantly decreased the number of Ki-67-positive cells (Fig. 4A), al-
though this reduction was more pronounced for TPP+C10 (by 43% and
59%, respectively). Treatment with either TPP+C10 or TPP+C12 induced
a decrease in the levels of themarker PCNA, but this decreasewas signif-
icant only for TPP+C10 (Fig. 4B).

Through in vitro analysis in TA3/Ha cells, the activation of caspase-9
(after 6 h of stimulation) and caspase-3 (after 24 h of stimulation) in-
duced by TPP+C10 was evaluated. A concentration-dependent increase
of active caspase-3 (Fig. 5A) as well as active caspase-9 (Fig. 5B) was
clearly observed. These results were corroborated in vivo. TPP+C10 pro-
duced significant activation of caspase-3 in tumor tissue, and TPP+C12
produced a trend towards an increase in the expression of this enzyme.
Induction of apoptosis by TPP+C10 in tumor tissue was confirmed by
TUNEL positive signal (Supplementary Fig. 5). In contrast, no alteration
in procaspase-9 expression was observed after either treatment (Fig.
5C–E).

The distribution of mitochondrial mass was assessed by measuring
the expression of TOMM-20, established as a marker of mitochondrial
mass and biogenesis. TPP+C10, but not TPP+C12, significantly decreased
TOMM-20 expression in tumor tissue (Fig. 6). Altogether, these results
indicate that i.p. administration of 10 mg/kg TPP+C10 causes a strong



Fig. 4. Effect of TPP+C10 and TPP+C12 on the expression of the proliferationmarkers Ki-67 and PCNA in tumor tissue. Micewere treatedwith 10mg/kg bodyweight of each compound or
vehicle as appropriate every 48 h for a period of 30 days. A. Representative images of immunofluorescence for Ki-67 and B. for PCNA. Graphs show quantification of three independent
experiments for each marker. Two-way ANOVA followed by the Bonferroni post-test for immunofluorescence quantification. **p b 0.01, and ***p b 0.001 indicate statistically
significant differences compared to the control group. a, b, and c indicate statistically significant differences compared to PI-stained tissue. #Statistically significant difference between
treatments (TPP+C10 vs. TPP+C12). PI: Propidium Iodide. Scale bar: 10 μm.
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response in animals treatedwith a factor benefiting prognosis by activat-
ing the apoptotic cell death pathway in vivo. Additionally, TPP+C10
appeared to induce a decrease in mitochondrial biomass in tumor-
bearing mice.

3.6. Treatment with alkyl gallate triphenylphosphonium derivatives pre-
vents tumor growth and the combination of TPP+C10 and doxycycline
completely eradicates the tumor burden

Using a syngeneic murine model, we examined the effect of the
tested compounds on tumor growth. Treatment with 10 mg/kg
TPP+C10 produced a significant reduction in tumor growth (Fig.
7A–C), leading to a survival rate of 70% at 40 days post-inoculation
(Fig. 7B). Conversely, TPP+C12 produced a non-significant decrease
in tumor growth, and the TPP+C8 showed the same tumor size as
the control group at 28 days of treatment (Fig. 7A). In conclusion,
TPP+C10 is the most effective compound in decreasing tumor
growth, promoting a high survival rate of the tumor bearing-mice.

Furthermore, we evaluated the ability of TPP+C10 in combination
with doxycycline to inhibit tumor growth. Although the treatment
with doxycycline alone did not cause a significant reduction in tumor
growth, the combination of TPP+C10 and doxycycline eliminated
97.05% of the tumor burden at 30 days post-treatment (Fig. 7D). Impor-
tantly, after 60 days post-treatment, the combination treatment group
maintained 100% survival, whereas the animals in the control group
did not survive for the entire treatment period (Fig. 7F). Moreover, at
60 days after the combined treatment, recurrence of tumor growth
was not observed, showing the excellent efficacy of this combination.
Additionally, treatment with TPP+C10 and doxycycline produced no
systemic toxicity.

4. Discussion

The tumor microenvironment, especially that of solid tumors, is
characterized by low contents of oxygen (regions of hypoxia and an-
oxia) and nutrients, mainly due to deficiencies in the tumor vascula-
ture (Spill et al., 2016). As a result, oxygen becomes highly scarce.
Survival of tumor cells under these hostile conditions requires the
development of adaptive strategies to more efficiently manage the
defective oxygen supply by favoring metabolic pathways that could be
less efficient. Oxygen is reserved for vital activities, such as its contribu-
tion of mitochondrial ATP via HK-II activity and the maintenance of the
mitochondrial calcium-buffering system. Therefore, tumor cells are able
to change their preferences for onemetabolic pathwaywith another, in-
dicating this feature as sign of cell transformation.

Glucosemetabolism in tumor tissue is upregulated compared to that
in normal tissue, even in a normoxic environment (Warburg effect).
However, a contribution of OXPHOS to tumor cell bioenergetics and
metabolism has not been ruled out. Due to their high proliferative
rate, cancer cells have a high demand for hydrocarbon and nitrogen
compounds to increase their biomass, promote cell migration and me-
tastasis formation, and maintain high levels of NAD(P)H for different



Fig. 5. Effect of TPP+C10 and TPP+C12 on the expression caspase-3 and caspase-9 in TA3/Ha cells and tumor tissue. TA3/Ha cells were treatedwith increasing concentrations of TPP+C10 as
described in the Methods: A. Percentage of cleaved caspase-3 positive cells from three independent experiments. Representative histograms of flow cytometry for cleaved caspase-3. B.
Western blotting for active caspase-9 from four independent experiments. One-way ANOVA followed by the Bonferroni post-test. ***p b 0.001 indicates a statistically significant difference
compared with the control group. Mice were treated with 10 mg/kg body weight of each compound or vehicle as appropriate every 48 h for a period of 30 days: C. Representative
immunohistochemical images of active caspase-3 and procaspase-9 expression (three independent experiments) D. Western blot analysis of Cleaved caspase-3 and E. procaspase-9 in
tumor tissue. One-way ANOVA followed by the Bonferroni post-test for Western blot analysis. *p b 0.05 indicate statistically significant difference compared to the control group. HE:
hematoxylin and eosin. Arrows indicate positive labeling. Scale bar: 10 μm.
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anabolic reactions as well as the generation of energy and other pro-
cesses. However, it appears that the degree of dependence on ATP gen-
eration via OXPHOS or aerobic glycolysis is highly variable depending
on the tumor type.

Analysis of oxygen consumption and H+ release into the extracellu-
larmedium enablesmetabolic characterization of tumor cells. There are
threemainmechanisms of H+ release into extracellularmedium: 1) re-
lease of lactic acid (a product of excretion and an indicator of glycolytic
activity) through themonocarboxylate transporter (MCT); 2) activity of
extracellular carbonic anhydrase; and 3) activity of Na+/H+ exchanger-
1 (NHE1) (Molls et al., 2009). Although the last two activities only
slightly contribute to H+ release, they tend to remain constant despite
changes in the extracellular medium. Thus, lactate release represents
the greatest relevant difference between distinct tumor cell types.
Therefore, changes in the glycolytic system can be reflected by changes
in acidification of the medium. Oxygen consumption primarily occurs
via cytochrome c oxidase activity (N90%) and generation of reactive ox-
ygen species (N4%). Given the conditions used in the experiment pre-
sented in Fig. 1, the main factor contributing to oxygen consumption
is electron flow through the mitochondrial respiratory chain.
Fig. 6.Effect of TPP+C10 and TPP+C12 on the expression of TOMM-20 in tumor tissue.Micewere
for a period of 30 days. A. Representative immunohistochemical images of TOMM-20 from at l
The substrate glutamine enters the Krebs cycle in the form of α-
ketoglutarate. Through enzymatic activities, α-ketoglutarate is
transformed into malate and then into oxaloacetate. Via anaplerotic
reactions, malate and oxaloacetate are transformed into pyruvate,
which is transformed into Acetyl-CoA by the enzyme pyruvate dehy-
drogenase, thus strongly increasing the activity of OXPHOS, as
reflected by the significant increase in the respiration rate (Fig. 1B).
After 15 min, the respiration rate decreased by 30%, probably due to a
high level of mitochondrial OXPHOS-synthesized ATP, which allosteri-
cally inhibits cytochrome c oxidase activity (Kadenbach et al., 2010).
Comparing the results shown in Fig. 1Awith those in Fig. 1B, a slight in-
crease in glycolytic flux was noted, probably because some pyruvate
was converted to lactate and excreted throughMCT, as once the oxygen
was fully consumed (anaerobiosis), H+ release into the environment
increased. When only glucose was added (Fig. 1C), the rate of oxygen
consumption decreased by 22%, remaining constant until anaerobiosis.
This result is consistent with the Crabtree effect of glucose (Diaz-Ruiz
et al., 2011). Simultaneously, the H+ release rate increased by approxi-
mately 3.5-fold and remained constant after reaching anaerobiosis
(compared with the conditions in Fig. 1B), indicating the large
treatedwith 10mg/kg bodyweight of each compound or vehicle as appropriate every 48 h
east two independent experiments. Scale bar: 10 μm.



Fig. 7. Effects of alkyl gallate triphenylphosphonium derivatives and the combination of TPP+C10 and doxycycline on tumor growth. For each compound, animals were treated i.p. every
48h for 28days as indicated in themethods. The tumor sizewasmeasured every 48 h using an external caliper. A. The graph shows the average tumor volume (mm3) of three independent
experiments (n=6mice per group) for the groups of animals treatedwith TPP+C8, TPP+C10 or TPP+C12. B. Kaplan-Meier survival curve up to 40 days post-inoculation of tumor-bearing
mice treatedwith 10mg/kg bodyweight TPP+C10 (n=6mice per group for each independent experiment) C. Representative image of a control tumor-bearingmouse in comparisonwith
TPP+C10-treated tumor-bearing mouse. D. The graph shows the average tumor volume (mm3) from three independent experiments (n = 6 mice per group for each independent
experiment) using animals treated with TPP+C10 and/or doxycycline. E. The graph shows the percentage of tumor eradication for each treatment. F. Kaplan Meier survival curve
60 days post-treatment (n = 6 mice per group for each independent experiment). Error bars correspond to 95% CI. Two-way ANOVA followed by the Bonferroni post-test. *p b 0.05,
**p b 0.01, and ***p b 0.001 indicate statistically significant differences compared to the control group.
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contribution of OXPHOS to energy production togetherwith high glyco-
lytic activity in TA3/Ha cells.

When both substrates were added (Fig. 1D), the oxygen con-
sumption rate was similar to that obtained with only glutamine.
Nevertheless, the H+ release rate exhibited two phases, a normoxic
phase in which the H+ release rate was approximately 3.2 times
slower than that obtained with only glucose, and another phase
that corresponds to the maximal glycolytic flux due to the conditions
described. Application of rotenone and Antimycin A caused approxi-
mately 90% inhibition of respiration (Fig. 1E–F), provoking drastic stim-
ulation of glycolytic flux. These results indicate that the increase in
oxygen consumption is due to ATP synthesis. Interestingly, addition of
an inhibitor of ATP synthase (oligomycin) caused the expected decrease
in the oxygen consumption rate and increase in glycolytic activity, but
addition of the uncoupler CCCP triggered a sharp rise in the oxygen con-
sumption rate and induced a decrease in H+ release, even under anaer-
obic conditions. This effect was due to the protonophore activity of
CCCP, which caused a loss of ΔΨm, increasing the ATPase activity of
ATP synthase (Lou et al., 2007) and repressing the incorporation of
Ca++ into mitochondria through the mitochondrial calcium uniporter
(Santo-Domingo and Demaurex, 2010). These phenomena tend to
very quickly decrease the level of intramitochondrial ATP previously
synthesized under aerobic conditions, strongly diminishing the enzy-
matic activity of HK-II. There are many compensatory mechanisms for
maintaining ATP levels, including the activity of the intramembrane
space enzyme adenylate kinase, which only partially maintains ATP
levels.Moreover, mitochondrial uncoupling also produces an important
decrease in the level of NAD(P)H (in the presence of oxygen),firstwith-
in mitochondria and then rapidly extending within the cell (Jara et al.,
2014). NADH is necessary for the enzyme lactate dehydrogenase to re-
duce pyruvate into lactate, which is trapped within the cell. Therefore,
we assume that mitochondrial uncoupling induces a rapid increase in
oxygen consumption as well as a decrease in acidification of the extra-
cellular medium as a result of decreased glycolytic activity. A similar ef-
fect was observed for TTP+C10, considered a safer uncoupler than CCCP
because its effect increases slightly in a broad concentration-dependent
manner, extending the range of concentrations between the therapeu-
tic and toxic doses (Jara et al., 2014). Finally, even though OXPHOS is
inhibited by oligomycin, when the glycolytic pathway was inhibited
by IIA (an inhibitor of G3PDH activity), there was a strong decrease in
the release of lactate (Fig. 1I), which would demonstrate that the ob-
served changes in extracellular acidification are largely due to the in-
creased release of lactate via glycolytic activity. The metabolic analysis
results demonstrated the relationship and dependency between
OXPHOS and glycolysis in TA3/Ha cells and provide additional support
to the notion that mitochondria are an important therapeutic target in
the treatment of cancer.

Several tumor cell lines, including bothmurine and human cell lines,
show broad participation of OXPHOS in the synthesis of total ATP. It has
been estimated that the contribution of OXPHOS to total ATP synthesis
is nearly 79% in HeLa tumor cells (Rodriguez-Enriquez et al., 2010). Zu
and Guppy (2004) established that in a variety of cancer cells, OXPHOS
is the main source of ATP despite their increased glycolytic flux. Never-
theless, there is a close relationship between reliance on glycolysis and
tumor aggressiveness (Vlassenko et al., 2015).

Treatmentwith TPP+C10 led to amassive increase in AMP levels and
an increase in the ADP/ATP ratio in a concentration-dependent manner
(Fig. 2B–C), indicating that TPP+C10 is capable of inducing AMP accu-
mulation at the expense of ADP (adenylate kinase activity) inmitochon-
dria in order to cushion the drastic decrease in total ATP. This finding
suggests an important alteration in cellular bioenergetics and an impor-
tant factor that triggers cell death.

Together with previous findings in our laboratory demonstrating
that these derivatives selectively target cancer cells, triggering a de-
crease in ΔΨm resulted in reduced ATP levels. Considering these in
vitro results we established these derivatives as an attractive alternative
therapies for fighting cancer in a preclinical model.

The binding of TPP+ to alkyl gallates directs these molecules to the
mitochondria of tumor cells in a highly preferential manner (Fig. 2A).
This mechanism has been widely studied (Ganapathy-Kanniappan,
2016), including in the field of therapeutics, as molecules presenting
delocalized lipophilic cations are used as tumor markers (Li et al.,
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2009). Additionally, the safety of pharmacophores united to TPP+ has
been extensively studied in vivo. This is the case for MitoQ andMitoVitE
(McManus et al., 2011; Cheng et al., 2013), in which ubiquinol and vita-
min E, respectively, were conjugated to TPP+ to beused asmitochondri-
al antioxidants in those with cardiovascular and neurodegenerative
diseases. MitoQ has been shown to be fairly safe in both animals and
humans (Smith and Murphy, 2010). These cationic antioxidant studies
not only demonstrated the safety of these compounds but also verified
that molecules of high molecular weight attached to delocalized lipo-
philic cations are able to reach their target site after being administrated
systemically. Based on evaluations of body weight changes, damage to
specific tissues (Supplementary Figs. 3 and 4), and hematological and
biochemical parameters (Table 1), we found that alkyl gallate TPP+ de-
rivatives do not produce systemic toxicity at doses of 10 mg/kg. This is
an important result, as chemotherapy regimens used clinically for
breast cancer produce severe adverse effects, which is one of the main
obstacles to treatment adhesion (Aiello Bowles et al., 2012; Servitja et
al., 2015). Therefore, given this background, alkyl gallate TPP+ deriva-
tives are a potential alternative to antineoplastic therapy.

Locatelli's group (Locatelli et al., 2012) showed that tetradecyl-gal-
late reduced tumor growth and metastasis development in an animal
model of melanoma via induction of NF-кB activity without producing
toxicity when administered every three days at 3.7 mg/kg for 28 days.
Millard et al. (2010) identified three small molecules bound to TPP+

(TP187, TP197 and TP421) showing potential antitumor activity with-
out apparent toxicity in a xenograft model. The mechanism proposed
was a decrease in oxygen consumption and an increase in superoxide
production that subsequently led to cancer cell death. The proposed
mechanisms are different from those established in our study, in
which increased mitochondrial oxygen consumption and decreased
ATP levels were observed.

In infectious disease, antibiotics such as doxycycline (a tetracycline
class antibiotic) have well-known metabolic “side effects” on human
cells due to mitochondrial disruption. The repurposing of antibiotics
may be a novel strategy for the treatment of cancer. Along these lines,
doxycycline prevented tumor-sphere formation in 12 cell lines across
eight cancer types. In preclinical xenograftmodels, doxycycline can pre-
vent tumor development and metastasis. Furthermore, clinical trials of
antibiotics used to target cancer-associated infections (non-cancer
cells) have provided evidence of their antitumor potential. Therefore,
we evaluated the ability of doxycycline in combination with TPP+C10
to inhibit mitochondrial biogenesis in TA3/Ha cells and examined how
this deleterious effect on mitochondria can be enhanced. As shown in
Fig. 3, the combination of doxycycline with TPP+C10 decreased mito-
chondrial mass in a dose-dependent manner and produced a compen-
satory increase in the levels of PGC1-α, which is the master regulator
ofmitochondrial biogenesis. It has been established that overexpression
of PGC1-α can prevent muscle atrophy caused by metabolic stress on
the muscle (Cannavino et al., 2014). Further, it has been found that a
loss of cellular energy balance, seen as an increase in the AMP/ATP
ratio leads to the activation of catabolic pathways that drive mitochon-
drial biogenesis and function through increased expression of PGC1-α
(Jager et al., 2007). This observation explains the increase in the protein
expression of this transcription factor induced by the combination of
TPP+C10 and doxycycline.

The analysis of antitumor activity showed that alkyl gallate TPP+ de-
rivatives can inhibit cell proliferation (Fig. 4A–B); TPP+C10 was more
active than TPP+C12. This compound produced a noticeable decrease
in the expression of the cell proliferation marker Ki-67 (Fig. 4A) as
well as an increase in active caspase-3 both in vitro (Fig. 5A) and in
vivo (Fig. 5C–D). This suggests a mechanism by which effectors of cell
proliferation and apoptotic cell death can suppress tumor growth in
vivo. It should be noted that caspase-9 is activated as an acute response
to cell stress, however, different mechanisms have been described that
lead to the degradation or inhibition of its activity at short times. It
has been reported that high rates of caspase-3 activation and high
overall amounts of caspase-3, is able to bind directly to the apoptosome
suppressing caspase-9 activity, resulting in destabilization of the active
apoptosome complex. (Wurstle et al., 2012). In addition, a decrease in
the levels of active caspase-9 has been described due to the action of
X-linked inhibitor of apoptosis (XIAP). This enzyme directly inhibits
the activity of caspase-9, an also induce its ubiquitination and subse-
quent degradation by the proteosome (Morizane et al., 2005; Steller,
2008; Allan and Clarke, 2009).

These data suggest that at extended stimulation times, the probabil-
ity of detecting active detecting active caspase-9 is lower. That is why
this active fragment was identified in vitro after 6 h of stimulation
with TPP+C10 (Fig. 5B), but could not be detected after 30 days of treat-
ment with the compound in vivo (Fig. 5E). However, caspase-3 activa-
tion can be clearly seen both in vitro and in vivo (Fig. 5A,D). Also, the
apoptotic cell death was corroborated through the TUNEL assay (Sup-
plementary Fig. 5). A large positive response was observed through
the TUNEL assay compared with activation of caspase 3 by western
blot, possibly due that the first assay does not present a high specificity,
since several factors influence it especially when it is carried out in tis-
sues (Newbold et al., 2014), which is why it is advisable to corroborate
this data with some caspase activation assay, as it was done in this
study. In addition, it must be considered that the intrinsic apoptotic
pathway is regulated by several caspases and their trigger activation
in an amplified response (Elmore, 2007). Due to a significant activation
of caspase 3, and a positive response over 80% in TUNEL assay, it is sug-
gested that treatment with TPP+C10 induces an apoptotic cell death.
Moreover, treatment with 10 mg/kg TPP+C10 induced a decrease in
the levels of TOMM-20 (Fig. 6), a component of the protein complex re-
sponsible for the recognition and translocation ofmitochondrial protein
precursors generated in the cytosol. This protein has been widely used
in mass distribution and mitochondrial biogenesis measurements
(Whitaker-Menezes et al., 2011), and its expression is associated with
mitochondrial content and, therefore, OXPHOS activity (Sotgia et al.,
2012). Together, these results suggest that TPP+C10 induces greater mi-
tochondrial activity than the other derivatives in vivo. Importantly,
these results are related to and complement the results obtained
previously in vitro (Jara et al., 2014), in which it was established that
the mitochondrial uncoupling activity of this compound leads to cyto-
toxicity and tumor cell death. Most importantly, the molecules GA and
triphenylphosphine alone did not induce any changes in tumor growth
(Supplementary Fig. 6A–B), indicating that the antitumor activity of
these derivatives is due to the complete molecular structure and not
its separate components.

Currently, cancer treatment can include the combined use of anti-
neoplastic agents, as administration of drugswith differentmechanisms
of action is more effective and achieves a better clinical outcome of
breast cancer. Consequently, a new drug was incorporated into this
study. According to the evidence of its widespread clinical use and safe-
ty, the antibiotic doxycycline was chosen to complement the effect of
TPP+C10 on tumor growth inhibition in the syngeneic model.

The antitumor activity of doxycycline in different cancer cell lines
(Foroodi et al., 2009; Chang et al., 2014; Meng et al., 2014) has been ex-
tensively studied, and the findings suggest that doxycycline possesses
different mechanisms of action, including inhibition of matrix metallo-
proteinases and inhibition of mitochondrial biogenesis by tumor cells
via the inhibition of mitochondrial protein synthesis due to the homol-
ogy of the 30S bacterial ribosomal subunit to the 28S mitochondrial ri-
bosomal subunit, thus inhibiting mitochondrial function. As a result,
combination treatment of TPP+C10 (10 mg/kg/48 h) with doxycycline
(10 mg/kg/day) administered i.p. completely eradicated the primary
tumor after 30 days (Fig. 7A)without any relapses at 60 days post-treat-
ment. Significantly, neither doxycycline nor TPP+C10 alone completely
eliminated the tumor burden. This important finding may be due to a
synergistic effect, which can be explained by the use of two compounds
with different mechanisms of action: 1) mitochondrial uncoupling in-
duced by TPP+C10, which triggers metabolic stress due to a drastic
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reduction in ATP and a forceful increase in the levels of cytosolic Ca++,
accompanied by the release of pro-apoptotic factors, and 2) inhibition of
mitochondrial protein elongation and biogenesis by doxycycline. Simul-
taneously employing these two sets of cytotoxic activities completely
eradicated the tumor burden.

The study presented in this work is the first approximation in an
animal model with a murine cancer cell line showing the antitumor
activity of innovative compounds such as TPP+C10. Furthermore,
the results obtained in the present preclinical study allow us to es-
tablish a solid base to extrapolate the research to different models.
We have recently demonstrated the effect of these derivatives on
an in vitromodel of human breast cancer, a study focused on themet-
abolic and mitochondrial alterations triggered by TPP+ compounds
(Sandoval-Acuna et al., 2016), prior to a study in a xenograft murine
model. In the same way we have been extending our research to
other cancers of high prevalence.

5. Conclusions

In this study, we have shown the therapeutic antitumor potential
of alkyl gallate TPP+ derivatives. We established that the TPP+ moi-
ety is an important tool for guiding a pharmacophore, selectively
targeting the mitochondria of cancer cells, and, most importantly,
achieving selectivity to mitochondria of tumor cells in an animal
model without producing systemic toxicity. It was established that
among the GA derivatives tested, the compound that contained a satu-
rated chain of ten carbon atoms (TPP+C10) showed greater inhibition of
tumor growth. Moreover, administering TPP+C10 in combination with
doxycycline completely eradicated the tumor burden. Given these re-
sults, it is important to further study animal models of cancer produced
using human cells to establish whether this treatment is a valuable can-
didate strategy for the fight against breast cancer.
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