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Mitochondria participate in several distinctiveness of cancer cell, being a promising target for the design of anti-
cancer compounds. Previously, we described that ortho-carbonyl hydroquinone scaffold 14 inhibits the complex
I-dependent respiration with selective anti-proliferative effect on mouse mammary adenocarcinoma TA3/Ha
cancer cells; however, the structural requirements of this hydroquinone scaffold to affect the oxidative phosphor-
ylation (OXPHOS) of cancer cells have not been studied in detail. Here, we characterize themitochondrialmetab-
olism of TA3/Ha cancer cells, which exhibit a high oxidative metabolism, and evaluate the effect of small
structural changes of the hydroquinone scaffold 14 on the respiration of this cell line. Our results indicate that
these structural changes modify the effect on OXPHOS, obtaining compounds with three alternative actions: in-
hibitors of complex I-dependent respiration, uncoupler ofOXPHOS and compoundswith both actions. To confirm
this, the effect of a bicyclic hydroquinone (9) was evaluated in isolatedmitochondria. Hydroquinone 9 increased
mitochondrial respiration in state 4o without effects on the ADP-stimulated respiration (state 3ADP), decreasing
the complexes I and II-dependent respiratory control ratio. The effect onmitochondrial respiration was reversed
by 6-ketocholestanol addition, indicating that this hydroquinone is a protonophoric uncoupling agent. In intact
TA3/Ha cells, hydroquinone 9 caused mitochondrial depolarization, decreasing intracellular ATP and NAD(P)H
levels and GSH/GSSG ratio, and slightly increasing the ROS levels. Moreover, it exhibited selective NAD(P)H
availability-dependent anti-proliferative effect on cancer cells. Therefore, our results indicate that the ortho-
carbonyl hydroquinone scaffold offers the possibility to design compounds with specific actions on OXPHOS of
cancer cells.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Cancer cells exhibit different metabolic organization compared to
normal cells (Jose et al., 2011), existing several predominant metabolic
phenotypes, depending on the type of cancer (Obre and Rossignol,
2015). It has long been described the high glycolysis rate in aerobic
oxidative phosphorylation; ANT,
-chlorophenylhydrazone; RCR,
Ψm, mitochondrial membrane
cysteine; RRI, relative resistance
TMPD, N,N,N′,N′-tetramethyl-p-
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conditions (Warburg effect) with reduced or damaged mitochondrial
function in some cancer cells (Cuezva et al., 2002; Wu et al., 2007;
Bellance et al., 2009); however, a large amount of evidence have dem-
onstrated the existence of cancer cells with a high oxidative phenotype,
having a functional mitochondria (Moreno-Sánchez et al., 2014). This
phenotype is observed in some lymphomas (Jitschin et al., 2014), mela-
nomas (Barbi de Moura et al., 2012), and breast cancer (Diers et al.,
2013), showing dependence on oxidative phosphorylation (OXPHOS)
for the supply of ATP and availability of intermediates of tricarboxylic
acid (TCA) cycle, required for survival and growth (Zu and Guppy,
2004; Moreno-Sánchez et al., 2014).

Mitochondrial respiration occurs in the electron transport chain
(ETC), which is composed by the respiratory complexes I, II, III and IV.
The ETC activity depends on the availability of NADH and FADH2 from
TCA cycle, which are oxidized by complexes I and II, being molecular
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oxygen the final acceptor (Brand and Nicholls, 2011). The energy re-
leased in the transfer of electrons is used to pump protons from thema-
trix into the intermembrane space by complexes I, III and IV, generating
a proton-based electrochemical gradient. Dissipation of this gradient
through FoF1-ATP synthase drives ADP phosphorylation (Mitchell,
1961). Complex I has an important control in the electron transfer
(Rodríguez-Enríquez et al., 2000) and contributes about 40% of the pro-
tonmotive force required formitochondrial ATP synthesis (Galkin et al.,
2006; Zickermann et al., 2015). The coupling between these redox
reactions and ATP synthesis varies among cell lines and in patho-
physiological conditions, such as cancer, leading to different pattern of
energetic metabolisms (Jose et al., 2011). The modification of this cou-
pling through themodulation ofmitochondrial respiration has emerged
as a potential therapeutic target to obtain new anti-cancer compounds,
especially in cancer cells with a high oxidative phenotype. Interestingly,
several compounds with anti-cancer actions selectively modulate the
mitochondrial respiration by inhibiting of the electron flow at complex
I level (Hail and Lotan, 2004; Pereira et al., 2007; Chen et al., 2011; de
Pedro et al., 2013) or by uncoupling of OXPHOS (Han et al., 2009;
Pardo-Andreu et al., 2011), producing a decreased proliferation and
cell death.

Previously, we have described that antioxidant para-hydroquinones,
which incorporate a carbonyl group in the ortho-position to one of the
phenolic hydroxyl groups, inhibit the respiration of cancer cells
(Araya-Maturana et al., 2002, 2006; Rodríguez et al., 2007). One of
them, the hydroquinone 14, 9,10-dihydroxy-4,4-dimethyl-5,8-
dihydroanthracen-1(4H)-one (Fig. 2A), affects selectively the prolifera-
tion of mammary cancer cells, inducing cell cycle arrest in the G2/M
phase (Urra et al., 2013). This effect is consequence of a dysfunction in
themitochondrial bioenergetics by the electron flow inhibition through
complex I, leading to ADP-stimulated oxygen consumption inhibition,
transmembrane potential dissipation, and cellular ATP level decrease
(Urra et al., 2013). Despite this proposed mechanism, the structural
requirements of this hydroquinone scaffold to affect theOXPHOS of can-
cer cells have not been studied in detail. On the basis of these consider-
ations, we explore the effect of structural modifications on ortho
carbonyl hydroquinone scaffold, structurally related to hydroquinone
14, on the coupled and uncoupled respiration using mouse mammary
adenocarcinoma TA3/Ha cells, which exhibits a high oxidative metabo-
lism as herewe describe. Our results indicate that the effect of ortho car-
bonyl hydroquinone on OXPHOS is modified with structural changes,
allowing obtaining compounds with three alternative types of actions:
inhibitors of complex I dependent-respiration, uncouplers of OXPHOS
and compounds with both actions (dual agents). Besides, the effect of
a bicyclic hydroquinone (9) that affected the OXPHOS with selective
anti-proliferative effects on TA3/Ha cancer cells is described.

2. Materials and methods

2.1. Compounds and reagents

All reagents were obtained from Sigma-Aldrich Corp. (St. Louis, MO,
USA). Stock solutions of all hydroquinones were prepared in dimethyl
sulfoxide (DMSO).

2.2. Chemicals

Duroquinol was synthesized by reduction from duroquinone as pre-
viously described (Plaza et al., 2008). 1H and 13C NMR spectra were ob-
tained from a Bruker AVANCEDRX 300 spectrometer operating at either
300.13MHz (1H)or 75.47MHz (13C).Measurementswere carried out at
300 K in CDCl3. Chemical shifts are reported as ppm downfield from
TMS for 1H NMR and relative to the central CDCl3 resonance
(77.0 ppm) for 13C NMR. All melting points are uncorrected and were
determined on a Kofler hot stage apparatus. IR spectra (KBr discs)
were recorded on an FT-IR Bruker IFS 55 spectrophotometer; wave
numbers are reported in cm−1. High resolution mass spectra were ob-
tained on a MAT 95XP Thermo Finnigan spectrometer. Hydroquinones
8, 9, 11 and 14–21 were synthesized by published procedures
(Araya-Maturana et al., 1999, 2006, 2002; Mendoza et al., 2005; Vega
et al., 2009; Dobado et al., 2011). The new compoundswere synthesized
as described in the Supplementary Fig. 1 and in “Synthesis and Spectra
Analysis” section.

2.3. Cell lines

Mouse mammary adenocarcinoma TA3/Ha cell line was kindly pro-
vided byDr. Gabriel Jose Gasic, University of Pennsylvania, and has been
used by our laboratory since 1989 (Fones et al., 1989). TA3-MTXR
methotrexate-resistant cell line was generated as described previously
by us (Araya-Maturana et al., 2002; Urra et al., 2013). This cell line ex-
hibitsmethotrexate resistance and cross-resistance to cisplatin, doxoru-
bicin, 5-fluorouracil and vinblastine (Plaza et al., 2008). Mouse
mammary epithelialMM3MGandNMuMG cell lines, human acute lym-
phoblastic leukemia CCRF-CEM cell line, and its camptothecin resistant
variant, CEM/C2 were purchased from American Tissue Culture Collec-
tion (ATCC). All cells were grown in DMEM high-glucose (MM3MG,
TA3/Ha and TA3-MTXR), RPMI-1640 (CCRF-CEM and CEM/C2) or
RPMI-1640 plus insulin (NMuMG) supplemented with 10% fetal bovine
serum, penicillin (100 IU/mL), and streptomycin (100 μg/mL) in a
humidified atmosphere (37 °C and 5% CO2).

2.4. Harvesting TA3/Ha and TA3-MTXR tumor cells

Mammary adenocarcinoma TA3/Ha ascites tumor cell line was
grown by weekly intraperitoneal (i.p.) injection of 1.0 × 106 cells into
young adult male CAF 1 Jax mice. TA3-MTXR methotrexate-resistant
cell line was propagated in the same mouse strain (Araya-Maturana
et al., 2002; Urra et al., 2013). Micewere housed and fed under the con-
ditions previously described (Plaza et al., 2008), in the animal facility of
Facultad de Medicina, Universidad de Chile. All the experiments were
approved by two local ethics committees, from this Faculty and from
the Comisión Nacional de Investigación Científica y Tecnológica
(CONICYT). Tumor cells were harvested 5–7 days after i.p. inoculation
of fluid from donor mice according to procedures described by us
(Plaza et al., 2008).

2.5. Cellular respiration

Oxygen consumption wasmeasured polarographically at 25 °C with
a Clark electrode No. 5331 (Yellow Springs Instruments, Yellow Spring,
OH,USA) using a YSImodel 53monitor, connected to aDI-148Udata ac-
quisition module with a USB interface. The data were obtained with
Windaq Acquisition Waveform Recorder software (DataQ Instruments,
USA). To characterize the mitochondrial metabolism of TA3/Ha cells,
basal, ATP-linked, uncoupled and non-mitochondrial respiration were
measured in two conditions: 1) only 4mM glutamine and 2) 4mMglu-
tamine plus 5 mM glucose. TA3/Ha cells (5 mg protein/mL) were incu-
bated in DMEM without glucose, L-glutamine and phenol red. Basal
respiration was obtained from oxygen consumption rate (OCR) stimu-
lated by addition of glutamine or glutamine plus glucose. Proton leak
stimulated-respiration was obtained by 1 μM oligomycin addition and
ATP synthesis-linked respiration was calculated by subtraction of pro-
ton leak stimulated respiration to basal respiration. Uncoupled and
non-mitochondrial respirations were obtained by 200 nM carbonyl cy-
anide m-chlorophenylhydrazone (CCCP) and 1 μM antimycin A addi-
tions, respectively. All mitochondrial OCR values were calculated from
non-mitochondrial OCR subtraction. To evaluate the effect of hydroqui-
nones on cellular respiration, TA3/Ha cells (5 mg protein/mL) were in-
cubated in RPMI-1640 without phenol red for 5 min and the
respiration rates were registered in the absence (control in DMSO) or
presence of hydroquinones for up to 30 min. The IC50 values were



48 F.A. Urra et al. / Toxicology and Applied Pharmacology 291 (2016) 46–57
calculated from the dose–response data of at least three independent
experiments.

2.6. Isolation of mitochondria from tumor cells and rat liver

Mitochondria were isolated by fractional centrifugation from TA3/
Ha ascites tumor cells permeabilized with digitonin as described by
Moreadith and Fiskum(1984) andmitochondria fromrat liverwere iso-
lated according to Ferreira (1990) and Pedersen et al. (1978)withmod-
ifications described by Plaza et al. (2008). In brief, each mitochondrial
pellet was washed three times with their respective homogenization
medium (pH, 7.2 and 7.4) in the absence of albumin to eliminate the ad-
sorption of hydrophobic compounds (Plaza et al., 2008). Mitochondrial
pellets were suspended to give a concentration of 40–50 mg protein/
mL. Protein concentrations were determined by the Biuret reaction
and standardized with albumin.

2.7. Mitochondrial respiration

Mitochondrial respiration was measured polarographically at 25 °C
with a Clark electrode No. 5331 as described above (Urra et al., 2013).
To determine the effect of selected compounds on the OXPHOS, mito-
chondriawere stimulatedwith substrates for respiratory chain complex
I (4.2 mM glutamate + 4.2 mM malate), complex II (5.0 mM
succinate + 0.170 μM rotenone), complex III (0.30 mM duroquinol)
and complex IV (1 μM antimycin + 0.075 mM TMPD+ 1.5 mM ascor-
bate) in presence of ADP (0.25 mM), reaching state 3ADP. To evaluate
the effect of hydroquinone 9 on state 3u (CCCP-stimulated respiration)
and state 4o (proton leak-driven respiration), 200 nM CCCP and 2 μM
oligomycin were added, respectively. Respiratory Control Ratio (RCR)
was calculated as the respiration in state 3ADP divided by that in state
4. To evaluate the presence of cyanide-insensitive mitochondrial respi-
ration, isolated mitochondria were stimulated sequentially with
5.0 mM succinate, 50 μMhydroquinone 9 and 250 μMKCN. To evaluate
the participation of mPTP and ANT in the uncoupling effect induced by
hydroquinone 9, 1 μM cyclosporine A (CsA, with 2 min of incubation)
and 30 μM atractyloside (Atrac) were used. To reverse the
protonophoric effect of hydroquinone 9, 100 μM 6-ketocholestanol
was used.

2.8. Mitochondrial membrane potential in intact cells

Mitochondrial membrane potential (ΔΨm) in intact cells was
determined by flow cytometry using the potentiometric probe
tetramethylrhodaminemethyl ester (TMRM,Molecular Probe). Suspen-
sions of TA3/Ha and NMuMG cells (1.5 × 105 cells/mL) were treated
with DMSO (control) or 50 μM hydroquinone 9 for 2 h. CCCP
(200 nM) was used as positive control. The cells were then washed
with PBS and incubated with 50 nM TMRM for 20 min. Cells were col-
lected, washed, re-suspended and fluorescence was detected using a
BD FACSAria III flow cytometer.

2.9. Mitochondrial membrane potential in mitochondria isolated from TA3/
Ha cells

In mitochondria isolated from TA3/Ha cells, ΔΨm was evaluated
with the lipophilic cationic dye Rh123, following the protocol published
byWang et al. (2005). Unquenchedfluorescence of this dye,which is re-
leased from mitochondria and indicative of the ΔΨm, was quantified.
1.5-ml tubes were sequentially supplemented with 1 ml of mitochon-
drial buffer (Urra et al., 2013), substrate for complex I (4.2 mM
glutamate + 4.2 mM malate) or complex II (5.0 mM succinate), 1 μM
Rh123 and 0.5 mg/ml of mitochondrial suspension. Samples were incu-
bated with DMSO (control), 200 nM CCCP, 1 μM rotenone or 50 μM hy-
droquinone 9, for 10 min. Then, 0.2 mL aliquots of these reaction
mixtures were transferred to a 96-well opaque assay plate and the
unquenched fluorescence of the Rh123 dye was monitored using an
503/525 nm excitation/emission wavelength pair for a 5 to 25-min pe-
riod using a varioSCAN fluorescence microplate reader.

2.10. Determination of intracellular ATP, NAD(P)H, glutathione and ROS
levels

ATP levels were determined with CellTiter-Glo Luminescent Cell
Viability Assay kit (Promega, USA) according to the manufacturer's
specifications. TA3/Ha andNMuMGcells (1×105 cells/mL)were seeded
into 96-well plates, incubating for 2 h in culture medium in the absence
(control in DMSO) or presence of 50 μM hydroquinone 9. After expo-
sure, the cells werewashed twicewith PBS to remove the culturemedi-
um and re-suspended in 20 μL PBS. The bioluminescence was measured
as described previously (Urra et al., 2013). Intracellular NAD(P)H levels
were measured through auto-fluorescence. In brief, 5 × 105 cells/mL
were seeded in 96-well plates and incubated in 100 μL PBS in the ab-
sence (control in DMSO) or presence of hydroquinone 9 (50 μM) for
15 min. Fluorescence was measured using an excitation wavelength of
340 nm and an emission wavelength of 428 nm. Folds change in
NAD(P)H content was expressed with respect to the control (DMSO).
Isocitrate (1 mM) was used to study the effect of hydroquinone 9 on
NAD(P)H and glutathione levels, ROS and cell viability. Glutathione
levels were expressed as GSH/GSSG ratio and were determined with
Glutathione Fluorometric Assay kit (BioVision, USA) according to the
manufacturer's specifications. The generation of intracellular oxidative
stress was determined by spectrofluorometry using the 2′,7′-
dichlorofluorescein diacetate (DCFH-DA) probe as described previously
(Urra et al., 2013). TA3/Ha cells were incubated for 1 h with DMSO
(control), 5 μM rotenone, and 50 μM hydroquinone 9.

2.11. MTT assay and cell count

The MTT assay was used to evaluate cellular proliferation as de-
scribed previously (Urra et al., 2013), seeding 1 × 104 cells/100 μL in
96-well microtiter plates and incubating for 24 h. The cells were then
treated during 48 h with increasing concentrations of hydroquinones
9, 14, 17 and 18 (1, 5, 10, 50, 100 and 150 μM) to obtain a dose–response
curve. The IC50 values were obtained from the dose–response data of at
least three independent experiments. To evaluate the cell growth, TA3/
Ha andNMuMG cells (25.000 cells)were seeded into 24-well plates and
incubating for 24 h. Then, the cells were exposed for 24 and 48 h to
DMSO (control), 50 μMhydroquinone 9, 2.5mMNAC, 2.5mM isocitrate
or in combination. After treatment, the cellswere stainedwith a 0.4% so-
lution of trypan blue in isotonic buffered salt solution and the number of
cells was counted using a hemacytometer and optic microscopy. Dou-
bling time was determined using the web-tool Doubling-time (Roth V.
2006; http://www.doubling-time.com/compute.php).

2.12. Cell cycle analysis

To estimate cell cycle distribution, cellular DNA contents were mea-
sured by flow cytometry as previously described (Urra et al., 2013).
TA3/Ha cells were incubated with DMSO (control) or 50 μM hydroqui-
none 9 for 24 h. All samples were analyzed for cell cycle distribution
using a FACS Calibur flow cytometer and the Becton–Dickinson
CellQuest Acquisition software (San Jose, CA, USA). Data were reported
as percentage of cells in each phase of the cell cycle.

2.13. Statistics

All statistical analyses were performed using Graph Pad Prism 4.03
(GraphPad Software, San Diego, California USA). The data are expressed
asmean± SEMof three independent experiments, each one performed
in technical triplicate. Statistical analysis was performed using Student's
t-test or one-way ANOVA with Bonferroni's post test for pairwise
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comparisons. The data were considered statistically significant when
p b 0.05.

3. Results

3.1. TA3/Ha cancer cells have a high mitochondrial metabolism

To characterize the mitochondrial metabolism of TA3/Ha cancer
cells, the oxygen consumption in presence of glucose and glutamine
as substrateswas evaluated. TA3/Ha cells exhibited similar basal oxygen
consumption rates (OCR) in these two conditions (Fig. 1A). The respira-
tion was close to 68% oligomycin-sensitive in presence of glutamine or
glutamine + glucose as substrates (Fig. 1C). Moreover, this effect also
was observed at high glucose concentrations, indicating that cellular
ATP is mainly produced by OXPHOS (data not shown). The maximum
electron flow was evaluated using increased concentration of the
uncoupler CCCP, the maximum OCR was reached to 200 nM (data not
shown). TA3/Ha cells had a noteworthy high mitochondrial spare
capacity (calculated from OCR in presence of CCCP–OCR in absence
of CCCP), which was invariant in presence of glutamine or
glutamine + glucose in saturating concentrations, suggesting that the
maximal electron transport chain (ETC) activity can be stimulated inde-
pendent of the glucose presence (Fig. 1D). These results indicate that
glutamine is an important substrate for mitochondrial metabolism of
TA3/Ha cells. Glutamine can bemetabolized by enzymes as glutaminase
and glutamate dehydrogenase (GDH) and alanine-leucine transaminase
(ATL), converting α-ketoglutarate (DeBerardinis et al., 2007). To
determine whether glutaminolysis is required to maintain the
mitochondrial respiration, TA3/Ha cells were previously incubated
with aminooxyacetic acid (AOA), an inhibitor of aminotransferase
activity, and then exposed to glutamine or glutamine + glucose
Fig. 1.Mitochondrial metabolism profile of TA3/Ha cancer cells. (A) Basal, uncoupled (addition
mitochondrial respiration, (C) participation of ATP synthesis and proton leak-stimulated re
substrates and (E) effect of inhibition of transaminase activity by 1 mM AOA in uncouple
glutamine (2 mM). Data shown are the mean ± SEM of three independent experiments. n
(DMSO), in A and E, respectively.
conditions. As Fig. 1E shows, the fully uncoupled mitochondrial respira-
tion decreased in both conditions. These results indicate that glutamine
is required for TCA cycle and production of substrates of ETC. On the
other hand, the inhibition of electronflowby1 μMantimycin-A addition
completely reduced the oxygen consumption, indicating that the non-
mitochondrial oxygen consumption (i.e. by presence of cytosolic oxi-
dases) is minimal in both conditions (Fig. 1B). All together, these results
indicate that TA3/Ha cancer cells have a high oxidative metabolism.
3.2. Identification of structural requirements of hydroquinones to affect
respiration of TA3/Ha cells

Previously, hydroquinone 14 was identified, as an inhibitor of
complex I-dependent respiration in TA3/Ha cancer cells (Urra et al.,
2013). To determine the structural requirements to modulate the
OXPHOS, a series of analogs of hydroquinone 14 were synthesized
(Fig. 2A, compounds 15–22). IC50 values shown that all hydroqui-
nones analogs which have an increasing number of saturations
relative to hydroquinone 14 (hydroquinones 20 and 22), a
methylene bridge (hydroquinone 15 and 21), a 4-methylpent-3-
en-1-yl chain (hydroquinone 16), a gem-diethyl group (hydroqui-
none 19) and hydroximethyl substitution (hydroquinones 17 and
18) were between 2 to 10-folds less active than hydroquinone 14
in the inhibition of respiration (Supplementary Table 1). Moreover,
we sought to determine the minimal structural characteristics
required to affect the cellular respiration, evaluating the effect of
bicyclic hydroquinones (8–13). All these hydroquinones were
inactive (Table 1 and Supplementary Table 1). These results show
that hydroquinone 14 is the best structure of this hydroquinone
series to inhibit the respiration of TA3/Ha cancer cells.
of 200 nM CCCP) and non-mitochondrial respiration (1 μM antimycin-A), (B) inset, non-
spirations in basal respiration, (D) mitochondrial spare capacities in both conditions of
d respiration. Cells were exposed to glucose (5 mM) plus glutamine (2 mM), or only
.s.: no significant, ***p b 0.001, **p b 0.01 and *p b 0.05 vs. basal respiration or control



Fig. 2. Structural changes on hydroquinone scaffold produce compoundswith different actions onOXPHOS. (A) Chemical structures of ortho-carbonyl substituted hydroquinones. The syn-
theses are described in the supplementary section. (B) Ratio of IC50 values of compounds in coupled/uncoupled respiration in TA3/Ha cells. Rot: rotenone, AA: antimycin-A, BHA: t-butyl-4-
hydroxyanisole, DNP: 2,4-dinitrophenol and FCCP: carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone.
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3.3. Dependence of the action of hydroquinones on the uncoupled and
coupled respiration in TA3/Ha cells

To determine the effect of the analogs of hydroquinone 14 on the
electron transport chain (ETC) and its dependence on the coupling of
OXPHOS, TA3/Ha cells were incubated with protonophoric mitochon-
drial uncoupler CCCP (Table 1, +CCCP) and the effect on OCRwas eval-
uated. As Table 1 shows, the hydroquinones exhibited different
inhibitory activities on coupled and uncoupled respiration. Hydroqui-
none14, exhibited a ratio−CCCP/+CCCP=1.26, indicating that the ac-
tion is independent of the status of coupling of OXPHOS. Similar values
were also obtained with well-known mitochondriotoxic compounds
(Fig. 1B): complex-I inhibitor rotenone (IC50 −CCCP = 0.125 μM
and IC50 + CCCP = 0.105 μM) and complex-III inhibitor antimycin-A
(IC50 −CCCP = 0.656 μM and IC50 + CCCP = 0.669 μM) exhibited
a ratio −CCCP/+CCCP = 1.18 and 0.98, respectively. In contrast,
hydroquinones 15, 17 and 18 exhibited a intermediate ratio
−CCCP/+CCCP between 3.82–9.11, similar to t-butyl-4-hydroxyanisole
(BHA: IC50 −CCCP = 0.943 mM and IC50 + CCCP = 0.170 mM; ratio
−CCCP/+CCCP=5.55),which is a reported compoundwith uncoupling
effect of OXPHOS at low concentrations and inhibitory effect of mito-
chondrial respiration at high concentrations (Ferreira, 1990; Lou et al.,
2007). These intermediate values of the ratio −CCCP/+CCCP suggest
that these hydroquinones can be dual agents with uncoupling and inhib-
itory effects on OXPHOS. Finally, very high or undeterminable ratio
−CCCP/+CCCPwere obtained for the uncoupling agents 2,4-dinitrophe-
nol (DNP) and carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP). These results indicate that they do not inhibit the respiration,
being the main effect the uncoupling of OXPHOS. Interestingly, hydro-
quinone 9 exhibited the highest difference in IC50 values (Table 1), sug-
gesting to be an uncoupler. Other bicyclic and tricyclic hydroquinones
Table 1
Inhibitory effect of ortho-carbonyl substitutedhydroquinones on the respiration of TA3/Ha
cells. IC50 values are themean of three different experiments± SEM, expressed asmM. (c)
IC50 values are from Urra et al. (2013).

Cpd. IC50 (−) CCCP IC50 (+) CCCP Ratio (−) CCCP/(+) CCCP

9 0.43 ± 0.04 0.01 ± 0.03 43.00
14c 0.082 ± 0.013 0.065 ± 0.027 1.26
15 0.856 ± 0.040 0.094 ± 0.050 9.11
17 0.29 ± 0.02 0.040 ± 0.002 7.25
18 0.420 ± 0.020 0.110 ± 0.030 3.82
were inactive in presence and absence of CCCP (data not shown). Be-
cause that these small structural changes produced different actions on
OXPHOS compared to hydroquinone 14, hydroquinone 9 was selected
to evaluate this hypothesis in the follow sections.

3.4. Hydroquinone 9 uncouples OXPHOS in mitochondria isolated from
TA3/Ha cells

Hydroquinone9 increased themitochondrial respiration in presence
of ADP (Fig. 3A) and decreased the Respiratory Control Ratio (RCR),
when complex I- or II-dependent respirations were stimulated
(Fig. 3B), suggesting that it produces a total uncoupling of OXPHOS in
mitochondria isolated fromTA3/Ha cells. At 50 μM,hydroquinone 9 pro-
duced a RCR value close to 1, independent the respiratory complex stim-
ulated (Fig. 3B). To evaluate the effect of hydroquinone 9 on ATP
synthesis-linked respiration (state 3ADP), specific substrate were used
to stimulate each respiratory complexes in the presence of ADP. None
inhibitory effect was observed when complexes I, II, III and IV were
stimulated in presence of hydroquinone 9 (Fig. 3C), suggesting that
this compound does not affect the ATP synthesis-linked respiration,
without produce inhibition of respiratory complexes. On the other
hand, hydroquinone 9 causes an increase of the mitochondrial respira-
tion in state 4o to 1.934 ± 0.108-folds compared with the control
(p b 0.001; Fig. 3D) and decreases the uncoupled respiration (state
3u) to 1.284 ± 0.165-folds, suggesting that this compound produces
an ΔΨm-dependent increase of the proton leak across the inner mito-
chondrialmembrane. Interestingly, hydroquinone9 exhibited a little ef-
fect on respiration of mitochondria isolated from rat liver. It slightly
decreases the RCR at 50 μM (p b 0.01; Fig. 4A), producing an increase
of mitochondrial respiration in state 4 to 1.26 ± 0.04-folds of control
(p b 0.05), without effects on mitochondrial respiration in state 3ADP
(Fig. 4B–C). Collectively, these results indicate that hydroquinone 9 pro-
duces selective and total uncoupling of OXPHOS in TA3/Ha cells.

3.5. Hydroquinone 9 uncouples OXPHOS through a protonophoric
mechanism

To determine the mechanism of the uncoupling effect produced by
hydroquinone 9, tomitochondria in state 2 incubatedwith cyclosporine
and atractyloside, inhibitors ofmPTP and ANT, respectively, were added
hydroquinone 9 and the OCRwasmeasured. No significant effects were
detected (Fig. 5A–C). To evaluate if the increase in the mitochondrial
respiration produced by hydroquinone 9 is due an increase in the



Fig. 3. Effect of hydroquinone 9 on OXPHOS. (A) Representative traces of oxygen consumption rate in mitochondria isolated from TA3/Ha cells in presence of hydroquinone 9 or DMSO
(control); (B) effect on Respiratory Control Ratio (RCR) when respiratory complexes I and II are stimulated with glutamate plus malate or succinate, respectively; (C–D) effect of
hydroquinone 9 on mitochondrial respiration in state 3ADP, state 3u and state 4o. Respiratory Control Ratio (RCR) was calculated as the respiration in state 3ADP divided by that in state
4. Data shown are the mean ± SEM of three independent experiments. **p b 0.01, ***p b 0.001, vs. control (DMSO).
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oxygen consumption by ETC, KCN was added to mitochondria in the
presence of hydroquinone 9. As Fig. 5D shows, KCN addition blocked
the oxygen consumption, suggesting that this compound requires a
functional ETC. In addition, when 6-ketocholestanol (6-keto), a keto-
derivative of cholesterol that decreases the membrane fluidity
(Chávez et al., 1996; Cuéllar et al., 1997), was added in the presence of
hydroquinone 9, mitochondrial respiration was normalized (hydroqui-
none 9: 2.743 ± 0.063-folds increase vs. hydroquinone 9 + 6-keto:
0.916 ± 0.018-fold increases, both with respect to control), similar to
state 2 (Fig. 5E,G), suggesting that membrane fluidity is required to in-
crease the mitochondrial respiration by this hydroquinone. The same
reversion was obtained for known protonophore CCCP (Fig. 5F,
Starkov et al., 1994). Moreover, changes in ΔΨm maintained by com-
plex I- and complex II-dependent respiration (state 2) in isolated mito-
chondria were evaluated. Hydroquinone 9, similar to CCCP, decreases
ΔΨm independently of mitochondrial substrate used (Fig. 5H); in con-
trast to rotenone, a complex I-inhibitor, only produced a decrease of
ΔΨm when isolated mitochondria were incubated with glutamate
plus malate. Taken together, this evidence suggests that hydroquinone
9 is a protonophoric uncoupler of OXPHOS.

3.6. Hydroquinone 9 produces mitochondrial dysfunction in TA3/Ha cancer
cells

Hydroquinone 9 reduces the mitochondrial spare capacity (Fig. 6A),
decreases the ATP levels andΔΨmat 2 h of exposition (Fig. 6B–C) and it
also produces an increase of intracellular ROS levels (Fig. 6D), but with-
out detectable mitochondrial superoxide production in intact TA3/Ha
cells (Supplementary Fig. 2A). In mouse mammary epithelial cells
NMuMG, this compound does not affect the ATP levels and ΔΨm
(Fig. 6B–C). These results indicate that hydroquinone 9 selectively
produces bioenergetic dysfunction in TA3/Ha cells. Consistent with the
above, this compound decreased the NAD(P)H levels to 0.625 ± 0.063
folds of the control (p b 0.001, Fig. 6E) in TA3/Ha cells without affect
theNAD(P)H levels in NMuMGcells (Fig. 6E). NAD(P)H levels aremain-
tained by TCA cycle and required for ATP synthesis by OXPHOS and re-
generation of antioxidant gluthatione system (Stein and Imai, 2012;
Alberghina and Gaglio, 2014). In TA3/Ha cells, hydroquinone 9 de-
creased theGSH/GSSG ratio after 24 h of exposition (Fig. 7F) and the ad-
dition of 1 mM isocitrate, a substrate of isocitrate dehydrogenases,
reversed the effect of hydroquinone 9 on NAD(P)H levels (p b 0.01,
Fig. 6E) and GSH/GSSG ratio (p b 0.05, Fig. 6F). These results suggest
that hydroquinone 9 produces mitochondrial dysfunction with changes
in the NAD(P)H availability, affecting the redox status in TA3/Ha cells.

3.7. Hydroquinone 9 has NAD(P)H availability-dependent anti-
proliferative effects on cancer cells

To evaluate if the alterations induced in OXPHOS by hydroquinone 9
affect the viability of cancer cells, sub-G1 population was evaluated in
TA3/Ha cells. Hydroquinone 9 did not affect the cell viability (Supple-
mentary Fig. 2C); however, it produced alteration in the cell cycle distri-
bution, arresting in G2/M-phase at 24 h (Fig. 7A–C). To evaluate if this
affects the cell growth, the effect of hydroquinone 9 on the number of
NMuMG epithelial cells and TA3/Ha cancer cells was determined at 24
and 48 h. Hydroquinone 9 inhibited selectively the growth of TA3/Ha
cells (Fig. 7E and G). Consistently, as Fig. 7F and H, show this compound
produced an increase in the doubling time of TA3/Ha cancer cell (con-
trol: 26.00±1.85 h vs hydroquinone 9: 74.18± 5.26 h, p b 0.001)with-
out modifying that of NMuMG epithelial cells (control: 25.54 ± 2.27 h
vs hydroquinone 9: 27.80 ± 3.15 h). Moreover, this decreased number
of TA3/Ha cells produced by hydroquinone 9 at 48 h of exposition was



Fig 4. Hydroquinone 9 slightly affects the respiration of mitochondria isolated from rat
liver. Effect of hydroquinone 9 on (A) Respiratory Control Ratio (RCR) and (B–C)
mitochondrial respiration in state 3ADP and state 4. Substrates added were glutamate
plus malate (G + M). Respiratory Control Ratio (RCR) was calculated as the respiration
in state 3ADP divided by that in state 4. Data shown are the mean ± SEM of three
independent experiments. **p b 0.01, *p b 0.05, vs. control (DMSO).
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reversed by isocitrate andNAC combination (Fig. 7D). Collectively, these
results indicate that changes in the NAD(P)H availability produced by
hydroquinone 9 selectively affect the proliferation of TA3/Ha cells. On
the other hand, hydroquinone 9 shows an anti-proliferative effect in
murine (TA3/Ha and the methotrexate-resistant variant TA3-MTXR)
and human (CCRF-CEM and the camptothecin-resistant variant CEM/
C2) cancer cells (Table 2). In leukemic CCRF-CEM cells, this hydroqui-
none produces similar bioenergetic alterations to those described in
TA3/Ha cells, affecting the oxygen consumption (data not shown),
NAD(P)H and ATP levels (Supplementary Fig. 3). Moreover,
hydroquinone 9 did not affect the proliferation of non-malignant
MM3MG cells, suggesting a selective anti-proliferative effect on cancer
cells. Comparisons between cancer cell lines and their resistant variants
indicate that hydroquinone 9 presents a relative resistance index (RRI)
close to 1 (calculated as the IC50 drug resistant cells/IC50 drug sensitive
cells ratio, Table 2), similar to previously reported hydroquinone 14
(Urra et al., 2013).

4. Discussion

4.1. Characteristics on mitochondrial metabolism of TA3/Ha cells and
implications in anti-cancer evaluations

Wedescribe here for first time the effect of glutamine and glucose on
mitochondrial metabolism of TA3/Ha cells, which is an ascites tumor
cell line. The mitochondrial respiration in basal conditions, in the pres-
ence of glutamine or glutamine plus glucose, was 68% inhibited by addi-
tion of oligomycin, suggesting ATP's pool that supports the cellular
requirements mainly proceed from OXPHOS. Differences between the
maximal electron flow, which is obtained in an uncoupled respiration,
and respiration in basal conditions, reflect the bioenergetics status of
themitochondria, being a spare capacity to response to energy demand
or some metabolic stress (Hill et al., 2012). This spare capacity is occu-
pied in a 62% in basal conditions, a characteristic that was independent
from the oxidized substrate. It has been described that ascites liquid ex-
hibits high concentrations of oxygen and glutamine with very low con-
centration of glucose (Rodríguez-Enríquez et al., 2000). Consequently,
no detectable differences between the respiration in presence of gluta-
mine or glutamine plus glucosewere observed in TA3/Ha cells, suggest-
ing that glutamine is a preferential substrate for mitochondrial
metabolism of TA3/Ha cells. Interestingly, glutamine, similar to glucose,
is metabolized in several pathways that support bioenergetics, biosyn-
thesis and proliferation in some cancer cells (DeBerardinis et al.,
2007). Glutamine can be converted to α-ketoglutarate (α-KG) by en-
zymes as glutamate dehydrogenase (GDH) and alanine-leucine trans-
aminase (ATL), serving as anaplerotic precursors (DeBerardinis et al.,
2007). In TA3/Ha cells, addition of aminooxyacetic acid (AOA), inhibitor
of aminotransferase activity, decreased the oxygen consumption when
CCCP was added in the presence of both glutamine and glutamine
plus glucose, indicating that intermediates of TCA cycle and substrate
of ETC derived from glutaminolysis.

Several type of human cancer cells exhibit a highmitochondrial me-
tabolism (Moreno-Sánchez et al., 2014). Then, the modulation of mito-
chondrial respiration to produce mitochondrial dysfunction results in a
strategy for targeting these cancer cells (Fantin et al., 2002; Cheng et al.,
2013; Zhang et al., 2014). Here, we used TA3/Ha cells as model for
studying the mechanism of action of the hydroquinone analogs on
OXPHOS in cancer cells. Interestingly, similar effects to those described
in TA3/Ha cells on mitochondrial bioenergetics and proliferation were
observed in CCRF-CEM human leukemic cells. Moreover, the prolifera-
tion of resistant variants to chemotherapeutics of these cell lines was
also affected by the hydroquinone analogs. Consistent with this, it has
been recently reported the selective cytotoxic effects of ortho-acylated-
1,4-naphthohydroquinones by a mechanism of mitochondria-
mediated cell death on a panel of leukemia cells (Pedroza et al., 2014).
This suggests that thehydroquinone scaffold can offer a possibility to ob-
tain compounds with selective anti-cancer effect, especially in lympho-
ma or leukemia cells, which have a high mitochondrial participation in
the energetic metabolism (Jitschin et al., 2014; Yizhak et al., 2014).

4.2. Structural relationship between hydroquinone scaffold and mitochon-
drial respiration

Structural factors of known inhibitors of complex I required to inter-
act with this enzyme are not obvious, being different in each inhibitor
type (Miyoshi, 2001). Generally, these compounds exhibit aromatic



Fig. 5. Hydroquinone 9 is a protonophoric uncoupler of OXPHOS. (A) Effect of hydroquinone 9 on mitochondrial respiration in state 2. (B) Increase of oxygen consumption produced by
hydroquinone 9 does not involve opening of permeability transition pore (PTP), (C) activation of ANT and (D) redox cycling. (E–G) 6-ketocholestanol (6-keto) reverses uncoupling effect
produced by 50 μM hydroquinone 9 and 200 nM CCCP. Mitochondria (0.5 mg/mL) and glutamate + malate (G + M) were added as indicated by the arrows. CsA, cyclosporin A; Atrac,
atractyloside. Oxygen consumption was determined by Clark oxygen electrode. (H) Mitochondrial depolarization produced by 50 μM hydroquinone 9, 200 nM CCCP and 1 μM
rotenone when complex I (G + M: glutamate plus malate) and complex II (Succ: succinate) are stimulated. Data shown are the mean ± SEM of three independent experiments.
***p b 0.001, vs. control (DMSO).
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rings with a hydroquinone/quinonemotif, showing planarity in its geo-
metrical requirements (Okun et al., 1999) and its interaction with com-
plex I is highly sensitive to structural changes (Ueno et al., 1994; Satoh
et al., 1996). Our results indicate that the ortho-carbonyl substituted hy-
droquinone 14 represents the minimum structure that fulfills the mo-
lecular requirements to inhibit cellular respiration in cancer cells by
interaction with complex I. Interestingly, the incorporation of a methy-
lene bridge and different substituents on the scaffold of hydroquinone
14 decreased its inhibitory effect, affecting the interactionwith complex
I; however, these structural modifications generated compounds with
other effects on OXPHOS. As previously reported, hydroquinone 14 pro-
duces inhibition of complex I-dependent respiration (Urra et al., 2013)
and this effect is independent of the status of coupling of OXPHOS
(this study), similar to rotenone and antimycin-A, complex I and III in-
hibitors respectively. Interestingly, analogs of hydroquinone 14 with
substitutions located in the hydroquinone plane exhibited a dualmech-
anism of action on cellular respiration with anti-proliferative effects
(Supplementary Figs. 2 and 3). At low concentrations, they produced
uncoupling of OXPHOS through a protonophoric mechanism and only
at high concentrations retained the interactionwith complex I, inhibiting
only mitochondrial respiration stimulated by glutamate plus malate
(Supplementary Fig. 4). These effects also were observed on RCR when
complexes I and II were stimulated (Supplementary Fig. 4). Dual effects
have been previously reported for other compounds like BHA (Ferreira,
1990; Lou et al., 2007). These compounds primarily increase oxygen
consumption rate producing uncoupling by several mechanisms, being
suggested that inhibition of ETC or mitochondrial ATP synthesis is a sec-
ondary effect (Lou et al., 2007). Consistent with this, the dual agents ex-
hibited an intermediate ratio IC50 −CCCP/+CCCP between 3.82–9.11.
On the other hand, bicyclic hydroquinones were inactive on respiration,
except hydroquinone 9 which had a ratio IC50 −CCCP/+CCCP = 43.00,
suggesting that its effect is dependent of coupling of OXPHOS. Interest-
ingly, this compound increased the proton leak-stimulated respiration
in isolated mitochondria by a protonophoric mechanism, i.e. hydroqui-
none 9 may act as a proton shuttle, transporting protons across mito-
chondrial membrane, dissipating the proton gradient leading to
uncoupling of the ADP phosphorylation from the electron transport
and hydrogen transfer in ETC. It is known that physico-chemical proper-
ties, such as lipophilicity and acidity, are important factors for uncoupling
of OXPHOS by protonophore agents (Spycher et al., 2008; Naven et al.,



Fig. 6. Hydroquinone 9 produces mitochondrial dysfunction in TA3/Ha cells. Effects of hydroquinone 9 (50 μM) on (A) mitochondrial spare capacity in TA3/Ha cells, (B) intracellular ATP
levels and (C)mitochondrial transmembrane potential in TA3/Ha and NMuMG cells, (D–F) intracellular ROS production, NAD(P)H levels and GSH/GSSG ratio in TA3/Ha cells. Data shown
are the mean ± SEM of three independent experiments. ***p b 0.001, **p b 0.01 and *p b 0.05 vs. control (DMSO).
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2013). Previously, we reported a theorical study on factors that affect the
capability of the bicyclic hydroquinones to cross membranes, where the
phenol-phenoxide equilibrium and the solvation energy of neutral spe-
cies were evaluated (Soto-Delgado et al., 2013). It is possible that a sim-
ilar mechanisms occurs with hydroquinone 9, being the translocation
rate of the charged species a limiting step, as previously reported for
other uncouplers (Spycher et al., 2008). Moreover, the intramolecular
hydrogen bond between the phenolic hydrogen and the oxygen from
the orto-carbonyl motif (Martínez-Cifuentes et al., 2014) can involve a
change in the acidity of the protonophore motif, increasing its ability to
act as uncoupler. These results suggest that the planarity of hydroqui-
none 14 scaffold is essential for the interaction with the ETC, and when
this scaffold is chemically substituted an uncoupling effect is primary
evident.

4.3. Effect of hydroquinone 9 on mitochondrial bioenergetics and prolifera-
tion of cancer cells

Isolated mitochondria are considered the best approach for studies
about mechanisms (Brand and Nicholls, 2011). Moreover, tumor and
non-malignant mitochondria exhibit differences at the OXPHOS level
(Solaini et al., 2011; Panov and Orynbayeva, 2013), and mitochondria
isolated from different tissues are differentially affected by small mole-
cules (Baliutyte et al., 2010). In this sense, several studies on the mech-
anism of action of anti-cancer compounds have been made on
mitochondria isolated from non-malignant tissue (Fantin et al., 2002;
Filomeni et al., 2009; Pardo-Andreu et al., 2011). In this study, mito-
chondria isolated from adenocarcinoma cells were used to maintain
the biochemical characteristics of tumor mitochondria and reveal
the impact of hydroquinones on OXPHOS in these organelles.
Hydroquinone 9 produced total uncoupling of OXPHOS only in mito-
chondria isolated from TA3/Ha cells, with less effect on respiration of
mitochondria isolated from rat liver, suggesting a selective effect on bio-
energetics of cancer cells. Consistently, it decreased the ΔΨm, ATP and
NAD(P)H levels in TA3/Ha intact cells, producing mitochondrial
dysfunction (Fig. 7I). Mitochondrial control of NAD+/NADH and
NADP+/NADPH levels is maintained by nicotinamide nucleotide
transhydrogenase, a ΔΨm-dependent enzyme that resides in the
inner mitochondrial membrane (Gameiro et al., 2013), whose activity
is sensitive to uncouplers (Rydström, 2006). Hydroquinone 9 produced
a decrease of intracellular NAD(P)H levels in murine and human cancer
cells, which was an important event that affected the proliferation. This
effect was reversed by isocitrate, an essential intermediate of several
biochemical pathways, including TCA cycle (Icard et al., 2012). These re-
sults suggest that uncoupling of OXPHOS induced by hydroquinone 9
can deplete the intermediates of the TCA cycle, such as isocitrate and re-
duced equivalents (NAD(P)H). This is affecting not only mitochondrial
ATP synthesis, but also other pathways that use NADPH as cofactor to
maintain the redox balance by reduced glutathione, and probably the
biosynthesis of fatty acids, nucleotides and amino acids, which promote
proliferation of cancer cells. Interestingly, FCCP and 2,4-dinitrophenol,
known protonophoric uncouplers, induce cell cycle arrest in G1-phase
and apoptosis in cancer cells by increase of ROS levels with depletion
of GSH content (Han et al., 2008, 2009). Similar effects on redox status
were detected in TA3/Ha cells treated with hydroquinone 9, however,
apoptotic populations were not detectable after 24 h of exposition.
This evidence supports the idea that a decrease in the NAD(P)H
availability by uncoupling of OXPHOS, represents a major impact on
malignant cells, accounting for the high selectivity exhibited by hydro-
quinone 9 on cell proliferation.



Fig. 7.Hydroquinone 9 selectively decreases the proliferation of TA3/Ha cells. Effect of hydroquinone 9 on (A–C) cell cycle distribution and (D) number of TA3/Ha cells at 24 h and 48 h of
exposition, respectively. Effect of hydroquinone 9 on cell growth and doubling time of (E–F) NMuMG and (G–H) TA3/Ha. (I) Mechanism of action proposed for hydroquinone 9. Iso:
isocitrate, α-KG: alpha-ketoglutarate, ΔΨm: mitochondrial membrane potential. Data shown are the mean ± SEM of three independent experiments. ***p b 0.001, **p b 0.01 and
*p b 0.05 vs. control (DMSO).
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In conclusion, our results show that small structural changes on the
scaffold of ortho-carbonyl substituted hydroquinone 14 allow to obtain
specific mechanisms of action on OXPHOS by inhibition of complex I-
dependent respiration, uncoupling of OXPHOS or compounds with
both actions, affecting the proliferation of cancer cells with high
Table 2
Anti-proliferative effect of Cpd. 9 and Cpd. 14 on cancer and non-malignant cells and resis-
tance index (RRI). The IC50 values are themean of three different experiments ± SEM. RRI
was calculated for murine and human cancer cells as the IC50 drug resistant cells/IC50 drug
sensitive cells ratio. (c) IC50 and RRI values are from Urra et al. (2013).

Cpd. 9 Cpd. 14

IC50 [μM] RRI IC50 [μM] RRI

MM3MG N100 – 90.48 ± 4.29c –
NMuMG 73.55 ± 3.20 – N100 –
TA3/HA 24.34 ± 2.00

1.08
13.00 ± 3.58c

1.06
TA3-MTXR 26.38 ± 0.77 12.90 ± 0.84c

CCRF-CEM 27.77 ± 0.96
1.00c

13.05 ± 2.50
1.08

CEM/C2 25.83 ± 1.01 14.14 ± 4.25
oxidative metabolic phenotype. This provides useful evidence to design
new anti-cancer compounds.
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