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a b s t r a c t

Exposure to environmental pollutants such as dibenzofurans and furans is linked to the pathophysiology
of several diseases. Dibenzofuran (DBF) is listed as a pollutant of concern due to its persistence in the
environment, bioaccumulation and toxicity to humans, being associated with the development of lung
diseases and cancers, due to its extremely toxic properties such as carcinogenic and teratogenic.

Mitochondria play a key role in cellular homeostasis and keeping a proper energy supply for eukaryotic
cells is essential in the fulfillment of the tissues energy-demand. Therefore, interference with mitochon-
drial function leads to cell death and organ failure. In this work, the effects of DBF on isolated rat liver
mitochondria were analyzed.

DBF exposure caused a markedly increase in the lag phase that follows depolarization induced by ADP,
indicating an effect in the phosphorylative system. This was associated with a dose-dependent decrease
in ATPase activity. Moreover, DBF also increased the threshold to the induction of the mitochondrial per-
meability transition (MPT) by calcium. Pretreatment of mitochondria with DBF also increased the concen-
tration of carboxyatractyloside (CAT) necessary to abolish ADP phosphorylation and to induce the MPT,
suggesting that DBF may interfere with mitochondria through an effect on the adenine nucleotide trans-
locase (ANT). By co-immunoprecipitating ANT and Cyclophilin D (CypD) following MPT induction, we
observed that in the presence of DBF, the ratio CypD/ANT was decreased. This demonstrates that DBF
interferes with the ANT and so prevents CypD binding to the ANT, causing decreased phosphorylative
capacity and inhibiting the MPT, which is also reflected by an increase in calcium retention capacity.

Clarifying the role of pollutants in some mechanisms of toxicity, such as unbalance of bioenergetics sta-
tus and mitochondrial function, may help to explain the progressive and chronic evolution of diseases
derived from exposure to environmental pollutants.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction carbons (HAH), including dioxins (Yoshioka et al., 2011), plays
Environmental pollution has been challenging human health and
healthcare practitioners more and more in the last decades. As a con-
sequence of a wide range of industrial applications, several toxic
compounds are produced, environmental release occurs and expo-
sure becomes inevitable. Moreover, several diseases and clinical
conditions have been linked to environmental pollutants exposure,
such as lung inflammatory diseases (Lecureur et al., 2012), asthma
(McGwin et al., 2010) and cancer (Raaschou-Nielsen et al., 2011).

Exposure to environmental contaminants such as polycyclic
aromatic hydrocarbons (PAH) and halogenated aromatic hydro-
an important role in the development of several types of human
cancers. PAH and HAH are wide spread environmental contami-
nants that are present in cigarette smoke, coal tar and automo-
bile exhaust. The carcinogenic effects of several PAH and HAH
are initiated after their binding and activation of the aryl hydro-
carbon receptor (AhR) (Mandal, 2005). However, there are sev-
eral evidences that many compounds derived from human
activity act at mitochondrial level causing its dysfunction,
namely environmental pollutants and metals (Mohammadi-
Bardbori and Ghazi-Khansari, 2008; Geier et al., 2009; Tang
et al., 2013).

Dibenzofuran (DBF) is an ubiquitous dioxin-like compound, but
little is known about its effects, namely on primary targets such as
the lung. Although some studies reported that environmental tox-
icants induce mitochondrial damage and impair autophagy
(Palmeira and Madeira, 1997; Duarte et al., 2011, 2012), more
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systematic studies are needed in order to uncover the mechanisms
underlying the toxic effects of some pollutants on mitochondria.

Mitochondria are the key organelles for energy production and
many other cellular processes, including signaling pathways regu-
lating several biologic processes in the cell. Oxidative phosphoryla-
tion (OXPHOS) in mitochondria produces more than 95% of a cell’s
energy in the form of ATP under normal physiological conditions
and this process involves five different protein complexes
(complex I–V). Mitochondrial respiration generates most of the
cellular energy (ATP) and yields several intermediate compounds
involved in cellular metabolism. Therefore, perturbation of
mitochondrial functions may result in severe consequences for
general metabolism and all the energy transducing processes that
require ATP.

Besides energy production, mitochondria participate also in
several signaling pathways, regulating for example cell death/sur-
vival (Kinnally et al., 2011). An increase in mitochondrial mem-
brane permeability is one of the key events in apoptotic and
necrotic death, although the mechanisms involved are yet to be
fully elucidated. It is accepted that mitochondrial permeability
transition is caused by the permeability transition pore (PTP), a
voltage- and Ca2+-dependent, cyclosporine A (CsA)-sensitive, high
conductance channel, whose opening leads to permeabilization
of the inner mitochondrial membrane (IMM) to solutes with
molecular masses up to 1.5 kDa (Rasola et al., 2010). Activation
of mitochondrial permeability transition (MPT) is considered to
be a major cause of cell death under a variety of pathophysiological
conditions, including ischemia/reperfusion injury (Varela et al.,
2008, 2010), neurodegenerative disease, traumatic brain injury
(TBI), muscular dystrophy and drug toxicity (Millay et al., 2008;
Halestrap and Pasdois, 2009; Mbye et al., 2009; Nicholls, 2009;
Russmann et al., 2009).

Despite major efforts, the molecular nature of the PTP remains
undefined. Earlier candidates such as the IMM adenine nucleotide
translocator (ANT) and the outer mitochondrial membrane
(OMM) VDAC are now considered to be regulators rather than
constituents of the PTP (Rasola et al., 2010), and new putative
regulators have been proposed in the recent years. Indeed, the
PTP has been proposed to be regulated by proteins that interact
with the OMM such as hexokinase (Pastorino and Hoek, 2008)
and by ligands of the OMM translocator protein of 18 kDa, TSPO,
formerly known as the peripheral benzodiazepine receptor
(Sileikytė et al., 2011).

In the past, extensive analyses have dissected the factors that
regulate the PTP in situ (Bernardi et al., 2006). Nonetheless, ex-
treme caution must be exerted when these data are extrapolated
to PTP modulation in the living cell. The continuous crosstalk be-
tween mitochondria and other cell compartments suggests that
several proteins can play regulatory roles on the pore, connecting
signaling cascades known to control the apoptotic process with
the PTP, as this is a key switch in the cell commitment to death
(Rasola et al., 2010).

In this work we evaluated the toxic effects of the pollutant DBF
in vitro, using isolated mitochondria from rat liver. We assessed
mitochondrial function (transmembrane potential generation, oxy-
gen consumption), mitochondrial susceptibility to MPT induction
and permeability of mitochondrial membrane to protons, exposing
mitochondria to the pollutant.

2. Materials and methods

2.1. Materials

Dibenzofuran (DBF) was purchased from Supelco Inc. (Belle-
fonte, PA) (4-0261). All other reagents and chemicals used were
of the highest grade of purity commercially available.
2.2. Preparation of liver mitochondria

All experimental procedures regarding the animals respected
the guidelines of the European Directive 86/609/CEE and present
in the Portuguese law. Briefly, the animals (male Wistar rats) were
sacrificed by cervical dislocation and the liver was immediately re-
moved. Mitochondria were isolated from the liver by differential
centrifugation, as previously described (Rolo et al., 2009; Gomes
et al., 2012). All isolation material was kept on ice during the iso-
lation procedure. The liver was finely minced in an ice-cold
homogenization buffer (250 mM sucrose, 0.5 mM ethylene glycol
tetraacetic acid (EGTA), 0.5% bovine serum albumin (BSA) and
10 mM HEPES, pH 7.4) and the minced blood-free tissue was then
homogenized with a ‘‘Potter–Elvejhem’’ type glass homogenizer
and a Teflon piston. The homogenate was then centrifuged in a
refrigerated centrifuge (Sorvall; Thermo Scientific, Rockford, IL),
at 800g. Supernatant was collected and centrifuged at 10,000g to
pellet mitochondria, which were resuspended in washing medium
(250 mM sucrose and 10 mM HEPES, pH 7.4) and centrifuged again
at 10,000g. The pellet was resuspended and finally centrifuged at
10,000g. Mitochondria in the pellet were resuspended in a final
washing medium and immediately used. Protein content was
determined by the biuret method (Gornall et al., 1949), calibrated
with bovine serum albumin.

2.3. Mitochondrial transmembrane potential (DWm) measurements

The mitochondrial transmembrane potential (DWm) was esti-
mated using an ion-selective electrode to measure the distribution
of tetraphenylphosphonium (TPP+) according to previously estab-
lished methods (Kamo et al., 1979; Palmeira et al., 1994). The ref-
erence electrode was Ag/AgCl2 (model MI 402, Microelectrodes
Inc., Bedford, NH). Both electrodes were connected to an adequate
potentiometer (Jenway pH meter model 3305, Jenway, Essex, UK);
the signal was delivered to a Kipp and Zonen recorder (model BD
121, Kipp and Zonen B.V., Delft, The Netherlands) via a manufac-
tured potential compensatory box (Madeira, 1975). Mitochondria
(1 mg) were suspended with constant stirring, at 25 �C, in 1 ml of
standard respiratory medium (130 mM sucrose, 50 mM KCl,
5 mM MgCl2, 5 mM KH2PO4, 50 lM EDTA, 5 mM HEPES, pH 7.4)
supplemented with 3 lM TPP+ and 3 lM rotenone, and were ener-
gized with 10 mM succinate. A matrix volume of 1.1 ll/mg protein
was assumed (Masini et al., 1984). Control assays were done in or-
der to exclude the possibility of interference with the electrode.

2.4. Mitochondrial respiration/oxygen consumption

Oxygen consumption of isolated mitochondria was polaro-
graphically determined with a Clark oxygen electrode (Estabrook,
1967; Rolo et al., 2009) connected to a suitable recorder, through
an oxygen electrode control system. Mitochondria (1 mg) were
suspended under constant stirring, at 25 �C, in 1.3 ml of standard
respiratory medium described above with rotenone (3 lM) as
inhibitor of complex I, and energized by adding succinate to a final
concentration of 10 mM. ADP (200 nmol) was added to induce
state 3 respiration. The respiratory control ratio (RCR) was calcu-
lated taking into account oxygen consumption rates during state
3 (following ADP phosphorylation) and subsequent state 4 respira-
tion. The ADP/O ratio was calculated as the nmol of ADP phosphor-
ylated by natoms oxygen consumed (Chance and Williams, 1956).

2.5. ATPase activity

ATPase activity was determined spectrophotometrically at
660 nm, in association with ATP hydrolysis (Madeira et al., 1974).
The reaction was carried out at 37 �C, in 2 ml reaction medium
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(100 mM NaCl, 25 mM KCl, 5 mM MgCl2, and 50 mM HEPES, pH
7.4). After the addition of freeze–thawed mitochondria (0.25 mg),
DBF was added and allowed to incubate for 3 min before the initi-
ation of reaction with the addition of 2 mM Mg2+-ATP, in the pres-
ence or absence of oligomycin (1 lg/mg protein). After 10 min, the
reaction was stopped by adding 1 ml of 40% trichloroacetic acid
and the samples centrifuged (5 min, 3000 g). 2 ml of ammonium
molybdate (1%) plus 2 ml dH2O were then added to 1 ml of super-
natant and reacted for 5 min at room temperature. ATPase activity
was calculated as the difference in total absorbance and absor-
bance in the presence of oligomycin.

2.6. Measurement of the mitochondrial permeability transition (MPT)

Mitochondrial swelling associated to MPT induction was esti-
mated by changes in light scattering as monitored spectrophoto-
metrically at 540 nm (Palmeira and Wallace, 1997; Teodoro
et al., 2011). The reaction medium was stirred continuously, and
the temperature maintained at 25 �C. The experiments were
started by the addition of 1 mg of mitochondria to a final volume
of 2 ml of the standard incubation medium (sucrose 200 mM,
KH2PO4 1 mM, EGTA 10 lM and HEPES 10 mM), supplemented
with rotenone 3 lM and succinate 5 mM. In selected assays, cyclo-
sporine A (a known MPT inhibitor) was used as a negative control
(Palmeira and Wallace, 1997). After a brief incubation period to
establish a baseline absorbance, calcium was added to induce
permeability transition.

2.7. Measurement of mitochondrial calcium fluxes

The accumulation and release of calcium by isolated mitochon-
dria was determined using a calcium-sensitive fluorescent dye,
Calcium Green-5N, as previously described (Varela et al., 2010).
The reactions were carried out at 25 �C in 2 ml of the MPT buffer
(as above), supplemented with rotenone 3 lM and Calcium
Green-5N 200 nM. Mitochondria (1 mg) were loaded and fluores-
cence was recorded continuously using a Victor3 plate reader (Per-
kin–Elmer), with excitation and emission wavelengths of 485 and
535 nm, respectively. Energization was obtained with 5 mM succi-
nate. Calcium fluxes are expressed as relative fluorescence units
(RFUs).

2.8. Co-immunoprecipitation of ANT/CypD and detection of CypD

ANT was immunocaptured from mitochondrial extracts using
monoclonal antibodies to ANT crosslinked to agarose beads (Mito-
Sciences Cat#MSA01). Mitochondria (1 mg) collected after MPT
induction were resuspended in extraction buffer A (according to
Invitrogen’s Co-Immunoprecipitation kit 143.21D) and frozen in li-
quid nitrogen. Samples were incubated overnight at 4 �C with the
antibody/agarose beads. Beads were washed four times with ice-
cold buffer. Elution of immunocomplexes with Laemmli sample
buffer and heat-denaturation were performed immediately prior
to one-dimensional gel electrophoresis. Proteins were separated
on 15% SDS–polyacrylamide gels and electroblotted onto PVDF
membranes. The western blots were then probed with antibodies
against ANT and cyclophilin D (CypD).

2.9. Western blotting analysis

Western blot membranes were blocked with 5% nonfat milk and
incubated with antibodies anti-ANT (MitoSciences Cat#MSA02) or
anti-CypD (Abcam ab110324) overnight at 4 �C. Immunodetection
was performed with WesternDot 625 (Invitrogen) goat anti-mouse
western blot kits and the membranes were imaged using a Gel Doc
instrument (BioRad).
2.10. Statistic analyses

Results are presented as means ± SEM. of the number of differ-
ent experiments (4–5 independent experiments). Solvent controls
were included within each experimental determination. Statistical
significance was determined using one-way ANOVA (followed by
Dunnett post test), comparing all data to the control group, with
the help of Prism 5 (Graphpad Software, Inc). A P value < 0.05
was considered statistically significant.
3. Results

3.1. Mitochondrial membrane potential

Transmembrane potential (DWm) sustained by mitochondria
upon energization is essential for mitochondrial function; this
parameter reflects the differences on electric potential and repre-
sents the greater component of the electrochemical gradient of
protons in the membrane, contributing for the majority of the en-
ergy used in the oxidative phosphorylation.

We found that the DWm generated by the mitochondria isolated
from rat liver was not affected by DBF exposure, comparing to con-
trol (Table 1); similarly, there were no differences in the depolar-
ization induced when ADP was added to mitochondria (Table 1).
DBF exposure also induced a dose-dependent effect on the repolar-
ization potential of mitochondria after the phosphorylative cycle
(Table 1). The lag phase preceding repolarization (period of time
during which mitochondria phosphorylate all the ADP that is
added) was significantly increased in mitochondria exposed to
DBF, when comparing to control (Table 1), suggesting an impair-
ment in the phosphorylative system, considering that the energiza-
tion induced by substrate was not impaired.

3.2. Mitochondrial oxygen consumption

Oxidative phosphorylation and respiratory chain competence of
mitochondria were investigated by following oxygen consumption
after succinate oxidation, upon exposure to DBF. The results
showed an increase in the respiratory state 2 of mitochondria ex-
posed to DBF (Fig. 1A), which could suggest an increase in mem-
brane permeability to protons and consequent increase in oxygen
consumption in the respiratory chain. However, no differences
were found when we tested the mitochondrial membrane perme-
ability to protons assessing mitochondrial osmotic behavior in a
NH4NO3 buffer (data not shown).

A decrease in state 3 oxygen consumption rate was observed in
mitochondria exposed to DBF (Fig. 1A). Moreover, the experiments
also showed that, if state 3 respiratory rate was not significantly
decreased, phosphorylation lag phase was already taking longer
when DBF was present. This supports the enlarged lag phase re-
ported previously and suggests that DBF impair the mitochondrial
phosphorylative system. Additionally, respiratory state 4 was
clearly increased in mitochondria exposed to DBF (Fig. 1A), reflect-
ing the impairment in mitochondrial function and a possible dis-
ruption of mitochondrial membrane impermeability after
phosphorylation and consequent forced respiration. Consequently,
both RCR and ADP/O ratios were decreased in mitochondria ex-
posed to the pollutant (Fig. 1B).

3.3. ATPase activity

To try to elucidate the increased lag phase and impairment dur-
ing phosphorylation, we assessed mitochondrial ATPase activity;
the results showed that DBF caused a decrease in the ATPase activ-
ity for all the concentrations tested (Fig. 1C). The decrease in the



Table 1
Mitochondrial membrane potential (DWm) determined in the presence of succinate as respiratory substrate. Reactions were carried out in 1 mL of reaction medium,
supplemented with 3 lM rotenone and 1 mg of freshly isolated mitochondria, as described in materials and methods. Data are means ± SEM of different experiments (n = 5).
Values statistically different from control.

Control DBF DBF DBF DBF DBF
10 lM 50 lM 100 lM 150 lM 250 lM

DWm (% control) 100 100.2 ± 0.25 100 ± 0.42 100.4 ± 0.46 99.7 ± 0.75 99.2 ± 0.74
DWADP (% control) 100 104.4 ± 2.59 104.7 ± 5.08 107.7 ± 6.44 103.2 ± 1.84 101.9 ± 2.42
Repolarization (% control) 100 100.1 ± 0.3 99.8 ± 0.46 99.4 ± 0.51 97.8 ± 0.75* 95.8 ± 1.07*

Lag phase (% control) 100 111.4 ± 1.17* 122.4 ± 6.43* 120.3 ± 7.71* 145.0 ± 8.15* 167.2 ± 10.49*

* P < 0.05.

Fig. 1. Effects of Dibenzofuran on mitochondrial oxygen consumption. (A) State 2,
state 3 and state 4 respiration in liver mitochondria, upon incubation with DBF.
Reactions were carried out in 1.3 ml of reaction medium, supplemented with 3 lM
rotenone and 1 mg of freshly isolated mitochondria. Oxygen consumption was
polarographically determined with a Clark oxygen electrode as described in
Materials and Methods. Energization was achieved with 10 mM succinate and
phosphorylation induced by 200 nmol ADP. (B) Effects of Dibenzofuran in
mitochondrial RCR and ADP/O ratios. (C) Mitochondrial ATPase activity measured
spectrophotometrically in mitochondria upon incubation with Dibenzofuran. Data
are means ± SEM of different experiments (n = 5). Values statistically different from
control: � P < 0.05.
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ATPase activity can explain the longer lag phase but does not ex-
clude that DBF can act on another component of the phosphoryla-
tive system (e.g. ANT – adenine nucleotide translocator).
3.4. Mitochondrial swelling and MPT induction

The effects of DBF on mitochondrial permeability transition
(MPT) were assessed using light scattering to monitor mitochon-
drial swelling. We found that DBF reduced mitochondrial cal-
cium-induced and CsA-sensitive osmotic swelling (Fig. 2A),
suggesting that the pollutant can inhibit the permeability transi-
tion to some extent. This inhibition of MPT pointed out to an effect
of DBF in one particular component of the phosphorylative system
that is also enrolled in the permeability transition, the adenine
nucleotide translocator (ANT). In order to identify the mechanism
by which DBF prevents MPT induction, DBF effects were investi-
gated in conditions of carboxyatractyloside (CAT)-induced MPT.
CAT is a highly selective inhibitor of cytosolic side-specific ANT
that causes stabilization of the c conformation of ANT, inducing
MPT.

Using CAT also in mitochondrial swelling experiments, we
could see that DBF prevents mitochondrial swelling that is induced
by CAT (Fig. 2B), and we also compared this prevention with that
provided by bongkrekic acid (BKA), which blocks ANT in a confor-
mation that prevents MPT. Both DBF and BKA inhibit MPT induc-
tion and consequent mitochondrial swelling (Fig. 2B), suggesting
that DBF is exerting an effect on ANT.

To test the hypothesis that DBF interacts with ANT, a titration
with CAT was performed. After adding succinate, mitochondria
developed a potential of about �220 mV (negative inside). With
the addition of ADP, the potential dropped because ATP synthase
uses DWm to phosphorylate ADP. After a short lag phase, when
ADP phosphorylation takes place, the transmembrane potential
repolarized close to the initial value. Successive additions of CAT
aliquots before ADP addition, as indicated in Fig. 3, progressively
block a higher number of ANT units contributing to the observed
decreased number of phosphorylation cycles induced by successive
ADP additions, as well as to the observed increasing in lag phase
corresponding to successive phosphorylation cycles.

Measuring mitochondrial membrane potential after ADP addi-
tion we found that, with DBF, less CAT was needed to completely
abolish phosphorylation/repolarization (Fig. 4), indicating that
mitochondria incubated with DBF already had ANT inhibition
and thus an impaired phosphorylative system.
3.5. Calcium retention capacity

DBF effects on MPT induction were also tested assessing cal-
cium retention capacity in mitochondria, using the fluorescent
probe Calcium-Green 5N. These experiments showed that DBF
exposure induced an increase in the calcium retention capacity
after energization of mitochondria, when compared to control
(Fig. 5A). DBF caused a delay in calcium release from mitochondria,
that is the consequence of PTP opening and MPT induction, a CsA-
sensitive event (Fig. 5A). Analyzing calcium retention capacity in
mitochondria we found that CAT greatly induces MPT (Fig. 5B);



Fig. 2. Effects of Dibenzofuran on the susceptibility to the induction of mitochondrial permeability transition (MPT). (A) Mitochondrial swelling was spectrophotometrically
monitored at 450 nm. MPT was induced with 25 nmol CaCl2 where indicated by the arrow. Cyclosporine A (CsA) 1 lM was added to the reaction medium prior to calcium
addition. (B) Dibenzofuran prevents the induction of MPT caused by carboxyatractyloside (CAT) (2.5 lM), mimicking the effect of bongkrekic acid (BKA) (4.3 lM), other ANT
inhibitor. DBF, CAT or BKA were added to the reaction medium prior to calcium addition. The traces are representative of different experiments performed with independent
mitochondrial preparations (n = 5).

Fig. 3. Mitochondrial transmembrane potential (DWm) and lag phase. Dibenzofuran was added to the reaction medium (1 ml) with mitochondria (1 mg) and allowed to
incubate for 3 min before the addition of succinate as substrate. Addition of ADP induces phosphorylation/depolarization. A titration with CAT was performed. Where
indicated, CAT and ADP aliquots were added. The traces represent typical direct recordings from independent experiments (n = 5).
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DBF exposure prevents this from occurring, also when CAT is pres-
ent, and again it displays an effect similar to BKA (Fig. 5B).

3.6. Co-immunoprecipitation of ANT/CypD

MPT induction is dependent on CypD binding to ANT, giving
that CypD association facilitates a conformational change in the
ANT, hence sensitizing to calcium and promoting MPT. Using mito-
chondria samples that were used in MPT induction experiments,
we immunoprecipitated ANT and then used western blot to evalu-
ate CypD present in the precipitate (thus bound previously to ANT).
When MPT induction is prevented, either with CsA or DBF expo-
sure, the ratio CypD/ANT in the sample is decreased when com-
pared to control or CAT (a representative image is shown in
Fig. 6), also suggesting that DBF was interacting with ANT and so
preventing CypD binding and MPT induction.

3.7. PTP activation by mitochondrial outer membrane translocator
protein (TSPO)

In the last years, several other proteins have been reported to
modulate PTP opening, namely the mitochondrial outer membrane



Fig. 4. Inhibition of mitochondrial ANT carrier by carboxyatractyloside (CAT).
Mitochondrial transmembrane potential (DWm) was measured as previously and a
titration with CAT was performed until no depolarization/repolarization was
observed when ADP was added to mitochondria. Data are means ± SEM of different
experiments (n = 5). Values statistically different from control: � P < 0.05.
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translocator protein of 18 kDa, TSPO, formerly known as the
peripheral benzodiazepine receptor. We wanted to check if DBF
was also interacting with this receptor and this way modulating
MPT induction. We performed calcium retention experiments
using a ligand for TSPO, PK11195, which induces pore opening
and consequent calcium release (Fig. 7). However, when DBF was
present, no differences were found in calcium retention capacity
of mitochondria challenged with the ligand (PK11195), suggesting
that DBF effects were not being exerted via TSPO binding (Fig. 7).
Fig. 5. Effects of Dibenzofuran on mitochondrial calcium fluxes.(A) Calcium fluxes, expres
probe Calcium-Green-5N as described in Materials and Methods. DBF was incubated wi
where indicated by the arrows. (B) Effects of Dibenzofuran and ANT modulators on mit
(BKA) (4.3 lM) were added where indicated by the arrow. The traces are representative
(n = 5).
4. Discussion

Environmental pollutants such as dioxins and furans are extre-
mely toxic and related with several diseases, such as cancer. Some
toxicology studies have addressed health effects related to expo-
sure to chemicals, but few have described the molecular targets
that cause toxicity (Yoshioka et al., 2011).

DBF is an aromatic ether with properties and chemical structure
similar to dioxins, and potential exposure to DBF may occur
through inhalation and dermal contact, particularly at sites en-
gaged in combustion/carbonization processes. This work focused
on the toxic effects of DBF directly on mitochondria, using an
in vitro approach, given that not many studies have been con-
ducted concerning mitochondrial harming by environmental pol-
lutants. We have previously reported some of the effects caused
by DBF, either for mitochondria isolated from lungs (Duarte
et al., 2011) or lung cells in culture (Duarte et al., 2012). Given
the importance of mitochondria for organisms, to evaluate toxic ef-
fects that impair mitochondrial function is necessary when one
wants to study the toxicity of a given environmental pollutant.

Binding to AhR and related ROS generation has been suggested
as the mechanism of action underlying some of the toxic and bio-
logical effects of these dioxins and dioxin-like compounds (Chiba
et al., 2011). However, the core mechanisms are not fully under-
stood and toxic mechanisms activated by dioxins and dioxin-like
compounds, independent of AhR activation, must be considered
(Ahmed et al., 2005). Recently, siRNA-mediated knockdown of
the AhR in lung epithelial cells and fibroblasts was shown to in-
crease sensitivity to smoke-induced apoptosis (Rico de Souza
et al., 2011). This involved mitochondrial dysfunction, decreased
antioxidant enzymes and oxidative stress.
sed as relative fluorescence units (RFUs), were fluorometrically monitored using the
th mitochondria, calcium was added and energization was achieved with succinate
ochondrial calcium fluxes. Carboxyatractyloside (CAT) (2.5 lM) or bongkrekic acid
of different experiments performed with independent mitochondrial preparations



Fig. 6. Immunoprecipitation of ANT and CypD from mitochondrial extracts.
Mitochondrial samples used in MPT experiments were collected, as described in
Materials and Methods. Western blots were performed using antibodies against
ANT and CypD proteins to evaluate its presence in the immunoprecipitates, and the
arrows indicate the molecular weight markers in the first lane. To quantify the
intensity of the bands obtained via Western blot analysis, we applied Image J
software-based analysis (http://www.rsb.info.nih.gov/ij). The figure contains a
representative immunoblot (n = 4). Values statistically different from control:
� P < 0,05.
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Mitochondria are key organelles in cellular function. Their main
role is to generate energy (ATP) for cellular function, but they also
participate in several other processes such as calcium homeostasis,
free radicals generation and apoptosis (Orrenius et al., 2007;
Contreras et al., 2010). The study of drug-induced mitochondrial
toxicity may elucidate distinct mechanisms by which drugs inter-
fere with energy production by the cell.

The results indicate that mitochondria are targeted by DBF-in-
duced toxicity. Although DBF did not affect mitochondrial capacity
Fig. 7. Effects of Dibenzofuran and mitochondrial outer membrane translocator protein (
as described previously. Carboxyatractyloside (CAT) (2.5 lM) or PK11195 (30 nmol), a
representative of different experiments performed with independent mitochondrial pre
to generate and sustain membrane potential, a decrease in the
mitochondrial phosphorylative efficiency seems to be a critical
event in DBF-induced damage. Similar mitochondrial impairment
had already been reported for exposure to other toxicants (Simões
et al., 2010). Although DWm developed after succinate energization
was not affected, the lag phase that occurs in the phosphorylative
cycle and precedes repolarization was increased in mitochondria
incubated with DBF when compared to control. This reflects an
impairment in the phosphorylative system, which causes a delay
in the restoration of membrane potential after conversion of ADP
to ATP. Inversely, Jaiswal and colleagues have already reported a
decrease in mitochondrial membrane potential when exposing
HepG2 liver cells to DBF (Jaiswal et al., 2012); however, this unlike
effects at mitochondrial level can be partially explained by the
avowed fact that DBF-derived metabolites induce significantly
higher cytotoxicity in HepG2 cells than its parent compound
(DBF). Other authors studying environmental toxicants also re-
ported toxic effects that include decreased oxygen consumption
and decreased mitochondrial activity in the liver (Roos et al.,
2011), while studies focused on the hepatotoxicity of synthetic
compounds also described impairment of mitochondrial phosphor-
ylation efficiency, decreased state 3 respiration and ATP levels, and
increased lag phase, without affecting the membrane potential
(Silva et al., 2013). When measuring oxygen consumption rate by
mitochondria, a decrease in respiratory state 3 (active phosphory-
lation) was detected after exposure to DBF.

Mitochondria exposed to DBF did not recover the state 4 respi-
ration values after phosphorylation, showing that DBF affects mito-
chondrial integrity and coupling of oxidative phosphorylation.
Consequently, both respiratory control ratio (RCR) and efficiency
of ATP synthesis coupled to mitochondrial respiration, referred to
as the ADP/O ratio, were decreased in mitochondria exposed to
DBF when comparing to control. In both hepatic mitochondria iso-
lated from TCDD-treated mice and mitochondria incubated in vitro
with TCDD, a number of functional alterations have been reported,
including a defect in ATP synthesis (Shertzer et al., 2006; Kopf and
Walker, 2010). In primary hepatocytes, TCDD has been shown to
induce mitochondrial dysfunction (Aly and Domènech, 2009). To
further explore and understand the cause for the impairment in
phosphorylative system, and the oxygen consumption rates, we
TSPO) modulation on mitochondrial calcium fluxes. Calcium fluxes were monitored
ligand of the TSPO, were added where indicated by the arrows. The traces are

parations (n = 5).
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evaluated ATPase activity, since other component of the phosphor-
ylative system should be impaired, in order to justify the evident
increase in mitochondrial lag phase during phosphorylation. In-
deed, ATPase activity was decreased in mitochondria exposed to
DBF. Although, the defects in ATPase efficiency did not fully match
the ‘‘dose-dependent’’ increase in lag phase detected in the mem-
brane potential experiments, and this effect does not exclude ac-
tion at the level of other components of the phosphorylative
system.

Silva et al. described a decrease in the phosphorylation capacity
of liver mitochondria as a consequence of the interaction of a syn-
thetic retinoid with the components of the phosphorylative system
(Silva et al., 2013), namely an inhibitory effect on the ANT. The
authors also reported an induction of MPT through the interaction
with the ANT, arguing that those effects constitute a potential
mechanism for acitretin-induced cell death by apoptosis and
necrosis and toxicity in liver cells. Other authors report that sur-
vival of tumor cells is favored by mitochondrial changes that make
death induction more difficult in a variety of stress conditions
(such as exposure to chemotherapeutics), and that these changes
include unbalance of the redox equilibrium and inhibition of
MPT (Chiara et al., 2012). Having detected an inhibition of MPT
elicited by DBF, we considered that a common player of both phos-
phorylation and MPT was a target for DBF toxicity. Experiments in
order to evaluate MPT induction, a phenomenon that results from
the opening of the so called mitochondrial permeability transition
pore (mPTP) showed that this toxicant prevented MTP induction,
when compared with control mitochondria. In a similar way, Sang
and colleagues recently reported an ‘‘MPT-independent’’ toxicity
caused by an environmental toxicant (Sang et al., 2012). Thus,
although the impairment of ATP synthesis in hepatic mitochondria,
data prompted us the idea that DBF was interacting with ANT, and
so DBF was somehow mimicking CsA or BKA to inhibit induction of
the MPT and prevent mitochondrial swelling, which can ultimately
help to explain a tumorigenic phenotype, due to increased ability
to escape cell death.

With the results pointing out an interaction of DBF with ANT as
the cause for the decreased efficiency of ATP production and inhi-
bition of MPT, a titration with CAT was performed to better under-
stand DBF effects on mitochondrial transmembrane potential. CAT
is a highly selective inhibitor of cytosolic side-specific mitochon-
drial ANT that causes stabilization of the c conformation of ANT
leading to mPTP opening. The results showed that, in mitochondria
incubated with DBF, less CAT was needed to completely inhibit de/
repolarization after ADP addition. On the other hand, mitochon-
drial lag phase during a phosphorylative cycle was larger when
we added CAT to mitochondria incubated with DBF, compared to
control. This showed that, when exposed to DBF, mitochondria al-
ready had some ANT inhibition, supporting the DBF/ANT interac-
tion and consequent impairment of the translocase’s function.
Using CAT also in mitochondrial swelling experiments, we could
see that DBF prevented mitochondrial swelling that is induced by
CAT, and we also compared this prevention with that provided
by BKA, observing that both DBF and BKA inhibit MPT induction
and consequent mitochondrial swelling. Additional experiments
were performed using the fluorescent probe calcium-green to as-
sess calcium retention capacity. We confirmed that DBF inhibited
MPT induction, not only when compared only to control situation
but also preventing CAT effect on the MPT triggering. Taking into
account the suggested inhibition of the ANT activity, based on
the lag phase experiments, DBF inhibitory effect on the MPT is
probably dependent on the ANT.

In order to elucidate the involvement of DBF in the mPTP open-
ing and the role of an interaction with ANT, we performed immu-
noprecipitation to check this interaction. It is known that, during
mPTP opening, CypD interactions with ANT promote mPTP open-
ing and MPT induction (Hansson et al., 2011). We could see that,
in samples that were used in MPT induction experiments, immu-
noprecipitating ANT we could detect CypD (thus bound previously
to ANT). When MPT induction was prevented, either with CsA or
DBF exposure, the ratio CypD/ANT in the sample was decreased
when compared to control or CAT, also supporting that DBF was
interacting with ANT and so preventing CypD binding and MPT
induction. Nonetheless, we also wanted to assess if DBF was inter-
acting with other protein that has been reported to modulate mPTP
opening, the mitochondrial outer membrane translocator protein
of 18 kDa, TSPO, formerly known as the peripheral benzodiazepine
receptor (Sileikytė et al., 2011). Some studies have shown that
TSPO can be affected by oxidative stress, as well as contribute to
oxidative stress at mitochondrial level and be involved in damag-
ing effects of anthracene in the liver (Dimitrova-Shumkovska
et al., 2010). Calcium retention capacity experiments were per-
formed using a ligand for TSPO, PK11195, which induces MPT
and consequent calcium release. However, when DBF was present,
no differences were found in calcium retention capacity of mito-
chondria challenged with the ligand (PK11195), suggesting that
DBF effects were not being exerted via TSPO binding and following
MPT modulation. Many times, the apoptotic and survival pathways
are activated in parallel in response to environmental toxicity; the
balance towards either cell death or survival depends in most cases
on the intensity and length of the exposure.

In summary, this work shows that DBF impairs hepatic mito-
chondrial function. DBF toxicity is mainly related to a decrease in
phosphorylative efficiency, shown by an increase in lag phase. Also,
a possible interaction of DBF with ANT carrier is supported by our
results and induction of mitochondrial permeability transition is
also affected by DBF exposure. Yet, further studies focused on
understanding the upstream molecular mechanisms by which
metabolic pathways are deregulated are needed. Those may ulti-
mately help to develop therapeutic strategies and to prevent dis-
eases related to pollutants exposure.
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