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a b s t r a c t

The release of environmental contaminants can contribute to impaired male fertility. The bioenergetics
of isolated liver mitochondria have been used as a toxicological indicator, an inexpensive first line model
to screen possible effects of several substances. Here we report the effects of 2,2-bis(4-chlorophenyl)-
1,1-dichloro-ethylene (DDE) on the bioenergetical parameters of testicular mitochondria. A significant
decrease in repolarization potential (after a phosphorylative cycle), state 3 respiration and uncoupled
respiration, with a concomitant increase in lag phase was found, demonstrating a decrease in mitochon-
drial function. Importantly, there was also a clear increase in maximum potential in DDE-treated testis
mitochondria, which was not mirrored by more commonly used liver mitochondria. Indeed, comparative
studies showed that testis and liver mitochondria have strikingly different sensitivities and patterns of
response to DDE, indicating that testis mitochondria should be used as a primary toxicological model for a
proper evaluation of putative effects of environmental toxicants on the bioenergetics of spermatogenesis
and male fertility.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Environmental contaminants have a deleterious effect on repro-
ductive function, either by directly affecting germ cells, including
damage to sperm nuclear DNA and increased ROS production, or
by mimicking hormonal action [1,2]. These effects may be trans-
generational, probably through changes in methylation patterns
[3]. 1,1-Dichlorodiphenyltrichloroethane (DDT) and its metabolite,
2,2-bis(4-chlorophenyl)-1,1-dichloro-ethylene (DDE), are environ-
mental contaminants present in all living organisms. Due to their
lipophylic nature, resistance to degradation and food chain bioac-
cumulation, high concentrations have been reported in tissues,
even in animals from remote areas [4]. The first studies on repro-
ductive changes induced by DDT and its metabolite DDE were
performed in birds, where they were identified as a cause of
egg shell thinning [5], followed by reported interactions with the

Abbreviations: DDE, 2,2-bis(4-chlorophenyl)-1,1-dichloro-ethylene; DDT, 1,1-
dichlorodiphenyltrichloroethane; ROS, reactive oxygen species; SOD, superoxide
dismutases; GSH-Px, glutathione peroxidases; DMSO, dimethyl sulfoxide; RCR,
respiratory control ratio; HPLC, reverse-phase high performance liquid chromatog-
raphy; ! , mitochondrial transmembrane electrical potential; TPP+, tetraphenyl
phosphonium.
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estrogen receptor in alligators [6]. Using a rat model DDE was
described as antagonizing the androgen receptor leading to a slew
of effects, from gonadal development to accessory gland weight [7].
In recent studies DDE was shown to affect Sertoli cells in culture,
decreasing the expression of transferrin and increasing the expres-
sion of androgen-binding protein [8], similarly to other known
anti-androgen compounds. Furthermore death of Sertoli cells by
apoptosis through the mitochondrial pathway, and an increase in
ROS production dependent on DDE concentration used, was also
observed [9], and in pre-pubertal rats DDE induced a significant
decrease in SOD and GSH-Px activity. Lipid peroxidation was also
increased confirming oxidative stress as an important component
in DDE-induced toxicity [10].

It has been shown that many drugs have deleterious effects
on mitochondrial function and that mitochondria are one of the
primary targets for toxic injury, leading to dysfunction due to
energy imbalance, excessive ROS production and/or apoptosis.
In this context, mitochondrial studies have revealed toxicolog-
ical and pharmacologically relevant mechanisms for xenobiotic
activity. These studies have mostly been carried out using liver
mitochondria, giving the importance of this organ in metabolism
and detoxification of foreign substances (reviewed by [11]). Such
a model system showed that DDE caused inhibition of the mito-
chondrial enzymes NADH-Ubiquinone oxireductase and succinate
dehydrogenase, together with an increase of mitochondrial mem-
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brane proton leak and decreased transport of inorganic phosphate,
which may lead to a deficit in the energy level of hepatocytes [12].
However previous studies of testicular bioenergetics both in rat
[13] and domestic cat (Felis catus) [14] have demonstrated major
differences in bioenergetic parameters between liver and testicu-
lar mitochondria under physiological conditions, especially when
measuring state 3 and 4 respiration and RCR, using the same pro-
tocols [14]. These differences imply a different response of these
organelles to drugs, particularly DDE, suggesting that the same sub-
stance may affect the bioenergetics of different organs, and thus
their functions, differently.

The hypothesis of the present work was that the reported effects
of DDE on the male gonad (and thus on the bioenergetics of sper-
matogenesis) could also involve mitochondrial dysfunction in that
tissue, and that these effects may be distinct from those found in the
more currently used liver mitochondria. To address this hypothesis,
bioenergetic parameters of isolated testis and liver mitochondria
from Wistar–Han rats were characterized and compared.

2. Materials and methods

2.1. Materials

All chemicals were obtained from Sigma, St. Louis, MO, USA, unless otherwise
described. DDE (99.1% de purity) was dissolved in dimethyl sulfoxide (DMSO) to a
final concentration of 62.8 mM (20 mg/ml).

Media used: testis mitochondria isolation medium contained 250 mM sucrose,
0.2 mM EGTA, 0.1 mM EDTA, 5 mM HEPES-KOH (pH 7.4) and 0.1% defatted BSA
(bovine serum albumin). Washing medium was composed by 250 mM sucrose, 5 mM
HEPES-KOH (pH 7.4). The reaction medium consisted of 65 mM KCl, 125 mM sucrose,
10 mM Tris, 20 !M EGTA, 2.5 mM KH2PO4 (pH 7.4) and BSA (10 g/ml). Liver mito-
chondria isolation medium was composed by 300 mM sucrose, 1 mM EGTA, 10 mM
HEPES (pH 7.4) and 0.1% defatted BSA. Washing medium was equal to the isola-
tion medium but omitting EGTA and BSA. Liver reaction medium was prepared with
130 mM sacarose, 50 mM KCl, 5 mM HEPES, 100 M TA, 5 mM KH2PO4 and 2.5 mM
MgCl2.

2.2. Animals

Mature male Wistar–Han rats (9–16 weeks) were maintained at the Center
for Neuroscience and Cell Biology and Medical School animal facility under con-
trolled light (12 h light/12 h dark), humidity (45–65%) and temperature conditions
(22–24 ◦C), with free access to water and food. The study was processed follow-
ing the rules of animal care established by the European Regulation for Studies
with Vertebrate Animals and internal regulation of the Center for Neuroscience
and Cell Biology. The animals were euthanized by cervical dislocation followed by
decapitation and the testes removed and kept on ice until further use.

2.3. Isolation of liver and testis mitochondria

The protocol for isolation of testicular cells mitochondria was adapted from
previously described methods [13]. Briefly, testes were decapsulated and finely
minced several times in an ice-cold isolation medium. The minced blood-free tissue
was then resuspended in isolation medium and homogenized with a tightly fitted
Potter-Elvjjem homogenizer (Teflon:glass pestle). The homogenate was then cen-
trifuged at 750 × g for 10 min (Sorvall RC-5C, Plus, SS 34 rotor, 4–8 ◦C). The resulting
supernatant was centrifuged at 12,000 × g for 10 min. The pellet (mitochondrial frac-
tion) was resuspended twice in washing medium using a paint brush and repelleted
at 12,000 × g for 10 min. Liver mitochondria were isolated following a previously
described protocol [15], that is similar to the testis isolation protocol but with spe-
cific isolation and washing medium. Mitochondrial protein content was determined
by the biuret method, calibrated with BSA. Mitochondria were kept on ice until use.

2.4. Mitochondrial transmembrane potential and ATPsynthase activity

Mitochondrial transmembrane potential (! ) was estimated with a
tetraphenyl phosphonium-selective (TPP+) electrode by adding 2 !M TPP+ to
the medium. ! was estimated according to the equation of Kamo et al. [16],
without correction for the “passive” binding contribution of TPP+ to the mito-
chondrial membranes. A matrix volume of 1.1 !L/mg protein was assumed. The
parameters analyzed were maximum transmembrane electrical potential, ADP-
induced depolarization (corresponding to depolarization elicited by the addition
of ADP), lag phase (interval of time correspondent to ADP phosphorylation)
and repolarization potential (steady state electric potential obtained after ADP
phosphorylation). DDE was added to mitochondria energized with succinate in
order to determine effects on maximum transmembrane electrical potential. The

incubation period was determined as the lowest time necessary to observe DDE
effects on the electrical potential of testicular mitochondria (2 min). The DDE
concentration used (157 nmol/mg of protein) was selected after previous in vitro
assays monitoring changes on the maximum mitochondrial electrical potential
in testicular mitochondria as an end-point for drug effect. Control assays were
performed by adding the same amount of vehicle – DMSO to the reaction medium
after energizing isolated mitochondria.

Following DDE (or control DMSO) incubation ADP was added to the reaction
medium (120 and 180 nmol/0.8 mg protein for testis and liver mitochondria, respec-
tively). ATPsynthase activity was determinated simultaneously to mitochondrial
transmembrane potential using a pH electrode [17]. Experiments were carried out
at 30 ◦C, in 1.5 ml of ATPsynthase medium (similar to reaction medium but with Tris
content reduced to 0.5 mM) plus 2 !M TPP+, 3 !M rotenone and 1.2 mg of isolated
mitochondria. Calibration with a known amount of HCl was performed at the end
of each experiment.

2.5. Mitochondrial oxygen consumption

Oxygen consumption of isolated testis mitochondria was monitored polaro-
graphically with a Clark-type oxygen electrode [18] connected to a suitable recorder
in a 2 ml thermostated water-jacketed chamber with magnetic stirring, at 30 ◦C.
Mitochondria were suspended at a concentration of 0.8 mg/ml in the reaction
medium already including succinate (5 mM) thus energizing mitochondrial via com-
plexes III and IV. Rotenone (3 !M) was also added to inhibit complex I and avoid
reverse flow of electrons from complex II to complex I. DDE was added 2 min after
succinate (5 mM) and incubated for another 2 min. ADP (120 and 180 nmol/0.8 mg
protein for testis and liver mitochondria, respectively) was added to induce state
3 respiration. After a stable state 4 respiration was reached, oligomycin (2 !g/ml)
was added. Two minutes later FCCP (1 !M), a mitochondrial uncoupler, was added
to determine maximum oxygen consumption. RCR (respiratory control ratio) and
ADP/O ratios were calculated according to Chance and Williams [19].

2.6. Mitochondrial enzyme activity

All enzymes activities were determined after 4 freeze–thaw cycles to burst mito-
chondrial membranes and guarantee access to enzymes. Succinate cytochrome c
reductase was assayed spectrophotometrically, using cytochrome c as the elec-
tron acceptor. Mitochondria were incubated with succinate (40 mM) or succinate
plus DDE (157 nmol/mg mitochondrial protein) for 5 min to activate the enzyme.
The resulting mixture was then added to a phosphate buffer together with EDTA
(15 mM) and 2 mM oxidized cytochrome c. The reaction was followed at 550 nm for
300 s. Complex III activity was then blocked with antimycin A (2 mM) confirming the
reduction of cytochrome c only from electrons donated by succinate. Cytochrome c
oxidase (COX) activity was measured polarographically [20], recording oxygen con-
sumption when ascorbate (5 mM) plus TMPD (0.25 mM) were added. COX activity
was inhibited by NaN3 after 2 min. DDE (157 nmol/mg mitochondrial protein) was
incubated with mitochondria for 2 min before adding ascorbate plus TMPD.

2.7. Proton leak in energized mitochondria

Proton leak in energized mitochondria can be driven by passive leak through
the mitochondria inner membrane or be driven through electric potential depen-
dent proteins. Proton leak, in control and DDE-treated mitochondria, is determined
as the relationship between respiration rate and mitochondrial membrane poten-
tial, when the membrane potential is altered by titration with electron transport
chain inhibitors. Briefly, oxygen consumption and inner membrane potential were
simultaneously recorded using a Clark-type oxygen electrode and a TPP+ electrode,
respectively. Testis and liver mitochondria (0.8 mg) were incubated in 1 ml of reac-
tion medium with 2 !M TPP+, 5 mM succinate, 2 !M rotenone, oligomycin (2 !g/ml)
and 80 ng/ml of nigericin (added to abolish !pH so that the total protomotive force
can be equal to ! ) [13,21].

Oxygen consumption and electric potential were progressively inhibited with
sequential additions of malonate up to a total of 2 mM and 4 mM in testis and liver
mitochondria, respectively. At the end of each experiment, valinomycin was added
to dissipate the ! [13,21].

2.8. “Proton leak” and potassium permeability in non-energized mitochondria

Passive proton permeability of the inner membrane in the presence and
absence of DDE (157 nmol/mg mitochondrial protein) was estimated by means of
the swelling of non-respiring mitochondria in isosmotic medium with KCH3COO,
NH4NO3 and KSCN [22]. Isolated mitochondria (1 mg) were incubated at 30 ◦C in
2 ml ionic medium constituted by 135 mM of KCH3COO, NH4NO3 of absorbance were
measured at 540 nm in a spectrophotometer Jasco V-560 (Jasco Corporation, Japan),
in temperature-controlled chambers.

2.9. Statistical analysis

All statistical analyses were performed using SPSS (Statistical Package for the
Social Sciences Program), version 16.00, software for Windows (SPSS Inc., Chicago,
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Fig. 1. (A) Maximum electrical potential, (B) repolarization potential and (C) Lag phase were determined using a TPP+ selective electrode (with an AgCl electrode as reference).
Bars represent mean ± S.E.M. of n = 5 samples. (*) P < 0.05 for the paired T test.

IL, USA). All variables were checked for normal distribution. Results are presented
as mean ± S.E.M. of the number of animals indicated. Multiple comparisons were
performed using the paired T-test. P < 0.05 was considered significant.

3. Results

To better observe possible effects of DDE on mitochondria, ADP
concentration was increased in relation to the physiological levels
in cells, in order to overload the oxidative phosphorylation system
and uncover subtle differences.

A slight increase in maximum electrical potential in isolated
testis mitochondria (P = 0.026) was observed with DDE, as opposed
to liver mitochondria where a significant decrease in the maximum
electrical potential developed was obvious (P = 0.003) (Fig. 1A).
After ADP addition, both testis and liver mitochondria treated with
DDE showed increased phosphorylative lag phase and decreased
repolarization potential (Fig. 1B), however, in different magni-
tude as compared to the control. The phosphorylative lag phase
increased 40% in testis mitochondria while liver mitochondria took
a double amount of time to phosphorylate the same ADP as control
liver mitochondria (Fig. 1C).

ATPsynthase activity recorded at the same time as transmem-
brane electrical potential, presented similar features, accompany-
ing the increase in lag phase with a significant decrease in activity.
However this reduction in activity was not due to a direct effect
on complex V, but rather demonstrates the effect of DDE on the
respiratory chain. The use of ascorbate plus TMPD as substrates for
complex IV revealed no differences on the lag phase and repolar-
ization potential (data not shown) confirming no effect on complex
V.

Oxygen consumption revealed further differences between the
effects of DDE on testis and liver mitochondria (Table 1). State 3
respiration (oxygen consumption stimulated by ADP phosphory-
lation) was significantly decreased in both types of mitochondria,

Fig. 3. Succinate cytochrome c reductase activity measured by spectophotomet-
ric method using oxidized cytochrome c as an electron acceptor. Bars represent
mean ± S.E.M. of n = 3 samples (*) P < 0.05 for the paired T test.

but to a lower extent in testis mitochondria (Fig. 2A). It was when
mitochondrial respiration was uncoupled from the phosphoryla-
tive system by using FCCP, that the maximum effect of DDE on
the respiratory chain could be appreciated, with liver mitochondria
presenting an 80% decrease in uncoupled respiration while testis
mitochondria presented a 15% decrease only (Fig. 2B).

The effects of DDE on the respiratory chain were also explored by
directly assaying the activity of enzymes that compose the energy
transducing machinery. The activity of succinate-cytochrome c
reductase (complexes II and III), showed a significant decrease
when testis and liver mitochondria were incubated with DDE
(P = 0.005 and P = 0.002, respectively); however the effect of DDE
on testis succinate-cytochrome c redutase was 15% less than the
one observed in liver mitochondria (Fig. 3). Cytochrome c oxidase
presented no differences between control and DDE treated mito-
chondrial experiments but it is noteworthy to observe that this
enzyme presented greater activity in testis mitochondria than in
liver mitochondria, contrarily to all other control parameters stud-
ied (data not shown).

Fig. 2. (A) schematic representation of DDE effects observed on oxygen consumption parameters using a Clark-type electrode in testis and liver mitochondria (n = 10). (B)
Uncoupled respiration (FCCP 1 !M): bars represent mean ± S.E.M. of n = 4 samples treated with FCCP (1 !M) to promote mitochondrial uncoupling. (*) P < 0.05 for the paired
T test.
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Table 1
Mitochondrial respiration parameters using succinate as a substrate.

State 3 respiration State 4 respiration State oligomycin Uncoupled respiration RCR ADP/O

Testis control 93.95 ± 18.01 46.45 ± 7.66 21.30 ± 3.49 131.78 ± 22.96 2.02 ± 0.12 1.58 ± 0.20
Testis DDE (157 nmol/mg prot) 71.52 ± 12.51# 37.93 ± 7.10# 12.21 ± 1.11# 112.05 ± 20.96* 1.93 ± 0.23 1.44 ± 0.10#

Liver control 130.82 ± 17.75 20.38 ± 2.67 14.95 ± 2.04 198.71 ± 17.33 6.46 ± 1.02 1.95 ± 0.14
Liver DDE (157 nmol/mg prot) 74.89 ± 18.29# 27.32 ± 7.19 27.47 ± 3.99* 40.29 ± 14.27* 3.35 ± 1.59* 1.98 ± 0.09

Oxygen consumption is expressed as natomsO/mg of mitochondrial protein/min.
* and # represent P < 0.05 and P < 0.01 for the paired T test, respectively. n = 9 for all parameters except state oligomycin and uncoupled respiration with n = 4.

State oligomycin, is determined by adding oligomycin to the
mitochondria in state 4 respiration, blocking passive leak of protons
through ATPsynthase (complex V) and any ATP cycling that may
exist (for review see [23]). Any increment in oxygen consumption
in this state will be due to an increase in proton leak [24]. Liver
mitochondria presented a significant increase (P = 0.049) in oxygen
consumption in state oligomycin upon DDE treatment indicating
an increase in proton leak while testis mitochondria presented a
significant decrease (P = 0.008), reflecting inhibition of the redox
chain or possible addition of this effect with a decrease in proton
leak (Table 1).

Given these results, proton leak was further tested through two
specific assays; one in energized mitochondria and the second
in non-energized mitochondria. Proton leak assayed by titration
with malonate in energized liver mitochondria showed that DDE-
treated mitochondria presented significantly higher (P = 0.000)
oxygen consumption for the same transmembrane electrical poten-
tial (Fig. 4A) suggesting higher proton leak, while in non-energized
mitochondria no differences were found (Fig. 4B). Testis mitochon-
dria treated with DDE presented the same passive proton leak as
the control when mitochondria were energized and a significantly
less when resting mitochondria were incubated either in isos-
motic KCH3COO or NH4NO3 medium. The osmotic swelling assay
in KSCN medium also showed some differences between liver and
testis mitochondria regarding potassium flux through the mito-
chondrial membranes. DDE-treated testis mitochondria presented
a significant decrease (P = 0.002) regarding swelling in relation to
control experiments, while in liver mitochondria no differences
were observed (Fig. 5).

4. Discussion

Previous studies have shown that DDE acts as an endocrine
disruptor, namely as a potent androgen antagonist (similar
to hydroxyflutamide), interfering with pre-natal development,
puberty onset and accessory glands function in adult rats [7], with
sex ratios in reptiles and fish and thinning of the egg-shell in birds
[25]. However, a few studies using cultured Sertoli cells and in vivo
experiments [8–10] suggested that mitochondria might play a role
on DDE reproductive pathology.

The protocol used in this work results in a mix of both somatic
and germ cell mitochondria. However, given ongoing active sper-
matogenesis, the percentage of mitochondria derived from the
latter is predominant, especially from spermatocytes and sper-
matids, increasing the number of intermediate and condensed
mitochondria present in the isolated fraction [26].

To discard confounding factors, such as the preferential
metabolism of DDE in the liver or accumulation in other tissues
(fat), we decided to perform an in vitro assay using isolated testis
and liver mitochondria, assayed using similar protocols and tested
with the same lot of DDE. The minimum dosage of DDE which
had a clear effect on testicular mitochondria was used, and this
concentration is on the range of levels detected in the wild. In a
previous study contamination of fat and liver tissue ranged from a
mean of 274.13 mg/kg wet weight in bird-eating birds to 4.91 mg/kg

Fig. 4. (A) Proton leak (in energized mitochondria) was determined in 6 separate
isolated mitochondria preparations. The data were plotted in dispersion (XY) graph
and the best fit model (curve equation) was determined using SPSS 16.0 software.
The graph represents values of oxygen consumption, for a given electrical potential,
estimated using the curve equation. (B) Osmotic swelling (in non-energized mito-
chondria). The positive control was determined with FCCP 1 !M that promotes H+

leak trough the inner membrane originating the formation of NH4NO3 in the matrix
that drives water entry, mitochondrial swelling and decrease in turbidity (apparent
absorbance). n = 3.

Fig. 5. Permeability to potassium (in non-energized mitochondria). The mitochon-
dria were resuspended in an isosmotic KSCN medium. The anion SCN− crosses the
mitochondrial membrane freely and accumulates in the matrix. If the permeability
to K+ is altered, the KSCN formation in the matrix will osmotically drive water in
causing mitochondrial swelling. Bars represent mean ± S.E.M. of n = 3 samples. (*)
P < 0.05 for the paired T test.
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wet weight in insectivorous mammals [27]. Converting the amount
of DDE used in our in vitro assay for mg/kg wet weight, through
mitochondrial isolation yield, which is approximately 10–12 mg
of mitochondrial protein for 3.25 g of testis tissue, we determined
that we were using a mean concentration of 160 mg/kg wet testis
weight.

Mitochondrial transmembrane electrical potential was mea-
sured with a very sensitive method, which is capable of detecting
minor differences, such as the ones invoked by addition of DDE
to energized testis mitochondria, which are not detected using
widespread mitochondrial probes such as JC-1, for example. Tak-
ing into account the available literature we were expecting to see a
decrease in maximum electrical potential in succinate-energized
mitochondria after adding DDE to testis and liver mitochondria
[9,28,12], respectively. This was indeed the case for liver mitochon-
dria, but, in complete contradiction, testis mitochondria presented
a small yet significant increase in electrical potential after treat-
ment with DDE, with no increase in state 2 respiration. It has been
shown that ROS formation is strongly dependent upon the mito-
chondrial transmembrane electrical potential. Above state 3 even
a slight increase in potential gives rise to a large stimulation of
mitochondria-generated ROS [29]. Although minor, the hyperpo-
larization of the mitochondrial membrane (increase in maximum
developed electrical potential) detected in DDE-treated testis mito-
chondria may be responsible for the increase in ROS production
observed in testicular cells treated with DDE [9,10]. Furthermore
it has already been shown that ROS production could be an early
event in mitochondrial mediated apoptosis in Sertoli cells [9], and
has also been suggested as the responsible factor for the activation
of the Fas/FasL apoptotic pathway in spermatocytes of DDE treated
animals [10]. There are also reports in human sperm acknowledging
a correlation between DDT concentration in the blood plasma and
changes in sperm DNA integrity/condensation [30,31] that could
be caused by increased ROS levels during spermatogenesis or epi-
didymal transit. In isolated mitochondria ROS produced by the
respiratory chain are diluted in the reaction medium, hindering
visualization of ROS effects on the bioenergetic parameters of the
mitochondria.

After ADP addition to the medium testis and liver mitochondria
treated with DDE showed the same trend of decreasing the repolar-
ization potential and increasing the lag phase. Oxygen consumption
during state 3 respiration was also affected by the presence of DDE
in both types of mitochondria, but to different extents, leading us to
speculate that DDE either did not target succinate dehydrogenase
in testis mitochondria or that inhibition of this enzyme by DDE
was less effective in testis mitochondria. However, the spectopho-
tometric assay revealed a similar level of inhibition of succinate
cytochrome c reductase.

The inhibition of the oxidative phosphorylation observed in rat
liver and testis mitochondria may lead to a reduction in the avail-
able ATP, especially in more metabolically active germ cells, such as
meiotic spermatocytes and spermatids undergoing intense cellular
remodeling. The decrease in ATP content could impair spermato-
genesis, and spermiogenesis in particular, causing increased levels
of morphologically abnormal sperm and altered sperm chromatin
integrity/condensation. Indeed several reports have shown correla-
tions between DDT and DDE concentrations and these parameters
[30–32].

To test the role of proton leak in DDE-induced mitochondrial
toxicity, two different assays were used: titration with malonate
in energized mitochondria and osmotic swelling of non-energized
mitochondria incubated with isosmotic solutions. Testis mitochon-
dria showed no differences in energized mitochondria, but in
non-energized mitochondria a decrease in osmotic swelling with
DDE was observed, indicating a reduction in proton influx to the
mitochondrial matrix. This observation points to a reduction in per-

meability of the inner mitochondrial membrane to cations induced
by DDE, suggesting a tighter lipid bilayer. Indeed, DDE-treated lipo-
somes and native membranes showed an increased ordering in
membranes with low cholesterol content [33]. Given that the inner
mitochondrial membrane possesses a small amount of cholesterol
the reduction in testis mitochondria permeability may be due to
an ordering effect. In the titration assay liver mitochondria showed
an increase in proton influx through the inner mitochondrial mem-
brane as described previously [12]. Because liver mitochondria did
not show significant differences in passive proton leak, we can spec-
ulate that the proton leak observed in energized mitochondria,
is not only due to the movement of H+ through the lipid bilayer
but also most likely mediated by proteins/channels regulated by
electrical potential such as uncoupling proteins (UCPs) or the ade-
nine nucleotide translocase (ANT) (for review see [34]). In liver
mitochondria the possible ordering effect detected in testis mito-
chondria may be masked by the increase in proton leak mediated
by proteins or may be absent due to differences in lipid content
of the inner mitochondrial membrane of both types of mitochon-
dria. Indeed, small differences in inner mitochondrial membrane
lipid composition, related to phospholipid/cholesterol ratios, are
known to alter drugs effects [35].

Nevertheless, the reduced proton leak observed in non-
energized testis mitochondria does not totally explain the slight
increase and maintenance of the electric potential in DDE treated
mitochondria. Other factors such as inhibition of ATP-regulated K+

channels (suggested by ATP inhibition of the DDE effect on the
increase in maximum developed potential – data not shown) may
counteract the decrease in electrical potential due to the inhibition
of the redox chain.

In conclusion, after showing that testicular mitochondria bioen-
ergetics are distinct from more commonly used liver mitochondria
[13,14], we show here that this can have consequences in terms
of inferring substance toxicity. In fact DDE has a clear signature
effect on the oxidative phosphorylation system of testicular mito-
chondria. The changes detected may be responsible for part of
the reproductive pathology induced by DDE, namely the recorded
effects in apoptosis in both cultured Sertoli cells and in vivo
germ cells [8–10], where links to mitochondrial dysfunction were
reported. These effects should therefore be analyzed as a com-
plement to the established endocrine disruptor effects of this
environmental contaminant. Another major conclusion of this
study is the possible misuse of liver mitochondria when inferring
possible toxic effects of drugs and contaminants on the reproduc-
tive system. Whenever possible, testis and/or sperm mitochondria
should be used instead.
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