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Abstract

Coenzyme Q (Q) is an obligatory component of both respiratory chain and uncoupling proteins. Also, Q acts as an antioxidant in cellular
membranes. Several neurodegenerative diseases are associated with modifications of Q¢ levels. For these reasons, therapies based on Q
supplementation in the diet are currently studied in order to mitigate the symptoms of these diseases. However, the incorporation of
exogenous Q also affects aging process in nematodes probably affecting reactive oxygen species (ROS) production. The aim of the present
work is to clarify if supplementation with both Q¢ and Qg isoforms affects mitochondrial Q,( content, respiratory chain activity and ROS
levels in human cells. Cells incorporated exogenously added Q;( and Qg isoforms into mitochondria that produced changes in mitochondrial
activity depending on the side chain length. Supplementation with Q;o, but not with Qg, increased mitochondrial Q-dependent activities.
However, Qg affected the mitochondrial membrane potential, ROS production, and increased the protein levels of both catalase and Mn-
superoxide dismutase (Mn-SOD). Also, Q¢ induced a transient decrease in endogenous mitochondrial Qg levels by increasing its catabolism.
These results show that human cells supplemented with Qg undergo a mitochondrial impairment, which is not observed with Qqq
supplementation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction other hand, Q deficiency has been related to severe
dysfunctions in muscle and nervous system [12-15].
Modifications of Q levels together with changes in reactive
oxygen species (ROS) production appear in mayor neuronal
disorders such as Alzheimer’s and Parkinson’s diseases
[16,17]. Supplementation with Q¢ or analogues has shown

benefits in neurodegenerative processes such as Parkinson’s

Ubiquinone (Coenzyme Q, Q) is an essential electron
carrier in the mitochondrial respiratory chain [1]. Also, Q is
an obligatory factor for uncoupling proteins activation [2],
in the opening of the permeability transition pore (PTP) [3],
and also acts as antioxidant in the different membranes of

the cell [4-7].

Under nonpathological processes, the capability of
tissues to synthesise Q apparently decreases during aging
[8], but also Q biosynthesis can be affected by dietary
supplementation [9]. This uptake further affects diverse
functions of the physiology of organisms [10,11]. On the
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[18], Huntington’s [19] and Alzheimer’s diseases [20], and
also in mitochondrial disorders [13,21].

Several studies have demonstrated the incorporation into
tissues of exogenous Q administered to animals in the diet
[9,22-24]. However, the incorporation of exogenous Q
alters different aspects of C. elegans phenotype depending
on the length of the side chain of Q [24-26].

Due to the variety of effects of Q in organisms [11],
and that the mechanisms involved in the uptake by cells
and the incorporation of Q into mitochondria are to date
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not clear, the purpose of the present study was to analyse
the incorporation of exogenous Q of different side chain
length in HL-60 cells mitochondria. Both Qg and Qo
(same length than the endogenous Q in human cells)
significantly incorporated into mitochondria and they
showed a different effect on Q-dependent mitochondrial
activities, mitochondrial membrane potential (Ay/,,) and
ROS production. Also, Qg transiently affected endogenous
Qio content. We show here the that supplementation of
human cells with Q;y maintains a balanced respiration,
whereas a short side-chain ubiquinone such as Qg impairs
the respiratory chain activity.

2. Materials and methods
2.1. Cell culture

HL-60 cells (ATCC, USA), a human promyelocytic cell
line, were cultured in RPMI 1640 medium (BioWhittaker,
Belgium) supplemented with 10% heat-inactivated foetal
calf serum (FCS) (Linus, Spain), and antibiotic/antimycotic
solution (Sigma, Spain). Both Q¢ and Qg isoforms (Sigma)
were directly dissolved in FCS at a concentration of 20 pM,
and a final concentration of 2 pM was used in the
experiments. Experiments started by seeding cells at
5x10° cells/ml. Cell viability was determined by the trypan
blue exclusion method. The radiolabeled precursor of Q,
para-hydroxybenzoate, ['*C]-pHB, was chemically syn-
thesised from L-[U-'*C]-tyrosine (Amersham Pharmacia,
USA) by alkaline hydrolysis for 5 min at 270 °C as
described elsewhere [27]. For anabolism experiments, ['*C]-
pHB was added at the same time than incorporation of Q
forms whereas in catabolism experiments, untreated cells
were incubated for 12 h with ['*C]-pHB, washed twice with
serum-free medium and resuspended in control, Q;o- or Q-
enriched media until harvesting.

2.2. Cell fractionation

Mitochondria were obtained as indicated by Magalhaes
et al. [28] with some modifications. Cells were pelleted by
centrifugation at 500Xg for 5 min at 4 °C. After two
washes with ice-cold PBS, all the subsequent steps were
performed at 4 °C. Cells were disrupted with 9 vol. of
lysis buffer (HEPES 2 mM, pH 7.4, 0.15 mM MgCl,, 10
mM KCl, 0,5 mM EGTA, 20 uM cytochalasin B, and
protease inhibitor cocktail 1:100) (All components from
Sigma). Immediately after lysis with a Dounce homoge-
niser, a concentrated solution of sucrose in lysis buffer was
added to reach 0.32 M final sucrose concentration.
Undisrupted cells and debris were removed by centrifuga-
tion at 1000xg for 5 min. Supernatant was considered as
the post-nuclear cell extract (PN). Crude mitochondria
were obtained by centrifugation of PN at 8000xg for 10
min, and a further centrifugation of supernatant at

10,000xg for another 10 min. Both pellets were pooled
and considered as crude mitochondrial fraction (Pig)
whereas supernatant (S;y) was further centrifuged at
100,000xg to obtain the remaining microsomal fraction
(P100) and cytosol (Sipo). To obtain a mitochondria-
enriched fraction, crude mitochondrial fraction (P;y) was
layered onto a discontinuous sucrose gradient performed
with 0.8, 1.0, 1.2, 1.4 and 1.6 M sucrose concentrations in
2 mM HEPES pH 7.4 buffer. After centrifugation at
95,000xg for 90 min, four fractions were obtained. The
fraction located between 1.2 and 1.4 M sucrose layers
(fraction 3) contained pure mitochondria as it was shown
by its analysis by Western blotting using the following
specific antibodies. The low amount of mitoplasts found in
the fraction located between the 1.4 and 1.6 M sucrose
layers (fraction 4) indicated the preservation of mitochon-
drial integrity during the purification procedure [29].
Mouse monoclonal anti-cytochrome ¢ oxidase subunit I
(RDI, USA) (1:1000) and rabbit polyclonal anti-clk-1
(kindly supplied by Dr. Hekimi) (1:1000) antibodies were
used a mitochondria markers. Both goat polyclonal anti-
ribophorin I (Santa Cruz, USA) (1:1000) and rabbit
polyclonal anti-calnexin (StressGen, USA) (1:1000) anti-
bodies were used as endoplasmic reticulum markers.
Mouse monoclonal anti-Na'/K'-ATPase (ABR, USA)
antibody (1:500) was used as plasma membrane marker.

Membrane fraction proteins and whole cell extracts were
electrophoresed in a 10-15% acrylamide PAGE-SDS and
transferred to Immobilon membranes (Amersham Pharma-
cia). Rabbit polyclonal anti-catalase (Calbiochem, USA)
(1:1000) and goat polyclonal anti-Mn-superoxide dismutase
(Mn-SOD) (1:500) antibodies (Calbiochem) were used for
the determination of these enzymes by Western blotting
using whole cell extracts whereas mouse monoclonal anti-
tubulin (1:200) (Boehringer Mannheim, Germany) was used
as loading control. In all cases, primary antibodies were
diluted in 50 mM Tris—HCI pH 7.5/0.85% w/v NaCl (TBS)
plus 0.05% v/v Tween 20 (TTBS) supplemented with 5%
nonfat milk (TTBSL). Membranes were incubated O/N at 4
°C. After washing with TTBS, membranes were probed
with secondary antibodies (1:1000 to 1:10,000) labeled with
HRP and diluted in TTBSL for 2 h at room temperature.
After washing with TTBS and TBS, detection of specific
labeling was carried out by using a chemioluminiscence
method (ECL) (Amersham Pharmacia).

Protein in the different membranes was determined by
Bradford’s method [30].

2.3. Coenzyme Q determination

Q levels in both whole cells and pure mitochondria were
determined by HPLC after extraction with hexane as
indicated by Gomez-Diaz et al. [31]. Briefly, at least either
1x10° cells or 500-ul mitochondria fraction was resus-
pended in 500 pl of PBS, and after its incubation for 10 min
on ice, 500 pl of 2% SDS was added. After mixing by
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vortex for 1 min, 2 ml of ethanol/isopropanol (95:5) HPLC
grade was added and mixed again for 1 min. Finally, 4-ml
hexane was added, mixed and centrifuged at 1000xg for 5
min at 4 °C. Extraction of Q with hexane was repeated twice
and upper organic phases collected, pooled and dried by
vacuum at 37 °C using a rotavapor (Biichi, Switzerland).
Dried residue was reconstituted with ethanol HPLC grade.
Reconstituted lipids were dried again by using a speed-vac
for 2-3 h at 40 °C. Dried residue was kept at —20 °C until
final reconstitution with 50-100-ul ethanol. Total Q
extracted was analysed by HPLC (Beckman-Coulter,
USA) equipped with both an UV/Vis (System Gold ®
168, Beckman-Coulter) and a ECD (Coulochem III; ESA,
USA) detectors. Separation was carried out in a Cig
Kromasil 100 column (Scharlab, Spain) with a mobile
phase of n-propanol/methanol (35:65) containing 13.9 mM
lithium perclorate at a flow-rate of 1 ml/min. Decylubiqui-
none (DQ) (Sigma) was used as internal standard.

To determine newly synthesised Q, cells were incubated
in the presence of 4.5 nM ['*C]-pHB directly dissolved in
culture media. ['*C]-Q,o was analysed with a HPLC Beck-
man-Coulter 126 System Gold® connected to a radio-flow
detector LB 509 with a solid cell YG 150 pl U4D (Berthold
Technologies, Germany).

The reduction of Q was carried out incubating pure
mitochondria (50 pg) in 40 mM phosphate buffer pH 7.5
in the presence of antimycin A (20 pg/ml), KCN (0.5
mM), and 0.5 mM P-mercaptoethanol with either 0.2 mM
NADH or 5 mM succinate for 30 min at 37 °C. PB-
Mercaptoethanol itself does not reduce Q but protect the
reduced form against reoxidation during extraction [32].
After incubation, Q was extracted by adding 165-ul
HPLC-grade n-propanol (Panreac, Spain) and after vortex-
ing for 2X30 s at maximum speed, sample was centrifuged
for 5 min at 4 °C in microfugue at maximum speed and
100 pl of supernatant was directly injected to the HPLC
system. The QH,/Q ratio was determined by using a
Coulochem III ECD.

2.4. Mitochondrial activities and ROS determination

Mitochondria-enriched fractions were used to determine
complexes I+III and II+III activities. In both cases,
mitochondria were incubated in 40 mM sodium phosphate
buffer pH 7.5 plus 0.25 mM KCN and containing either 0.2
mM NADH or 5 mM succinate, and reduction of beef-heart
cytochrome ¢ (0.5 mM) was measured at 550 nm for 5 min.
To discriminate the rotenone-sensitive NADH-cytochrome
¢ reductase activity (Complex I+III) from the rotenone-
insensitive NADH—cytochrome ¢ reductase activity due to
the NADH-cytochrome b5 reductase located in the outer
mitochondrial membrane, 5 uM rotenone was added for the
last 2 min of incubation as indicated by Birch-Machin and
Turnbull [33]. An extinction coefficient (g) of 27.8 mM !
em ' was used to calculate the specific activity that was
expressed as nmol/min/mg protein.

Mitochondrial membrane potential (Ay,,) was deter-
mined by using the specific dyes 5,5,6,6'-tetrachloro-
1,17,3,3’-tetracthylbenzimidalolylcarbocyanine iodide
(JC1), rhodamine 123 (rhod123), and dihexyloxacarbocya-
nine (DiOCg(3)) (Molecular Probes, USA). Cells were
cultured as indicated above and stained with either 5 pg/
ml JC1, 10 pg/ml rhod123 or 20 nM DiOCg(3) for 30 min at
the end of the treatment, washed twice with PBS and
fluorescence determined by flow cytometry by using a
cytofluorimeter EPICS XL (Coulter, USA). In the case of
JC1, Ay, was determined by analysing the ratiometric
analysis of the fluorescence emitted by the aggregated form
(FL2, 590 nm) and the free form of the dye (FL1, 527 nm).
In the case of rhodamine 123, Ay, was determined by the
analysis of the green fluorescence emitted by the dye (FL1,
525 nm).

ROS were determined cytofluorometrically by using
hydroethidium (HE) (Sigma) for superoxide anion, and
carboxy-2’,7'-dichlorodihydrofluorescein diacectate
(cDCFDA) (Molecular Probes) and dihydrorhodamine 123
(dH-rhod123) (Molecular Probes) for hydrogen peroxide
and other peroxides. Cells were incubated with 4 uM HE, 10
pg/ml cDCFDA or 10 pg/ml (dH-rhod123) during the last
30 min of treatment, and fluorescence emitted by their
respective oxidised forms, ethidium (FL3, 610 nm),
dichlorofluorescein (FL1, 525 nm) or rhodamine 123
(FL1, 525 nm), was analysed using an EPICS XL (Coulter)
flow cytometer.

2.5. Statistical analysis

Statistical comparison among groups was carried out
by the Student’s ¢ test. A P value of <0.05 was considered
as statistically significant. Values are expressed as the
mean+S.D.

3. Results
3.1. Purity of mitochondrial fractions

Membranes isolated in the layer between 1.2 and 1.4
M sucrose fractions (fraction 3) showed a higher
concentration of the mitochondrial markers COX and
Clk-1/Coq7 determined by immunoblotting (Fig. 1).
Densitometric analysis demonstrated that about 40% of
mitochondria were included in this fraction of the
gradient. The plasma membrane marker Na'/K" ATPase
was almost absent in fraction 3, and the content of
endoplasmic reticulum markers, which mainly sedimented
at higher speed than mitochondria (Pqg), was clearly low.
We used in this work this fraction 3 as mitochondria-
enriched fraction. The 1.4/1.6 M sucrose layer (fraction 4)
was almost free or mitochondrial markers indicating that
the integrity of the outer membrane was preserver during
isolation procedure.
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Fig. 1. Determination of mitochondria purity after sucrose gradient purification. Fractions obtained from centrifugation were electrophoresed in a 10% SDS-
PAGE gel. PN: post-nuclear fraction, P;,: crude mitochondrial fraction, S;q: supernatant after 10,000xg centrifugation; P;y: microsomal fraction obtained
after 100,000 g centrifugation; Sgo: cytosol; Gradient fractions: fractions obtained after sucrose-gradient centrifugation of Py,. After electrophoresis, proteins
were transferred to Immobilon membranes and probed with antibodies anti-cytochrome ¢ oxidase (COX) and Clk-1/Coq7 (mitochondria), ribophorin I and
calnexin (endoplasmic reticulum), Na'/K" ATPase (plasma membrane). Blots were analysed and quantification of the whole amount of specific protein (blot
intensity X total volume of sample) recovered in gradient fraction 3 compared to the amount found in the whole homogenate. Data represent a Western blot from
one purification procedure. (I)Percentage of protein recovered in fraction 3 vs. whole homogenate. Q)Percentage of contamination in fraction 3.

3.2. Incorporation of Q isoforms

The incorporation of Q isoforms in mitochondria of HL-
60 cells was analysed by HPLC in mitochondria-enriched
fractions after the incubation of cells with 2 uM of either
Qo or Q4 Q isoforms accumulated through time in
mitochondria reaching 400 pmol/mg protein at 12-h
incubation independently of the side-chain length (Fig. 2).
Qi intake was calculated by subtracting Q;, content of
mitochondria in control cells.

400 -
—@— Qo
—O— +06

300 +

200

100 4
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0

Fig. 2. Exogenous Q is incorporated into mitochondria. Quantification of
exogenous Qo and Qg incorporated into pure mitochondria isolated from
fraction 3. The net amount of Q;q incorporation into mitochondria was
estimated by subtracting the amount of Q,( obtained in mitochondria from
controls to the total amount of Qo found in Q;o-supplemented cultures.
Data represent the mean+S.D. from three different experiments indicated as
pmol exogenous Q/mg protein.

To confirm that exogenous Q was functionally incorpo-
rated into the mitochondrial inner membrane, we studied the
reduction of Q by either adding NADH (Fig. 3A) or
succinate (Fig. 3B) in mitochondria-enriched fractions. Both
NADH and succinate reduced both Q;o and Qg in
supplemented mitochondria. This reduction was partially
prevented by either rotenone or malonate that are inhibitors
of complex I and II, respectively.

3.3. Effect of Q supplementation on mitochondria

The Q-dependent activities of the respiratory chain were
analysed in mitochondria-enriched fractions isolated from
HL-60 cells after being cultured in the presence of either 2
UM Qg or Qg for 6 h. Q¢ supplementation induced a
significant increase of both complex I+III and complex
I+ (23.3% and 18.1%, respectively) (Fig. 4). However,
Qg supplementation only induced a nonsignificant increase
in complex I+III activity, and a slight and nonsignificant
decrease of complex II+IIl activity compared to non-
supplemented mitochondria (Fig. 4B). Mitochondrial mem-
brane potential (Ayy,,) was significantly lower in those cells
supplemented with Qg but it was not affected in cells
supplemented with Q. The Ay, was determined by the
ratiometric analysis of the fluorescence emitted by the
aggregated and free forms of JC1 (Fig. 5A) or by
rhodaminel123 (Fig. 5B), both compounds known to
accumulate into active mitochondria. Similar results were
found with DiOCg(3) whose fluorescence signal was
36.5£4.5% lower than in controls and was not affected in
Qqo-supplemented cultures.

The production of ROS in the mitochondria of HL-60
cells supplemented with either Q;y or Qg was also
determined by flow cytometry. Hydrogen peroxide levels
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Fig. 3. In vitro reduction of exogenous Q isoforms by mitochondrial complex I and II. Percentage of the reduced Q form (QH,) vs. total Q content in pure
mitochondria from control, Q;o- and Qg-supplemented cultured cells after the incubation with 0.2 mM NADH in the presence or absence of the complex I-
specific inhibitor rotenone (5 pM) (A) or with 5 mM succinate in the presence or absence of the complex II-specific inhibitor malonate (10 mM) (B). Data
represent the mean+S.D. of the percentage of QH, vs. respective total Q from three experiments performed in duplicated.

did not significantly changed in Q;q-supplemented cells but The expression of both catalase and Mn-SOD was
Qg did induce a significant time-dependent increase (Fig. analysed by Western blotting in Q supplemented HL-60
6A). Superoxide anion levels were also increased in Qg- cells (Fig. 7). Clearly, Qg incorporation increased both
supplemented HL-60 cells after 6 h of treatment but did not catalase and Mn-SOD that were unchanged in HL-60 cells
change in cells supplemented with Qo (Fig. 6B). supplemented with Q.
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Fig. 4. Respiratory chain activities in pure mitochondria isolated from HL-60 cells supplemented with Q isoforms. (A) Rotenone-sensitive NADH-cytochrome
¢ reductase activity (Complex I+1II). Data are represented as the mean+S.D. from three different experiments performed in triplicate. Activity is indicated as
nmol/min/mg protein. (B) Succinate—cytochrome ¢ reductase activity (Complex II+IIl). Data are represented as the mean®S.D. from three different
experiments performed in triplicate. Activity is indicated as nmol/min/mg protein. *Significant differences vs. control, P<0.05.
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Fig. 5. Mitochondrial transmembrane potential in HL-60 cells after exogenous Q incorporation. Cells were incubated under normal conditions (control) or with
2 uM Q- or Q4-supplemented FCS for 6 h and Ay, was determined by flow cytometry using the potential-dependent specific mitochondrial dyes JC1 (A) or
rhodamine 123 (B). For determination of Ay, with JC1, the ratiometric analysis of orange fluorescence (FL2, 575 nm) emitted by aggregated JC1 and the
green fluorescence (FL1, 525 nm) emitted by free JC1 was performed. In the case of thodamine 123, Ay, was determined by analysing the mean fluorescence
intensity at 525 nm (FL2/FL1 fluorescence). Data represent the mean+S.D. of the percentage of signal vs. signal found in control cells. *Significant differences

vs. control, P<0.05.

3.4. Q supplementation affects endogenous Qg

To study the influence of exogenous Q isoforms in
endogenous Qo metabolism, we analysed the time course of
Qo levels in mitochondria after the incubation of HL-60
cells with 2 pM of either Q;p or Qg (Fig. 8A). Qqo-
supplemented cells showed a significant increase in Qg
compared to controls. However, the incubation of cells with
Qg induced a transient decrease (4—6 h) of endogenous Q.

To determine the cause of the decrease of endogenous
Qo in Qg-supplemented HL-60 cells, we studied the
catabolism rate preincubating cells with radiolabeled
['*C]-pHB for 12 h. The concentration of ['*C]-Q;,
synthesised was then measured after 6 h of supplementation
with either Qg or Q. Incubation with Q¢ did not modify
the levels of [14C]—Q10 whereas Qg addition certainly
induced a significant decrease of ['*C]-Q,o (Fig. 8B). On
the other hand, biosynthesis of ['*C]-Qjo, studied by
incubation of cells with ['*C]-pHB at the same time than
exogenous Qo or Qg, was not affected during the first 12 h
of incubation (Fig. 8C).

4. Discussion

Mitochondria are the main source of ROS in cells
inducing the oxidation of macromolecules such as DNA
and proteins that accumulate in their oxidised forms during
aging [34]. This is in agreement with the free radical theory
of aging, which indicates an inverse relationship between
ROS production and life span length in different species
[35,36]. Different complexes of the respiratory chain are
responsible for ROS production in mitochondria [37-41],

but the unstable semiquinone isoform of Q also contributes
to this radical production [42,43].

The incorporation of lipids into membranes depends on
the availability of space and it is well known that the inner
mitochondrial membrane Q-levels are currently at non-
saturating concentrations for electron transport [44,45]. In
this study, we show that HL-60 cells can take up different Q
isoforms from the media, which are significantly incorpo-
rated into mitochondrial membranes independently of their
side chain length. Both Qg and Q¢ incorporated in HL-60
cells mitochondria were reduced at the same extent by either
complex I or complex II, indicating that these exogenous Qs
are functionally active in the inner membrane. However,
only the uptake of Q;q induced a proportional increase of Q-
dependent activities, complex I+III and complex II+1II. This
can be explained because Q is at non-saturating conditions
in respiratory chain [44,45], and also because the amount of
Q in the inner membrane can modify the maximum rates of
mitochondrial electron transport probably by diffusion-
based collisions of Q with its redox partners or by a kinetic
saturating effect [44—46]. Qs was incorporated at the same
levels as Q¢ in mitochondria and, although probably
showing a similar or higher diffusion degree than Qg
[47], did not modify the electron flow among complexes. As
Qg was reduced by both complex I and complex II but the
transfer of electrons to complex III was not increased and
the Ay, in mitochondria of Qg-supplemented cells
decreased, we hypothesise that Qg4 shows a lower capability
of interaction with human complex III than Q;q. In this
sense, complex I can be inhibited by short side chains Q,
and Qs, indicating the importance of the length of the
isoprenoid side chain in electron transport and interaction
with respiratory complexes [48].
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Fig. 6. ROS production in HL-60 cells cultured with exogenous Q. (A)
Time course of H,O, levels in HL-60 cells incubated with 2 pM Q;q or Qg
measured by using c-DHCF-DA. Data represent the mean of the percentage
of fluorescence vs. control levels of H,O, from three different experiments
performed in duplicate. (B) Superoxide anion levels after 6 h of incubation
with 2 uM Q¢ or Q. Data represent the mean+S.D. of the percentage of
Eth fluorescence vs. control levels from three different experiments per-
formed in duplicate. *Significant differences vs. control, P<0.05.

In vitro experiments have shown that sub-mitochondrial
particles supplemented with Qg produce higher amounts of
superoxide anion than others supplemented with Q;q [49].
Our results suggest that part of the Qg incorporated into
mitochondria is able to be reduced by mitochondrial
complexes I and II but does not properly transfer electrons
to complex III. The accumulation of reduced Qg could
increase the levels of the semiquinone form, an important
source of ROS [42,43]. Furthermore, Q¢ could also interact
with the N2 Fe-S cluster of complex I and be reduced by
one electron increasing the levels of the semiquinone form
of Qe [48]. However, we cannot exclude other sources of
ROS affected by Qg incorporation in cell membranes. On
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the other hand, accumulation of Q,( increased the electron
flow but did not change the rate of ROS production in
mitochondria. Thus, the specificity of the side chain of Q
isoforms is an essential factor to prevent Q-dependent ROS
production in mitochondria. In fact, it has been shown that
supplementing the diet of rats with Qo does not increase
ROS production in mitochondria [9,50], but increases
plasma membrane protection against oxidative stress [51],
and extends life span [52].

Our results may explain the shortening of life span
induced by exogenous Qg in C. elegans, which synthesises
only Qg [10], although when nematodes were supple-
mented with Q¢ a lengthening of life span was found
[25]. Thus, a higher production of ROS in mitochondria
mainly depends on the specificity of Q isoform inserted in
the inner mitochondrial membrane but not on the amount
of Q.

Q biosynthesis and its catabolism are very complex
processes that are not well understood [11,53,54]. Qo and
Qo are the only Q isoforms that are present together in
animals such as rodents, and their biosynthesis pathways
seem to be affected by the dietary intake of Q and other
antioxidants [50-52]. The final content of Qo in human
cells is a consequence of both synthesis rate and catabo-
lism. In HL-60 cells, the incorporation of Qg but not Q,
induced a transient increase of catabolism of endogenous
Qo without affecting its biosynthesis rate. Total levels of
Qo returned to normal levels after 12 h of incubation,
indicating a quick recovery of balanced metabolism of
endogenous Q, in part to compensate the influence of Q.
In agreement, supplementation with Q,( in the diet of rats
also induces the biosynthesis of Qg [51]. The effect of Qg

C Ql[l QG

e e "W | Catalase

100% 100% 162%

Mn-SOD

100% 105% 200%

S A A | 1ubulin

Fig. 7. Antioxidant enzymes expression in HL-60 cells cultured with
exogenous Q. Catalase and Mn-SOD present in the whole extracts from
HL-60 cells incubated in control conditions or supplemented with 2 uM Q¢
and Qg or 6 h were analysed by Western blotting. Tubulin was determined
as loading control and the density of tubulin blots used to homogenize data.
Densitometric analysis results of blots are indicated as percentage vs.
control. Data are the representative Western blotting of three.
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Fig. 8. Endogenous Qo levels in mitochondria of HL-60 after exogenous Q incorporation. (A) Endogenous Qg levels in pure mitochondria isolated from
fraction 3. In the case of Q;( supplementation, the total level of Q;, found in mitochondria along incubation time is indicated due the impossibility of
discriminating between endogenous and exogenous Q. Data represent the mean from three different experiments performed in duplicate and are normalised to
control levels as the percentage of total Qo vs. control Q. (B) Levels of ['4C]-Q,0 in HL-60 cells after incubation with exogenous Q¢ or Qg for 6 h. Cells
were incubated with the radioactive precursor [14C]—pHB for 12 h, washed twice with serum-free medium and further incubated with exogenous Q1 or Qg for 6
h. ['4C]-Q10 was determined as described in Materials and methods. Data are normalised to the DPMs found in control levels obtained from three different
experiments performed in duplicate. *Significant differences vs. control, P<0.05. (C) Levels of ["*C]-Q;o in HL-60 cells incubated with vehicle or exogenous
Qi or Qg for 12 h. The precursor, [*C]-pHB, was added just at the beginning of the experiment and samples harvested at indicated times. The presence of
["*C]-Qyo in cells was determined as described in Materials and methods. Data represent an experiment of three performed in duplicate and are indicated as

DPMs/mg protein.

on mitochondrial metabolism is very important to under-
stand some aspects of dietary Q supplementation, partic-
ularly in the treatment of Q;¢-deficiency pathologies. In
fact, the supplementation of Q;y has already shown clear
benefits [12,20,55]. The efficiency of dietary Q;q intake is
rather low in the available formula [11,56] and alternative
Q analogues such as idebenone have been used to treat
mitochondrial pathologies [57-61] although its use has
been questioned due to a possible increase in ROS
production [62]. Thus, the supplementation with Q;( in
human cells, in appropriate conditions to increase avail-
ability, appears more convenient in dietary supplementa-
tion, to prevent both oxidative damage and the modification
of Q metabolism.

Acknowledgements

This work has been partially supported by Spanish
MCyT grant no. BMC2002-01640. We acknowledge Dr.
Jerker Olsson and Dr. Giorgio Lenaz for the critical
reading of the manuscript. Daniel J.M. Fernandez-Ayala
was a recipient of a PDI fellowship of the Junta de
Andalucia.

References

[1] F.L. Crane, Y. Hatefi, R.L. Lester, C. Widmer, Isolation of a quinone
from beef heart mitochondria, Biochim. Biophys. Acta 25 (1957)
220-221.



182 D.J.M. Fernandez-Ayala et al. / Biochimica et Biophysica Acta 1706 (2005) 174—183

[2] K.S. Echtay, E. Winkler, K. Frischmuth, M. Klingenberg, Uncoupling

proteins 2 and 3 are highly active H(+) transporters and highly

nucleotide sensitive when activated by coenzyme Q (ubiquinone),

Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 1416—1421.

E. Fontaine, F. Ichas, P. Bernardi, A Ubiquinone-binding site regulates

the mitochondrial permeability transition pore, J. Biol. Chem. 273

(1998) 25734—25740.

[4] R. Takanayagi, K. Takeshige, S. Minakami, NADH- and NADPH-

dependent lipid peroxidation in bovine heart submitochondrial

particles. Dependence on the rate of electron flow in the respiratory

chain and an antioxidant role of ubiquinol, Biochem. J. 192 (1980)

853-860.

J.M. Villalba, G. Lopez-Lluch, C. Santos-Ocaiia, J.C. Rodriguez-

Aguilera, P. Navas, Extramitochondrial functions of coenzyme Q,

in: V.E. Kagan, PJ. Quinn (Eds.), Coenzyme Q: Molecular

Mechanisms in Health and Disease, CRC Press, Boca Raton,

USA, 2000, pp. 83-98.

C. Santos-Ocafia, F. Coérdoba, F.L. Crane, C.F. Clarke, P. Navas,

Coenzyme Qg and iron reduction are responsible for the extracellular

ascorbate stabilization at the plasma membrane of Saccharomyces

cerevisiae, J. Biol. Chem. 273 (1998) 8099-8105.

P. Navas, D.M. Fernandez-Ayala, S.F. Martin, G. Lopez-Lluch, R. De

Cabo, J.C. Rodriguez-Aguilera, J.M. Villalba, Ceramide-dependent

caspase 3 activation is prevented by coenzyme Q from plasma

membrane in serum-deprived cells, Free Radic. Res. 36 (2002)

10975—-10981.

A. Kalén, E.L. Appelkvist, G. Dallner, Age-related changes in the

lipid compositions of rat and human tissues, Lipids 24 (1989)

579-584.

[9] L.K. Kwong, S. Kamzalov, I. Rebrin, A.-C.V. Bayne, C.K. Jana, P.
Morris, M.J. Forster, R.S. Sohal, Effects of coenzyme Q;o admin-
istration on its tissue concentrations, mitochondrial oxidant gener-
ation, and oxidative stress in the rat, Free Radic. Biol. Med. 33 (2002)
627-638.

[10] PL. Larsen, C.F. Clarke, Extension of life-span in Caenorhabditis
elegans by a diet lacking coenzyme Q, Science 295 (2002) 120—123.

[11] M. Turunen, J. Olsson, G. Dallner, Metabolism and function of
coenzyme Q, Biochim. Biophys. Acta 1660 (2004) 171—199.

[12] A. Rétig, E.L. Appelkvist, V. Geromel, D. Chretien, N. Kadhom, P.
Edery, M. Lebideau, G. Dallner, A. Munnich, L. Emnster, P. Rustin,
Quinone-responsive multiple respiratory-chain dysfunction due to
widespread coenzyme Q) deficiency, Lancet 356 (2000) 391-395.

[13] C. Sobreira, M. Hirano, S. Shanske, R.K. Keller, R.G. Haller, E.

Davidson, F.M. Santorelli, A.F. Miranda, E. Bonilla, D.S. Mojon,

A.A. Barreira, M.P. King, S. DiMauro, Mitochondrial encephalo-

myopathy with coenzyme Qq deficiency, Neurology 48 (1997)

1238-1243.

S. Ogasahara, A.G. Engel, D. Frens, D. Mack, Muscle coenzyme Q

deficiency in familial mitochondrial encephalomyopathy, Proc. Natl.

Acad. Sci. U. S. A. 86 (1989) 2379-2382.

[15] O. Musumeci, A. Naini, A.E. Slonim, N. Skavin, G.L. Hadjigeor-

giou, N. Krawiecki, B.M. Weissman, C.Y. Tsao, J.R. Mendell, S.

Shanske, D.C. De Vivo, M. Hirano, S. DiMauro, Familial cerebellar

ataxia with muscle coenzyme Qo deficiency, Neurology 56 (2001)

849-855.

C. Edlund, M. Soderberg, K. Kristensson, G. Dallner, Ubiquinone,

dolichol, and cholesterol metabolism in aging and Alzheimer’s

disease, Biochem. Cell Biol 70 (1992) 422—428.

M. Ebadi, P. Govitrapong, S. Sharma, D. Muralikrishnan, S. Shavali,

L. Pellet, R. Schafer, C. Albano, J. Eken, Ubiquinone (Coenzyme Q)

and mitochondria in oxidative stress of Parkinson’s disease, Biol.

Signals Recept. 10 (2001) 224-253.

[18] S. Sharma, M. Kheradpezhou, S. Shavali, H. El Refaey, J. Eken, C.
Hagen, M. Ebadi, Neuroprotective actions of coenzyme Qo in
Parkinson’s disease, Methods Enzymol. 382 (2004) 488—509.

[19] M.F. Beal, C.W. Shults, Effects of coenzyme Q;, in Huntington’s
disease and early Parkinson’s disease, BioFactors 9 (2003) 153—161.

3

[t}

[5

=

[6

=

[7

—

8

[}

[14

=

[16

=

[17

—

[20] H. Gutzmann, D. Hadler, Sustained efficacy and safety of idebenone
in the treatment of Alzheimer’s disease: update on a 2-year double-
blind multicentre study, J. Neurol. Transm. 54 (1998) 301-310.

[21] S. Di Giovanni, M. Mirabella, A. Spinazzola, P. Crociani, G. Silvestri,
A. Broccolini, P. Tonali, S. Di Mauro, S. Servidei, Coenzyme Q,
reverses pathological phenotype and reduces apoptosis in familial
CoQq deficiency, Neurology 57 (2001) 515-518.

[22] A. Lass, M.J. Forster, R.S. Sohal, Effects of coenzyme Q;o and «-
tocopherol administration on their tissue levels in the mouse: elevation
of mitochondrial a-tocopherol by coenzyme Q,q, Free Radic. Biol.
Med. 26 (1999) 1375-1382.

[23] R.T. Matthews, L. Yang, S. Browne, M. Baik, M.F. Beal, Coenzyme
Q1o administration increases brain mitochondrial concentrations and
exerts neuroprotective effects, Proc. Natl. Acad. Sci. U. S. A. 95
(1998) 8892-8897.

[24] T. Jonassen, P.L. Larsen, C.F. Clarke, A dietary source of coenzyme Q
is essential for growth of long-lived Caenorhabditis elegans clk-1
mutants, Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 421-426.

[25] N. Ishii, N. Senoo-Matsuda, K. Miyake, K. Yasuda, T. Ishii, P.S.
Hartman, S. Furukawa, Coenzyme Qo can prolong C. elegans
lifespan by lowering oxidative stress, Mech. Ageing Dev. 125 (2004)
41-46.

[26] T. Jonassen, D.E. Davis, P.L. Larsen, C.F. Clarke, Reproductive
fitness and quinone content of Caenorhanditis elegans clk-1 mutant
fed coenzyme Q isoforms of varying length, J. Biol. Chem. 278
(2003) 51725-51742.

[27] W.W. Poon, B.N. Marbois, K.F. Faull, C.F. Clarke, 3-Hexaprenyl-4-
hydroxybenzoic acid forms a predominant intermediate pool in
ubiquinone biosynthesis in Saccharomyces cerevisiae, Arch. Bio-
chem. Biophys. 320 (1995) 305-314.

[28] P.J. Magalhaes, A.L. Andreu, E.A. Schon, Evidence for the presence
of 5S rRNA in mammalian mitochondria, Mol. Biol. Cell. 9 (1998)
2375-2382.

[29] M. Monni, L. Corazzi, G. Migliorati, R. Roberti, Respiratory state and
phosphatidylserine import in brain mitochondria in vitro, J. Membr.
Biol. 173 (2000) 97-105.

[30] M.M. Bradford, A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding, Anal. Biochem. 72 (1976) 248—254.

[31] C. Gomez-Diaz, J.M. Villalba, R. Pérez-Vicente, F.L. Crane, P. Navas,
Ascorbate stabilization is stimulated in HL-60 cells by CoQ increase
at the plasma membrane, Biochem. Biophys. Res. Commun. 234
(1997) 79-81.

[32] T. Takahashi, T. Okamoto, T. Kishi, Characterization of NADPH-
dependent ubiquinone reductase activity in rat liver cytosol: effect of
various factors on ubiquinone-reducing activity and discrimination
from other quinone reductases, J. Biochem. 119 (1996) 256—263.

[33] M.A. Birch-Machin, D.A. Turnbull, Assaying mitochondrial respi-
ratory complex activity in mitochondria isolated from human cells
and tissues, in: L.A. Pon, E.A. Schon (Eds.), Methods in cell
biology, Mitochondria, vol. 65, Academic press, San Diego, 2001,
pp. 97—-117.

[34] G. Lenaz, C. Bovina, M. D’Aurelio, R. Fato, G. Formiggini, M.L.
Genova, G. Giuliano, M.M. Pich, U. Paulucci, G.P. Castelli, B.
Ventura, Role of mitochondria in oxidative stress and aging, Ann.
N. Y. Acad. Sci. 959 (2002) 199-213.

[35] R.S. Sohal, I. Svensson, B.H. Sohal, U.T. Brunk, Superoxide anion
radical production in different animal species, Mech. Ageing Dev. 49
(1989) 129-135.

[36] H.H. Ku, U.T. Brunk, R.S. Sohal, Relationship between mitochondrial
superoxide and hydrogen peroxide production and longevity of
mammalian species, Free Radic. Res. 15 (1993) 621-627.

[37] G. Lenaz, M. D’Aurelio, M.M. Pich, M.L. Genova, B. Ventura, C.
Bovina, G. Formiggini, G.P. Castelli, Mitochondrial bioenergetics in
aging, Biochim. Biophys. Acta 1459 (2000) 397—-404.

[38] M.L. Genova, B. Ventura, G. Giuliano, C. Bovina, G. Formiggini,
G.P. Castelli, G. Lenaz, The site of production of superoxide radical in



D.J.M. Fernandez-Ayala et al. / Biochimica et Biophysica Acta 1706 (2005) 174—183 183

mitochondria Complex 1 is not a bound ubisemiquinone but
presumably iron—sulfur cluster N2, FEBS Lett. 505 (2001) 364—368.

[39] E. Cadenas, A. Boveris, C.I. Ragan, A.O.M. Stoppani, Production of
superoxide radicals and hydrogen peroxide by NADH-ubiquinone
reductase and ubiquinol—cytochrome c¢ reductase from beef-heart
mitochondria, Arch. Biochem. Biophys. 180 (1977) 248—-257.

[40] H.R. McLennan, M. Degli Esposti, The contribution of mitochondrial
respiratory complexes to the production of reactive oxygen species,
J. Bioenerg. Biomembranes 32 (2000) 153—162.

[41] J. Guo, B.E. Lemire, The ubiquinone-binding site of the Saccha-
romyces cerevisiae succinate—ubiquinone oxidoreductase is the source
of superoxide, J. Biol. Chem. 278 (2003) 47629—-47635.

[42] A. Boveris, E. Cadenas, A.O. Stoppani, Role of ubiquinone in the
mitochondrial generation of hydrogen peroxide, J. Biol. Chem. 156
(1976) 435—-444.

[43] JLE. Turrens, A. Alexandre, A.I. Lehninger, Ubisemiquinone is the
electron donor for superoxide formation by complex III of heart
mitochondria, Arch. Biochem. Biophys. 237 (1985) 408—414.

[44] G. Lenaz, A critical appraisal of the mitochondrial coenzyme Q pool,
FEBS Lett. 509 (2001) 151—-155.

[45] E. Estornell, R. Fato, C. Castelluccio, M. Cavazzoni, G. Parenti
Castelli, G. Lenaz, Saturation kinetics of coenzyme Q in NADH and
succinate oxidation in beef heart mitochondria, FEBS Lett. 311 (1992)
107-109.

[46] B. Chazotte, E.-S. Wu, C.R. Hackenbrock, The mobility of a
fluorescent Ubiquinone in model lipid membranes. Relevance to
mitochondrial electron transport, Biochem. Biophys. Acta 1058
(1991) 400—409.

[47] S. Di Bernardo, R. Fato, R. Casadio, P. Fariselli, G. Lenaz, A high
diffusion coefficient for coenzyme Q;, might be related to a folded
structure, FEBS Lett. 426 (1998) 77-80.

[48] G. Lenaz, Quinone specificity of complex I, Biochim. Biophys. Acta
1364 (1998) 207-221.

[49] A. Lass, S. Agarwal, R.S. Sohal, Mitochondrial ubiquinone homo-
logues, superoxide radical generation, and longevity in different
mammalian species, J. Biol. Chem. 272 (1997) 19199—-19204.

[50] A. Lass, R.S. Sohal, Effect of coenzyme Q;, and a-tocopherol content
of mitochondria on the production of superoxide anion radicals,
FASEB J. 14 (2000) 87—-94.

[51] C. Gomez-Diaz, M.I. Burdn, F.J. Alcain, R. Gonzélez-Ojeda, J.A.
Gonzalez-Reyes, R.I. Bello, M.D. Herman, P. Navas, J.M. Villalba,
Effect of dietary coenzyme Q and fatty acids on the antioxidant status
of rat tissues, Protoplasma 221 (2003) 11-17.

[52] J.L. Quiles, J.J. Ochoa, J.R. Huertas, J. Mataix, Coenzyme Q
supplementation protects from age-related DNA double-strand breaks
and increases lifespan in rats fed on a PUFA-rich diet, Exp. Gerontol.
39 (2004) 189—194.

[53] G. Dallner, P.J. Sindelar, Regulation of ubiquinone metabolism, Free
Radic. Biol. Med. 29 (2000) 285-294.

[54] G. Dallner, K. Brismar, T. Chojnacki, E. Swiezewska, Regulation of
coenzyme Q biosynthesis and breakdown, BioFactors 18 (2003)
11-22.

[55] K. Abe, H. Fujimura, Y. Nishikawa, S. Yorifuji, T. Mezaki, N. Hirono,

N. Nishitani, M. Kameyama, Marked reduction in CSF lactate and

pyruvate levels after CoQ therapy in a patient with mitochondrial

myopathy, encephalopathy, lactic acidosis and stroke-like episodes

(MELAS), Acta Neurol. Scand. 83 (1991) 356—359.

Y. Zhang, F. Aberg, E.L. Appelkvist, G. Dallner, L. Ernster, Uptake of

dietary coenzyme Q supplement is limited in rats, J. Nutr. 125 (1995)

446-453.

[57] C. Lamperti, A. Naini, M. Hirano, D.C. De Vivo, E. Bertini, S.

Servidei, M. Valeriani, D. Lynch, B. Banwell, M. Berg, T. Dubrovsky,

C. Chiriboga, C. Angelini, E. Pegoraro, S. DiMauro, Cerebellar ataxia

and coenzyme Q;q deficiency, Neurology 60 (2003) 1206—1208.

Y. Thara, R. Namba, S. Kuroda, T. Sato, T. Shirabe, Mitochondrial

encephalomyopathy (MELAS): pathological study and successful

therapy with coenzyme Qo and idebenone, J. Neurol. Sci. 90 (1989)

263-271.

V. Geromel, N. Darin, D. Chretien, P. Benit, P. DeLonlay, A. Rotig, A.

Munnich, P. Rustin, Coenzyme Q(10) and idebenone in the therapy of

respiratory chain diseases: rationale and comparative benefits, Mol.

Genet. Metab. 77 (2002) 21-30.

[60] M.L. Jauslin, T. Meier, R.A. Smith, M.P. Murphy, Mitochondria-
targeted antioxidants protect Friedreich Ataxia fibroblasts from
endogenous oxidative stress more effectively than untargeted anti-
oxidant, FASEB J. 17 (2003) 1972—-1974.

[61] T. Lerman-Sagie, P. Rustin, D. Lev, M. Yanoov, E. Leshinsky-Silver,
A. Sagie, T. Ben-Gal, A. Munnich, Dramatic improvement in
mitochondrial cardiomyopathy following treatment with idebenone,
J. Inherit. Metab. Dis. 24 (2001) 28—34.

[62] M.L. Genova, M.M. Pich, A. Biondi, A. Bernacchia, A. Falasca, C.
Bovina, G. Formiggini, G.P. Castelli, G. Lenaz, Mitochondrial
production of oxygen radical species and the role of coenzyme Q as
an antioxidand, Exp. Biol. Med. 228 (2003) 506—513.

[56

—

[58

[}

[59

[}



	Specificity of coenzyme Q10 for a balanced function of respiratory chain and endogenous ubiquinone biosynthesis in human cells
	Introduction
	Materials and methods
	Cell culture
	Cell fractionation
	Coenzyme Q determination
	Mitochondrial activities and ROS determination
	Statistical analysis

	Results
	Purity of mitochondrial fractions
	Incorporation of Q isoforms
	Effect of Q supplementation on mitochondria
	Q supplementation affects endogenous Q10

	Discussion
	Acknowledgements
	References


