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Beside its role in electron transfer in the mitochondrial 
respiratory chain, ubiquinone is known to prevent 
lipid peroxidation and DNA damage by trapping cel- 
lular free radicals. Thanks to its anfioxidant proper- 
ties, ubiquinone may represent an important factor 
controlling both necrotic and apoptotic processes. 
We have investigated the consequences of a profound 
inherited ubiquinone depletion on cultured skin fibro- 
blasts of a patient presenting with encephalomyo- 
pathy. Interestingly, cell respiration, mitochondrial 
oxidation of various substrates, and cell growth of 
ubiquinone-deficient fibroblasts were only partially 
decreased. Moreover, these ceils did not apparently 
overproduce superoxide anions or lipoperoxides. 
Finally, apoptosis did not increase as compared to 
control, even after serum deprivation. These observa- 
tions suggest that ubiquinone may not play a major 
role in the antioxidant defenses of cultured fibroblasts 
and that its role in controlling oxidative stress and 
apoptosis may greatly vary across cell types, espe- 
cially as not all tissues were equally affected in the 
patient despite the widespread ubiquinone depletion 
m vivo. 

Keywords: Ubiquinone depletion, apoptosis, free radicals 
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INTRODUCTION 

Ubiquinone 50 (2,3-dimethoxy-5-methyl-6-deca- 
prenyl-l ,4-benzoquinone), or coenzyme, Q10 is 
an essential lipid component  of the respiratory 
chain (RC) in the mitochondrial  inner membrane 
of all eukaryotes and the plasma membrane of 
prokaryotes. Ill In the respiratory chain, ubiqui- 
none (CoQ) acts as a mobile carrier transferring 
reducing equivalents from the various dehydro-  
genases to the bCl complex and participates to 
the proton-motive Q cycle responsible for proton 
transfer across the inner membrane.  |2'3j CoQ is 
in large stoichiometric excess as compared to 
other RC components allowing for a pool func- 
tion, distributing electrons between the several 
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12 v. GEROMEL et al. 

terminal cytochrome segments. I41 Detailed 
kinetic analyses, including inhibitor titration, 
have shown kinetic compartmentation in the 
CoQ pool between the various dehydro- 
genases. [5,6] 

In mammalian cells, CoQ is not only found in 
the mitochondrial inner membrane, but is also 
present in most endomembranes and the plasma 
membrane. Ill In this latter membrane, CoQ as a 
partner of a NADH oxidase would be involved 
in cytosolic NAD(P)H oxidation to acceptors 
at the cell surface. [71 In addition to its role in 
electron transfer, CoQ in its reduced form, ubi- 
quinol, acts as a free radical scavenger in the 
different cell compartments, acting in close con- 
nection with c~-tocopherol. Is! In particular, CoQ 
has been claimed to play a key role in controlling 
apoptosis induced by radical oxygen species 
(ROS) via its antioxidant action. [9'1°] Accord- 
ingly, using leukemic cell line HL60, Barroso 
et al. have demonstrated the participation of 
plasma membrane CoQ in the control of apop- 
tosis induced by serum withdrawal. [ul In addi- 
tion, several apoptosis-inducing factors, namely 
UV irradiation, [121 oxidative stress [131 and staur- 
osporine I141 have been reported to induce a 
decrease of CoQ synthesis. 

On the other hand, a decrease in CoQ content 
has been reported in aging suggesting an inverse 
correlation between life span and the peroxide- 
producing potential of mammalian tissues, l~sl 
CoQ may therefore increases organism longevity 
by maintaining antioxidant defenses. Accord- 
ingly, the Caenorhabditis elegans clock-1 gene, 
homologous to the yeast coq7 gene possibly 
involved in CoQ biosynthesis, has been shown 
to control life span of the worm. [16"171 Finally the 
length of the hydrophobic isoprenoid side chain 
of CoQ is regarded as key factor in life span of 
various species. I~s'~Sl 

Conversely, CoQ can be directly or indirectly 
involved in the generation of O~, and decreasing 
the mitochondrial CoQ content has been shown 
to strongly decrease the rate of O~ production. ~71 
Indeed, transition of CoQ to its unstable semi- 

quinone form occurs as an essential intermediate 
step during electron transfer through the respir- 
ing mitochondria and, as such, represents a 
major source of oxygen reactive species by the 
respiratory chain. [19] 

There has been only few reports of primary 
ubiquinone biosynthesis deficiency in human so 
far. They all presented as mitochondrial ence- 
phalomyopathies, the CoQ10 depletion being 
detected in skeletal muscle tissue only. |20"21'22] 
In particular, normal COQlo content was found 
in skin fibroblasts and lymphocytes of these 
patients, precluding a detailed analysis of the 
mechanisms leading to CoQlo depletion and their 
potential consequences. We recently reported a 
case of quinone-responsive mitochondrial ence- 
phalomyopathy caused by a defect in CoQlo 
biosynthesis resulting in widespread severe 
COQlo depletion in all tissues tested, including 
lymphocytes and skin fibroblasts. I231 A defect of 
the trans-prenyltransferase activity involved in 
the biosynthesis of CoQlo was inferred from the 
very low decaprenyl pyrophosphate level 
detected in patient's skin fibroblasts grown in 
the presence of labeled mevalonate, f23! This 
prompted us to investigate the consequences of 
an inherited CoQlo depletion in human cells. 
Here, we report on the surprisingly mild 
impact of CoQ~o depletion on human cultured 
skin fibroblasts, which contrasts with the 
predictable consequences expected from the 
role of ubiquinone in numerous aspects of cell 
life. 

PATIENTS A N D  METHODS 

Patients 

Patient 1 was a boy who was born after term 
pregnancy and normal delivery to unrelated 
healthy parents. His older brother is healthy 
but two sisters were affected as well. All three 
patients presented a mitochondrial encephalo- 
myopathy associated with a severe nephrotic 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
3/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HUMAN UBIQUINONE-DEFICIENT FIBROBLASTS 13 

syndrome resulting in kidney failure, which 
required kidney transplantation. The older sister 
(by 3 years) died at age 8 years following a rapid 
neurological deterioration. The second sister 
(patient 2; older by 1 year) had a milder form 
of the disease. [23] A severe CoQ10 depletion was 
diagnosed in both patient's cultured skin fibro- 
blasts (patient 1: < 5 n g / m g  prot; patient 2: 
23.4 n g / m g  prot; normal: 117-200 n g / m g  
prot). After diagnosis of CoQ10 depletion in 
these patients, the boy and his sister were 
given oral CoQ10 and the treatment resulted in 
a spectacular improvement  of their general 
condition. [231 

Cell Culture 

Fibroblast strains were established from skin 
biopsies of controls and the CoQ10 deficient 
patients. Skin fibroblasts were grown in RPMI 
1640 (Life Technologies Inc.) with glutamax sup- 
plemented with 10% fetal calf serum, 2.5raM 
sodium pyruvate, 100IU penistreptomycin, 
200~M uridine, 2 .5~g/ml  fungizone, at 37°C 
and 5.0% CO2 .[24] Growth rates were determined 
on cells plated into 25 cm 2 flasks at 1.5 x 10 -5 
cells/flask. On days 3, 7, 10, 14, 16, 21, duplicate 
cell samples were collected and counted. I251 

Enzyme Assays 

Spectrophotometric assays of respiratory chain 
enzymes and polarographic tests were carried 
out on cultured skin fibroblasts as described. [26] 
Other enzyme assays were carried out on con- 
fluent cells, washed twice with phosphate buffer 
saline solution and stored in liquid nitrogen. 
Frozen samples were thawed and diluted with 
50 mM KH2PO4 buffer (pH 7.8) before enzyme 
assays at 37°C. Proteins were measured using 
the Pierce method. Total superoxide clismutase 
(EC 1.15.1.1) activity was spectrophotometrically 
determined by monitoring the autoxidation of 
pyrogallol at 410nm. t271 One unit of enzyme 
activity is defined as the amount of the enzyme 

required to inhibit the rate of pyrogaUol autoxida- 
tion by 50%. CuZnSOD (cytosolic) is efficiently 
inhibited by cyanide whereas MnSOD (mitochon- 
drial) is unaffected. Hence, KCN (2raM) for 30 
minutes at room temperature was used to inhibit 
CuZnSOD allowing for the specific measurement 
of the MnSOD activity. Glutathione peroxidase 
(EC 1.11.1.9) was spectrophotometrically meas- 
ured at 340nm using tert-butyl hydroperoxide 
as substrate in a coupled assay with glutathione 
reductase (EC 1.6.4.2) and NADPH. [2s] The 
reaction mixture (pH 7.0) consisted of 0.5raM 
reduced glutathione, 1raM tert-butyl hydro- 
peroxide, 100IU/1 yeast glutathione reductase 
(Type HI; Sigma Chemical Co., St.Louis, MO), 
7.51~M NADPH, 0.5raM KCN and 0.1raM 
Na2PO4. Glutathione reductase activity was spec- 
trophotometrically assayed at 340 nm by follow- 
ing the oxidation of 0.05raM NADPH in the 
presence of I mM oxidized glutathione in 0.1 M 
KH2PO4 buffer (pH 7.4). I29] The glutathione 
S-transferase (EC 2.5.1.18) activity was spectropho- 
tometrically measured with 1-chloro-2,4-dinitro- 
benzene as substrate following the formation 
of the S-conjugate at 340nm in 0.1M Na2PO4 
buffer (pH 6.5). [3°J Enzyme activities were automat- 
ically measured in duplicates on a Cobas-Bio 
centrifugal analyzer (Hoffman-La Roche, 4002 
Basel, Switzerland). I311 Catalase (EC 1.11.1.6) was 
measured using a Clark oxygen electrode by 
following oxygen evolution in the presence of 
10~M H202 in 500~1 0.1M KH2PO4 (pH 
7.0). [32] Mitochondrial plus cytosolic aconitases 
(EC 4.2.1.3), citrate synthase (EC 4.1.3.7) and 
isocitrate dehydrogenase (EC 1.1.1.41) were 
spectrophotometrically measured on the super- 
natant (10000g x 5rain) of Triton X100-treated 
cells (2% final concentration). [33] Aconitase activ- 
ity was spectrophotometricaUy determined 
at 240 nm following the conversion of 25raM 
citrate to cis-aconitate. A subsequent addition 
of 2.5 mM MgCI2, 0.4 mM NADP and 12.5 mM 
isocitrate allowed to measure isocitrate dehy- 
drogenase activity in the same cuvette at 
340nm. 
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14 V. GEROMEL et al. 

Mitochondrial Membrane Potential 

Membrane potential was spectrofluorimetric- 
ally monitored (LS 50B Spectrofluorimeter, 
Perkin-Elmer, England) using 0.5 gM rhodamine 
123 (excitation: 525 nm, 5 nm band-pass; emission: 
558nm, 5nm band-pass) in a 37°C thermostated 
quartz cell, magnetically stirred, and contain- 
ing 2ml of a medium containing 0.3M man- 
nitol, 10mM KC1, 5raM MgCI2, l m g / m l  BSA, 
10raM KH2PO4 (pH 7.4) and 0.01% digitonin as to 
allow exogenous reducing substrate (succinate) 
to be oxidized by the mitochondria. Alternab 
ively, fibroblasts were plated on a tissue culture- 
treated chambre slide (Falcon, USA) at a density 
of approximately 70-80%. After 24 hours, 
the cells were labeled for 5rain with 2.4~tM 
rhodamine 123 and examined for fluorescence 
(Leica microscope). 

dUTP nick-end labeling (TUNEL) assay using 
an in situ cell death detection kit (Boehringer 
Mannheim). Fibroblasts were also analyzed for 
condensed or fragmented chromatin. Cells were 
dyed with Hoechst 33258 at 15 ~M for 15 min at 
room temperature and their fluorescence exam- 
ined. DNA fragmentation was studied on cells 
digested for 18 h at 37 °C in 300 t~1 of a medium 
containing 10mM Tris-HC1 (pH 7.5), 1raM 
EDTA, 0.15 M NaC1, 1% SDS, 0.2 mg/ml  protein- 
ase K. The aqueous phase was extracted with 
phenol/chloroform, precipitated with ethanol 
and digested with DNAse-free RNAse (0.5 rag/  
ml) in 301xl 10ram Tris-HC1 (pH 8.0), 1raM 
EDTA at 37°C for 30min. DNA was analyzed 
on 1.5% agarose gel. 

RESULTS 

Lipoperoxidation Measurement 

Cis-parinaric acid was used as a fluorescent 
probe for lipoperoxidafion. [341 Measurements 
(excitation: 318nm, 5nm band-pass; emission: 
410nm, 5nm band-pass) were performed in 
a 37°C thermostated quartz cell, magnetically 
stirred and containing 2ml of 0.1M Tris-HC1 
buffer (pH 7.3). 

Measurement of ROS 

After I h incubation at 37 °C in the presence of 
1 ~ dihydrorhodamine 123, attached cells were 
trypsinized and their fuorescence determined 
(excitation: 485 nm, bandpass: 2.5 nm; emission: 
535nm, bandpass: 10nm). 

Cell Death 

Fibroblasts were cultured in serum-free RPMi- 
1640 medium during 9 hours as to induce cell 
death. The immunohistochemical detection of 
apoptosis was achieved according to the ter- 
minal deoxynucleotidyl transferase-mediated 

COQlo Depletion and Mitochondrial 
Respiratory Chain Activities 

Severe CoQx0 depletion caused the deficiency of 
several quinone-dependent respiratory chain 
activities namely succinate cytochrome c reduct- 
ase, glycerol-3-phosphate cytochrome c reductase 
and dihydro-orotate cytochrome c reductase in 
both patient's fibroblasts (Table I). According to 
the slightly higher residual amounts of ubiquin- 
one detected in patient 2 cultured fibroblasts, [23] 
enzyme activities were less severely decreased 
in these latter fibroblasts. CoQ10 depletion also 
resulted in the decrease of intact cell respiration 
to less than 40% of control (Patient 1: 3.7nmol/ 
min /mg prot; controls: 7 .2+2.0nmol/min/  
mg prot; n = 85). Residual respiration was fully 
cyanide- and antimycin-sensitive (not shown). 
The preserved sensitivity to inhibitors indicates 
that electrons fed to the respiratory chain by the 
dehydrogenases did not quantitatively escape the 
chain to directly react with molecular oxygen. 
The analysis of the enzyme activity ratios to 
complex W also revealed, that CoQ10 depletion 
variously altered respiratory pathways (dihydro- 
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HUMAN UBIQUINONE-DEFICIENT FIBROBLASTS 

TABLE I Respiratory chain enzyme activities in CoQ~ and control fibroblasts 

15 

Activities 
(nmol /min/mg prot) 

P1 P2 Control (n = 85) P1 

Activity ratios 

P2 Control (n = 85) 

CII 17 20 12--42 CW/CII 5.5 4.8 
CUI 91 92 33--187 CW/CIII 1.0 1.1 
CW 94 96 47-182 CW/G3Pdh 8.5 6.0 
G3Pdh 11 16 6-26 CW/CS 1.1 0.8 
CS 85 113 51-111 
CU+CIlI 15 22 1 6 - - 6 8  CW/CII+CIII 6.3 4.4 
G3Pdh+CIII 4 12 9-38 CW/G3Pdh+CUI 23.5 8.0 
DHOdh+CIII 1 - 4 - - 8  CW/DHOdh+CI/I  94 - 

(n=5) 

4.710.7 
1.0±0.2 
7.4&0.8 
1.5±0.3 

3.0=k0.3 
5.8+0.9 

16.4 5:3.2 
(n=5) 

The values of respiratory chain activities of patient fibroblasts represent mean values of triplicates. The extreme absolute control 
values are indicated. The absence of a normal distribution of absolute control values precluded the use of standard deviations. 
As control activity ratios follow a Gaussian distribution, [431 these values are presented as mean + SD. CI-CW: respiratory chain 
complexes; G3Pdh: glycerol-3-phosphate dehydrogenase; CS: citrate synthase; DHOdh: dihydro-orotate dehydrogenase. 

orotate cytochrome c reductase > glycerol- 
3-phosphate cytochrome c reductase > succinate 
cytochrome c reductase), suggesting different C(~10 
requirements (Table I). 

As expected, none of the individual enzyme 
activities was affected and normal complex UI 
activity suggested that decylubiquinol, used as a 
reductant in the decylubiquinol cytochrome 
c reductase assay, was able to feed electrons to 
this complex despite severe ubiquinone deple- 
tion. Similarly, decylubiquinone, acting as an 
electron acceptor in the succinate decylubiquin- 
one DCPIP reductase assay measuring complex 
II activity, appeared to readily accept electrons 
from this complex. Ubiquinone might there- 
fore be facultative for measurement of these 
activities, the synthetic quinone being able to 
directly interact with donor and acceptor sites 
of the complex Ill and complex ]I, respectively. 
Alternatively, the residual amount of bound 
CoQ10 m i g h t  b e  s u f f i c i e n t  to  w a r r a n t  n o r m a l  

e l e c t r o n  f l o w  f r o m  a n d  to  t h e  s y n t h e t i c  q u i n o n e  

a c c e p t o r .  

CoQ10 Depletion, Fibroblast Morphology 
a n d  G r o w t h  R a t e s  

Cultured skin fibroblasts from patient 1 (CoQI~ 
fibroblasts) and control were tested for morpho- 

logical changes under phase-contrast microscope. 
The size of patient 1 fibroblasts was roughly 

® Succ.4n~e CCP Succinale COP 

' ( O I , 

co.,,oJ I ¥ I .  o~.o.~ , ~  

FIGURE 1 Cellular and mitochondrial morphology of patient 1 
and control fibroblasts. (A) Phase contrast examination of 
control and (B) patient 1 fibroblasts (x25 objective); (C) 
Fluorescent staining of mitochondria in control and (D) 
patient 1 fibroblasts with the membrane potential-sensitive 
fluorescent dye rhodamine 123 (x40 objective) (E): measure- 
ment of membrane potential with rhodamine 123 in control 
and patient (CoQl~) fibroblasts. Experimental conditions as 
described under Materials and Methods. (See Color plate I at 
the end of this issue.) 
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Color Plate I (see page 15, figure 1) Cellular and mitochondrial morphology of patient 1 and control fibroblasts. (A) Phase contrast 
examination of control and (B) patient 1 fibroblasts (x25 objective); (C) Fluorescent staining of mitochondria in control and (D) 
patient I fibroblasts with the membrane potential-sensitive fluorescent dye rhodamine 123 (x 40 objective) (E): measurement of 
membrane potential with rhodamine 123 in control and patient (CoQ~) fibroblasts. Experimental conditions as described under 
Materials and Methods. 
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Color Plate II (see page 17, figure 3) Cell death in control and patient 1jqbroblasts. A, B: TUNEL staining of control (A) and patient 
1 (B) fibroblasts. (C, D) TUNEL staining of control (C) and patient I (D) fibroblasts after 9h of fetal calf serum deprivation. (E, F) 
Hoechst staining of control (E) and patient 1 (F) fibroblasts after 9h of fetal calf serum deprivation. (G) analysis of DNA 
fragmentation in fibroblasts; lines a, e: molecular weight markers; line b: control fibroblasts; line c: control fibroblast treated 
with 100nM staurosporine; line d: Patient 1 fibroblasts. Experiments were carried out as described under Materials and 
Methods. 
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16 V. GEROMEL et al. 

similar to that of control, with typical spindle- 
shape (Figure 1A,B). Mitochondria from patient 
1 cells accumulated a membrane potential-sensit- 
ive fluorescent dye (rhodamine 123) showing 
a filamentous network similar to that of control 
cells (Figure 1C,D). Accordingly, normal mem- 
brane potential was measured in mitochondria 
from digitonin-permeabilized patient 1 fibro- 
blasts when using rhodamine 123 in the presence 
of succinate (Figure 1E). Noteworthy, a similar 
amount of uncoupler (m-C1-CCP) was required 
to fully collapse membrane potential from both 
patient I and control fibroblasts (Figure 1E). 

Subsequently, we compared the growth rate 
of CoQlo and control fibroblasts (Figure 2). 
Noticeably, patient 1 and 2 cultured fibroblasts 
presented quite similar growth rates (not shown). 
Control cells exhibited an usual growth pattern: 
a short lag phase, followed by an exponential 
phase, ending with a plateau. At day 16, cell 
monolayer began to detach. We repeatedly 
noted that patient 1 cells more slowly reached 
the exponential phase, resulting in a slightly 
lower initial growth rate (g=0.57). However 
the growth rate of patient 1 cells rapidly 
increased to a maximal value similar to that of 

t 
2.0 

0.0 

0 2 4 6 8 10 12 14 16 
days 

FIGURE 2 Growth of control and patient l fibroblasts. Patient 1 
(a) and control (b) fibroblasts were cultured in RPMI medium 
supplemented by uridine and pyruvate as to allow respirat- 
ory deficient cells to grow and the curves were recorded as 
described under Materials and Methods. 

TABLE II Growth rate of patient 1 and control fibroblasts 

Fibroblasts Growth rate 

day 3 day 7 day 10 day 14 day 16 

Control 1.84 1.40 1.17 0.88 0.90 
Patient I 0.57 1.80 1.74 1.25 1.06 

Growth rate (g) of control and patient 1 fibroblasts was 
calculated from triplicates for each corresponding interval 
of time as the following ratio: g = cell number at a given time 
(t)/cell number at time (t-t_x), x representing the number of 
days between two cell counting. 

controls (about 1.8; Table II). Growth rate rep- 
resents the instant balance between cell multi- 
plication and cell death. Thus, slight initial 
decrease in growth rate might stem from increased 
cell death. For this reason, and because CoQ10 
has been regarded as a key factor controlling 
apoptosis, [1°1 we subsequently measured vari- 
ous parameters associated with cell death and 
apoptosis. 

CoQ10 Depletion and Fibroblast Death 

Immunohistochemical (TUNEL) reaction was 
performed on both patient 1 and control cells 
so as to detect increased DNA fragmentation 
and potential build up in apoptotic body 
number (Figure 3A,B). In parallel, nucleus mor- 
phology was examined using Hoechst dye 
(Figure 3A,F). Neither qualitative nor quantitat- 
ive differences between patient 1 and control 
cells could be observed. Accordingly, no difference 
in DNA fragmentation was observed when 
DNA was analyzed on 1.5% agarose gel (Figure 
3G). Known to promote cell apoptosis, [9t removal 
of the serum from the culture medium of patient 
1 and control fibroblasts induced apoptosis 
in a significant but similar number of cells 
(Figure 3C,D). Finally, 3-(4,5-dimetylthiazol-2)-2,5- 
diphenyl tetrazolium bromide (MTF) reduction 
was not significantly different between patient 1 
and control cells (not shown). Taken together, 
these experiments indicated that severe CoQ10 
depletion in cultured skin fibroblasts causes no 
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HUMAN UBIQUINONE-DEFICIENT FIBROBLASTS 17 

TABLE IlI Measurement of antioxidant and marker 
enzymes in patient I and control fibroblasts 

Activities Fibroblasts 

Patient 1 Control (n = 5) 

(units/rag prot) 
Superoxide dismutase 

Total 23.3 20.93 + 8.6 
Mn-dependent 18.9 14.77 d: 5.8 
Cu/Zn-dependent 4.4 6.17 & 2.5 

(~mol/min/mg prot) 
Glutathione peroxidase 12.9 8.75 ± 3.16 
Glutathione synthetase 0.47 0.45 :i: 0.20 
Glutathione reductase 5.7 5.97 i 1.50 
Reduced Glutathione 0.024 0.029 + 0.013 

(nmol/min/mg prot) 
Catalase 101 77 ~ 21 
Citrate synthase 69.6 53.9 + 12.9 
Aconitase 10.3 8.0 + 2.9 
Isocitrate dehydrogenase 69.3 65 + 19 

Activities were measured as described under Materials and 
Methods. One unit of enzyme activity is defined as the 
amount of enzyme required to inhibit the rate of pyrogallol 
autoxidation by 50%. 

FIGURE 3 Cell death in control and patient 1 fibroblasts. A, B: 
TUNEL staining of control (A) and patient 1 (B) fibroblasts. 
(C, D) TUN-EL staining of control (C) and patient 1 (D) 
fibroblasts after 9h of fetal calf serum deprivation. (E, F) 
Hoechst staining of control (E) and patient 1 (F) fibroblasts 
after 9 h of fetal calf serum deprivation. (G) analysis of DNA 
fragmentation in fibroblasts; lines a, e: molecular weight 
markers; line b: control fibroblasts; line c: control fibroblast 
treated with 100nM staurosporine; line d: Patient 1 fibro- 
blasts. Experiments were carried out as described under 
Materials and Methods. (See Color plate II at the end of this 
issue.) 

significant increase in cell dea th  or  susceptibil i ty 

to apoptosis .  

COQlo Depletion and Antioxidant Defenses 

Because the puta t ive  ant i-apoptot ic  activity of 

CoQ10 is be l ieved to be  related to its ant ioxidant  

activity, we  hypo thes ized  that  a decreased anti- 

oxidant  capaci ty  caused  b y  CoQ10 deplet ion 
should be  balanced b y  an  increase activity of 
al ternat ive ant ioxidant  defenses.  We therefore 
measu red  activity of several  key ant ioxidant  

enzymes  and  the glutathione reservoir  (Table 

UI). Gluta thione peroxidase  activity, k n o w n  to 

control l ipoperoxidat ion,  was  the only  e n z y m e  
activity found  to slightly increase. This observa-  

tion suggests  that  pa t ient  1 cells should  undergo  

a very limited oxidative stress related to the COQlo 

depletion. Howeve r ,  we  found  that  pr iv i leged 
targets of ROS in bo th  cell m e m b r a n e s  (lipids) 

and  soluble phase  (iron-sulfur containing aconi- 
tases, cytosolic plus  mitochondrial)  were  not  hit 

in pat ient  1 cells as c o m p a r e d  to control (Table 
III). In order  to directly detect  an increased ROS 

production,  we  used the non-fluorescent d ihydro-  

rhodarnine 123 (which reacts wi th  H202 and  
possibly  wi th  superoxide  anions giving rise to 

f luorescent  oxidized rhodamine  123). The 

largely similar fluorescence increase detected in 
the pat ient  1 ( +  6.4 AU) and  the control (+ 7.7 

AU) cells suggests  that  no increased ROS pro-  

duct ion occurred in CoQlo cells. Supp lement ing  
culture m e d i u m  with  a controlled a m o u n t  of  
H202 as to induce  an  exogenous  oxidat ive stress 
s imilar ly altered g rowth  rate of pat ient  1 and  
control cells (Figure 4A). 
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® CCP Succ~nate CCP 
Succ~na te  

Color Plate I (see page 15, figure 1) Cellular and mitochondrial morphology of patient 1 and control fibroblasts. (A) Phase contrast 
examination of control and (B) patient 1 fibroblasts (x25 objective); (C) Fluorescent staining of mitochondria in control and (D) 
patient I fibroblasts with the membrane potential-sensitive fluorescent dye rhodamine 123 (x 40 objective) (E): measurement of 
membrane potential with rhodamine 123 in control and patient (CoQ~) fibroblasts. Experimental conditions as described under 
Materials and Methods. 
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Color Plate II (see page 17, figure 3) Cell death in control and patient 1jqbroblasts. A, B: TUNEL staining of control (A) and patient 
1 (B) fibroblasts. (C, D) TUNEL staining of control (C) and patient I (D) fibroblasts after 9h of fetal calf serum deprivation. (E, F) 
Hoechst staining of control (E) and patient 1 (F) fibroblasts after 9h of fetal calf serum deprivation. (G) analysis of DNA 
fragmentation in fibroblasts; lines a, e: molecular weight markers; line b: control fibroblasts; line c: control fibroblast treated 
with 100nM staurosporine; line d: Patient 1 fibroblasts. Experiments were carried out as described under Materials and 
Methods. 
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FIGURE 4 Effect of hydrogen peroxide and reduced iron on 
patient 1 and control fibroblasts. (A) Growth of patient 1 (a) 
and control (b) fibroblasts in the presence of 20 pM of H202. 
(B) Peroxidation of c/s-parinaric acid in control (a, b, c) and 
patient I (d, e, f) fibroblasts membrane in the absence (a, d) or 
presence (b, c, e, f) of reduced iron. Experimental conditions 
as described under Materials and Methods. 

CoQ10 Deplet ion  and Lipoperoxidation 

Considering the change in glutathione peroxi- 
dase activity, we tested for an increase of the 
level of lipid peroxidation in patient 1 fibro- 
blasts. Upon addition of cis-parinaric  acid, a 
rapid increase in fluorescence intensity, due to 
the incorporation of the probe in the membranes, 
was observed in both CoQlo and control cells 
(Figure 4B a, d). A similar slow decay of fluor- 
escence was observed, indicative of a similar 
peroxidation rate under this experimental con- 
dition. Finally, addition of low (0.1 nM; Figure 
4B traces b,e) or high amounts of Fe 2+ (5nM, 
Figure 4B traces c,f), an active promoter of lipo- 

peroxidation, similarly affected both patient 1 
and control cells. 

DISCUSSION 

Primary widespread CoQ10 biosynthesis defi- 
ciency is a rare condition and only one case has 
been hitherto reported. [231 The skin fibroblasts of 
the patients reported were unable to synthesize 
decaprenylpyrophosphate, the precursor of the 
CoQ10 side chain, resulting in a profound CoQ10 
depletion. [231 This provided us the unique 
opportunity to study the consequence of CoQ10 
depletion on human cells. 

Surprisingly, despite the decrease of the elec- 
tron flow rate from several dehydrogenases to 
t he  bcl complex, a severe CoQ10 depletion was 
consistent with a reduced but still significant cell 
respiration (30 to 40% of controls). Along these 
lines, it is worth remembering that the extraction 
of lipids, including CoQ10, by hexane-treatment 
of isolated mitochondria, did not result in a 
complete blockade of electron flow from dehy- 
drogenases to the bcl complex. I851 By contrast 
the yeast coq3 mutant strain, lacking 3,4-dihy- 
droxy-5-hexaprenyl benzoate methyltransferase 
activity, with no residual CoQ10, was unable to 
grow on non-fermentable carbon sources such as 
glycerol, suggesting that these cells were 
strongly respiratory deficiency. [361 Respiratory 
deficiency in patient I skin fibroblasts was how- 
ever sufficient to hamper a normal growth rate 
as indicated by the delay in cell growth (see 
Figure 2). 

The residual respiratory capacity of patient 
mitochondria accounts at least in part for the 
survival of the patients lacking CoQ10. It is 
worth remembering that life-threatening organ 
dysfunction (renal failure) only occurred after 
several years of life in the patients. Similar clin- 
ical course has been previously observed in the 
patients presenting with other respiratory chain 
deficiency. I37~8I In these cases, survival and 
organ functioning presumably depend on the 
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residual level of respiratory chain activity. 
Along the same lines, it is worth remembering 
that an almost complete deficiency of key oxidat- 
ive metabolism enzymes including the Krebs 
cycle enzymes, may be consistent with life. [391 

A major issue of this s tudy is the putative role 
of CoQlo in controlling free radical generation 
and associated cell death. This role has been 
inferred from several elegant studies, which 
gave strong support  to this view. The Clock-1 
gene in C. elegans, has been shown to control 
respiration, behavior and life span of the worm 
and the function of clock-1 gene homologue in 
yeast (coq7) seems to be closely related to CoQlo 
biosynthesis. [4°1 On the other hand, ubiquinone- 
deficient mutant  yeast showed increased sensit- 
ivity to polyunsaturated fatty acid peroxidation 
product. [41! However, despite the use of several 
approaches to detect even subtle changes in ROS 
metabolism in CoQ10 depleted fibroblasts, we 
only detected a slight increase in glutathione 
peroxidase activity. While this increase is likely 
to correspond to an increased lipoperoxidation, 
it is apparently sufficient to cope with this con- 
dition as no increased peroxidation products 
were detected in patient fibroblasts. Why 
CoQlo depletion may have such a minor impact 
on ROS metabolism in cultured human  fibro- 
blasts is questionable. CoQlo is a double face 
compound,  possibly acting both as a potent 
anti-oxidant and as a pro-oxidant when semi- 
reduced. Depletion may  therefore result in a 
balanced decrease of both pro- and antioxidant 
activities, with negligible consequences. 

It is also interesting to note that, while perturba- 
tion of CoQlo synthesis leads to short life span in 
animal models, patients with widespread severe 
CoQlo depletion did not present any feature of pre- 
m a ~ r e  aging. They may die early from organ 
dysfunction (kidney failure at age 8-10, rapid 
neurological deterioration) when not orally 
given CoQlo. On the other hand, cataract, which 
is often associated with oxidative stress,  [42] w a s  

observed in the patient 1, an observation that 
supports the view that CoQ10 depletion may alter 

antioxidant defenses in particular cell types. 
Most interestingly, cataract completely disap- 
peared upon CoQ10 oral supplementation in the 
patient. [231 

Based on our results on cultured skin fibro- 
blasts it is difficult to assign to CoQ10 a major 
role in antioxidant defenses of skin fibroblasts 
and the control of CoQ10 on the electron transfer 
should be less stringent than previously thought. 
On the other hand, based on the clinical 
pattern of our patient, it is conceivable that the 
role of CoQ10 should markedly differ among cell 
types.  
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