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ABSTRACT 

Coenzyme Qio (CoQio) is a component of the antioxidant machinery that protects cell membranes from oxidative 
damage and decreases apoptosis in leukemic cells cultured in serum-depleted media. Serum deprivation induced 
apoptosis in CEM-C7H2 (CEM) and to a lesser extent in CEM-9F3, a subline overexpressing Bcl-2. Addition of 
CoQio to serum-free media decreased apoptosis in both cell lines. Serum withdrawal induced an early increase of 
neutral-sphingomyelinase activity, release of ceramide, and activation of caspase-3 in both cell lines, but this ef­
fect was more pronounced in CEM cells. CoQio prevented activation of this cascade of events. Lipids extracted 
from serum-depleted cultures activated caspase-3 independently of the presence of mitochondria in cell-free in 
vitro assays. Activation of caspase-3 by lipid extracts or ceramide was prevented by okadaic acid, indicating the 
implication of a phosphatase in this process. Our results support the hypothesis that plasma membrane CoQio 
regulate the initiation phase of serum withdrawal-induced apoptosis by preventing oxidative damage and thus 
avoiding activation of downstream effectors as neutral-sphingomyelinase and subsequent ceramide release and 
caspase activation pathways. Antiox. Redox Signal. 2, 263-275. 

I N T R O D U C T I O N acts as a key component because it is the only 

lipophilic antioxidant synthesized in humans 

T h e plasma membrane of eukaryotic cells and it maintains both a-tocopherol and ascor-

contains diverse electron transport mecha- bate in their reduced state (Beyer, 1994; Villalba 

nisms involved in redox regulations related to et ah, 1995). The reduced form of C o Q (ubiq-

growth control and development (Crane et ah, uinol) can be in turn regenerated by the 

1985). A m o n g these systems, a basic one de- NADH-cytochrome b5-reductase flavoenzyme 

pendent on N A D H integrates three antioxi- (Navarro et ah, 1995). 

dants: ascorbate, a-tocopherol and coenzyme Q Serum withdrawal causes cell cycle arrest 

(CoQ), which are very effective in protection of and apoptosis in several cell types (Ishizaki et 

the plasma membrane against oxidative stress ah, 1995). Serum provides survival signals for 

(Beyer, 1994; Frei, 1994). In this system, C o Q cells and its depletion activates an intrinsic cell 
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death program (Raff, 1992; Raff et ah, 1993) 

whose machinery is constitutively expressed 

(Weil et ah, 1996). There is evidence for an in­

direct generation of oxidative stress during de­

velopment of apoptosis caused by growth fac­
tors withdrawal (Slater et ah, 1996) because 

some endogenous antioxidant enzymes inhibit 

this process (Greelund et ah, 1995; Tilly and 
Tilly, 1995). Also, antioxidant molecules such 

as ascorbate, a-tocopherol, and CoQ can pre­

vent apoptosis induced by deficiency of growth 
factors (Tilly and Tilly, 1995; Barroso et ah, 
1997a,b). Furthermore, cell growth of immor­

talized cells cultured in absence of serum is 
stimulated by CoQ (Sun et ah, 1995), which also 
maintains the growth in mitochondrial respi­
ratory chain-deficient cells (Martinus et ah, 
1993; Barroso et ah, 1997b), indicating that these 
effects are independent of the mitochondrial 

function of the quinone. On the other hand, an­
tagonists of CoQ trigger apoptosis upstream 
the antiapoptotic protein Bcl-2 (Wolvetang et 
ah, 1996; Macho et ah, 1998, 1999). Also, Bcl-2 
itself has been reported to inhibit apoptosis, at 
least in part, by an antioxidant mechanism 
(Hockenbery et ah, 1993; Kane et ah, 1993; 
Bruce-Keller et ah, 1998). 

Ceramide is released following stimulation 
of cells with several agents that induce differ­
entiation and apoptosis such as la,25-dihy-
droxyvitamin D3 (Okazaki et ah, 1989; 1990), 
tumor necrosis factor-a (TNF-a), interferon-y 
(IFN-y) (Kim et ah, 1991), and interleukin-1/3 
(IL-1/3) (Ballou et ah, 1992). Ceramide acts as a 
mediator of stress responses in cells causing 
cell cycle arrest or apoptosis (Hannun, 1996), 
and modulating protein kinases, nuclear fac­
tors, enzymes of the eicosanoids pathway, and 
gene expression (Kim et ah, 1991; Ballou et ah, 
1992; Raines et ah, 1993; Hannun et ah, 1994). 
Serum deprivation induces a progressive in­
crease of ceramide levels in Molt-4 (Jayadev et 
ah, 1995) and HL-60 (Barroso et ah, 1997b) cells. 
Ceramide is then able to induce cell death af­
ter its intracellular accumulation (Obeid et ah, 
1993; Jarvis et ah, 1994; Jayadev et ah, 1995; Bar­
roso et ah, 1997b), by activating proteases of 
the interleukin-converting enzyme (ICE) fam­
ily such as caspase-3 (Martin et ah, 1995b; 

Mizushima et ah, 1996; Smyth et ah, 1996). Thus, 

the increase of ceramide levels appears as an 

essential component in the stress response 

pathway triggered by serum withdrawal (Han­

nun, 1996). 

W e show here that CoQio prevents apopto­
sis induced by serum withdrawal, and de­

creases early neutral-sphingomyelinase (N-
SMase) activity, transient short-term ceramide 

accumulation, and caspase-3 activation. This 

prevention was independent on the content of 

Bcl-2 and related to the concentration of CoQ 

at the plasma membrane (Barroso et ah, 1997a, 
b). W e consider that CoQ, as central component 

of the plasma membrane antioxidant system, 

could break the lipid peroxidation chain reac­
tion induced by serum withdrawal in this 

membrane as an initiation mechanism of apop­
tosis, acting upstream of intracellular regula­

tors such as Bcl-2. In addition, our results sup­
port that ceramide activates caspase-3 via a 

cytosolic protein phosphatase, without partici­
pation of mitochondria. 

MATERIALS AND METHODS 

Cell lines and cultures 

The human T-acute lymphatic leukemic cell 

line CEM-C7H2 (CEM), a subline of CCRF-
CEM, and the cell line CEM-C7H2 expressing 
transgenic bcl-2 (CEM-9F3) (Geley et ah, 1997; 
Susin et ah, 1997a), were provided by Dr. E. 

Muhoz (Dep. Inmunologia, Facultad de Medic-
ina, Cordoba, Spain). Cells were grown in 5% 

C02 atmosphere at 37°C in RPMI-1640 medium 
(Sigma, Spain) supplemented with 10% fetal calf 
serum (FCS) (PAA Labor, Austria), 100 U/ml 
penicillin, 100 /xg/ml streptomycin, and 2 m M 

glutamine (Sigma, Spain). Transfectants were 
selected by supplementing the culture medium 

with 200 Aig/ml hygromycin and 200 /xg/ml 
G418 (Sigma, Spain). For serum withdrawal ex­

periments, cells were previously washed twice 
in serum-free RPMI-1640 medium and then 

seeded in tissue culture flasks in serum-free 

RPMI-1640 medium. CoQ10 (Sigma, Spain) was 
dissolved in pure ethanol and added to serum-
free culture media. Although no effect attribut­

able to the vehicle was observed, 0.3% ethanol 
was added to control cultures. 
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Apoptosis determination 

Cells were cultured in 10% FCS-supple-

mented or in serum-free media in the presence 

or absence of 30 /xM CoQ10. Cells were har­

vested at indicated times of incubation, and 

washed twice with ice-cold phosphate-

buffered saline (PBS). Next, cells were fixed in 

70% ethanol for at least 24 hr at 4°C, washed 

with Hank's balanced salt solution (HBSS) and 

then incubated for 30 min at 37°C with pro-

pidium iodide (PI) (Sigma, Spain) staining 

buffer [PBS, p H 7.5, 0.1 m M EDTA, 0.1% Tri­

ton X-100, 50 U/ml DNAse free-RNase A 

(Sigma, Spain), and 50 /xg/ml PI]. Cells were 

collected in a FACScan (Becton-Dickinson, 

USA) and data analyzed using Lysis II software 

(Becton-Dickinson, USA). 

Ceramide quantification 

Ceramide production was determined as 

previously described (Jayadev et ah, 1995). 

Briefly, cells were harvested at indicated times 

and washed twice with PBS. Lipids were then 
extracted by the method of Bligh and Dyer 

(1959). After drying under nitrogen, lipids were 

resuspended in 100 /xl of chloroform. Twenty-

five microliters were used for phosphate mea­
surements and 25 /xl for the diacylglycerol ki­

nase assay (Preiss et ah, 1986). For ceramide 
determination, lipids were dried and dissolved 
in 20 /xl of 1 m M diethylenetriamine pen-

taacetic acid, 7.5% octyl-/3-D-glucopyranoside, 

and 5 m M cardiolipin (Sigma, Spain). After 

sonication for 15 sec, 50 /xl of 2X reaction buffer 

(100 m M imidazole-HCl, p H 6.6,100 m M NaCl, 

25 m M MgCl2, and 2 m M EGTA), DTT to a fi­
nal concentration of 50 /xM, 5 /xg diacylglyc-

erol-kinase (Sigma, Spain), and distilled water 
were added to a final volume of 90 /xl. Reac­

tion was started by the addition of a mixture 
of cold ATP and [y-32P]ATP (specific radiac-

tivity 100.000-500.000 cpm/nmol) (Amersham 

lberica, Spain). After incubation for 20 min at 

25°C, lipids were extracted with chloroform as 

indicated (Okazaki et ah, 1989). Five hundred 

microliters of the chloroform phase were dried 

with N2 gas and dissolved in 100 /xl of 5% 
methanol in chloroform. Ceramide-1-phos-

phate generated (25 /xl) was resolved by thin-

layer chromatography (TLC) using chloro-

form/acetone/methanol/acetic acid/water (10: 

4:3:2:1) as solvent. Ceramide-phosphate spots 

were quantified using an automatic TLC-lineal 

analyzer (Berthold, Germany). Ceramide was 

quantified using external standards and nor­

malised to phosphate as indicator of total phos­

pholipids. 

Assay for N-SMase 

N-SMase was assayed by the method of 

Okazaki et al. (1994) with minor modifications. 

Cells were placed in the presence or absence of 
serum plus additives and maintained in cul­

ture. At indicated times, cells were harvested 
and washed twice in cold PBS. The cellular pel­

let was suspended in lysis buffer (25 m M Tris-
HCl, p H 7.4, 5 m M EDTA, 0.05 % Triton X-100, 

5 m M dithiothreitol (DTT), 1 m M phenyl-

methylsulfonyl fluoride (PMSF), and 2 /xl/ml 
CLAP (5 mg/ml each, chymostatin, leupeptin, 

antipain, pepstatin A) (Sigma, Spain) and cells 
disrupted by vortex. Lysates were centrifuged 

at 3,000 X g for 5 min at 4°C and supernatants 
containing solubilized enzymes (50-100 /xg of 

protein) were mixed with assay buffer for N-
SMase (50 m M Tris-HCl, p H 7.4, 0.5% Triton 

X-100, 5 m M DTT, and 10 m M MgCl2) plus 
10 nmol of a mixture of cold sphingomyelin 
(SM) and [mef/zi//-14C]SM (specific radioactiv­

ity, 10,000 cpm/nmol) (Amersham lberica, 
Spain). After incubation for 30-60 min at 37°C, 

the reaction was stopped by adding 1.5 ml of 
chloroform/methanol (2:1) and 200 /xl of dis­

tilled water. Tubes were vortexed and then cen­
trifuged at 1,500 X g for 5 min to separate two 

phases. [14C]Phosphocholine present in the 
aqueous phase was quantified using a liquid 

scintillation counter (Beckman, USA). SMase 

activity was expressed as nmol S M hydrol-

yzed/mg of protein per hour. 

Preparation of cell lysates and caspase 

activity determination 

Cell lysates were prepared as described 

(Enari et ah, 1995). Briefly, cells were washed 

twice in cold PBS and resuspended in extrac­

tion buffer (50 m M PIPES, p H 7.4, 50 m M KC1, 

5 m M EGTA, 2 m M MgCl2, 1 m M DTT, 20 /xM 



266 FERNANDEZ-AYALA ET AL. 

cytochalasin B, 1 m M PMSF, 1 /xg/ml leu-

peptin, 1 /xg/ml pepstatin, 50 /xg/ml antipain, 

and 10 /xg/ml chymopapain; Sigma, Spain). 

Cells were disrupted by five cycles of freezing 

and thawing. Crude fractions were obtained 

from cell homogenates by removal of cell de­

bris, nuclei, and heavy membranes (as mito­

chondria) by centiifugation at 13,000 X g for 15 
min at 4°C. In some cases, a further clarifica­

tion of the crude fraction was performed by 

centrifugation at 50,000 X g for 30 min in a ul-

tracentiifuge TLX-100 (Beckman, USA) to sep­
arate light membranes (pellet) and cytosolic 
fractions (supernatant). 
Activities of ICE and caspase-3 caspases 

were assayed in cell extracts by a colorimetric 
method using Ac-YVAD-pNa and Ac-DEVD-
pNa (Bachem, Switzerland), respectively, as 
substrates. Inhibitors for each caspase, Ac-
YVAD-CHO and Ac-DEVD-CHO, (Bachem, 
Switzerland), respectively, were used to deter­
mine the specificity of the reaction (Garcia-
Calvo et ah, 1998). Fifty micrograms of protein 
were diluted in assay buffer (100 m M HEPES-
K O H buffer, pH 7.5,10% sucrose, 0.1% CHAPS, 
0.1 mg/ml ovoalbumin, containing either, 5 

m M DTT for ICE assay or 10 m M DTT per cas­
pase-3 assay). Activity was developed in 96-
well plates at 37°C for 30-60 min, and pNa re­
lease was determined spectrometricaly at 405 
n m using a multiwell reader. Activity was ex­
pressed in units (1 unit = 1 pmol pNa re­
leased/30 min per mg of protein) as deter­
mined previously (Enari et ah, 1996). 

In vitro activation of caspase-3 by ceramide 

Lipids were extracted from 6 X 106 cells cul­

tured in the absence or presence of serum plus 

or m i n u s additives as described (Bligh a nd 

Dyer, 1959). Samples from these extracts were 

mixed with caspase reaction buffer and incu­

bated for 30-60 m i n with crude or cytosolic 

fractions obtained from the s a m e n u m b e r of 

cells cultured in RPMI-1640 supplemented 

with 1 0 % FCS . Caspase-3 activity w a s deter­

m i n e d as described above. 

Cytochrome c oxidase activity 

The mitochondrial marker cytochrome c (cyt 
c) oxidase was assayed as described (Storrie 

and Madden, 1990) to control the presence of 

this organelle during subcellular fractionation. 

The same amount of protein from each sample 

was added to 40 m M potassium phosphate 

buffer, p H 6.2, containing 0.27 mg/ml reduced 

cyt c (Sigma, Spain) and 0.2% Lubrol PX 

(Sigma, Spain) to permeabilize mitochondria. 

The decrease in O.D. at 550 n m due to oxida­
tion of the cyt c was followed for 3 min. Spe­

cific activity was expressed as nmol cyt c oxi­

dized/mg of protein per min. 

Statistical analysis 

Presented data represent the m e a n ± S D 

from three or four different experiments. Sig­

nificant differences w e r e determined using Stu­

dent's f-test. 

RESULTS 

Prevention of apoptosis in serum-deprived cultures 

by CoQ10 

C E M cells contain a moderate amount of Bcl-
2, and CEM-9F3 cells, a transgenic bcl-2 CEM-
derived cell line, overexpress this protein (Ge-
ley et ah, 1997; Susin et ah, 1997a). Apoptotic 

cells accounted about 5% of total cells in 10% 
FCS cultures of both lines through all times of 
incubation (Fig. 1). The absence of serum in­

duced apoptosis in both cell lines, with the 
number of apoptotic cells being increased in 

serum-depleted cells through time of incuba-

. CB) 

Time (hours) 

FIG. 1. Time course of apoptosis induction by serum 
withdrawal in C E M (A) and CEM-9F3 (B) cells. Cells 
were plated in tissue culture flasks at 5 X 105 cells/ml in 
10% FCS-supplemented medium or serum-free medium 
in the absence or presence of 30 fiM CoQw. (•) 0 % FCS; 
(O) 0 % FCS plus 30 fiM CoQ10 (n = 5) (SD s 8%). 
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tion. C E M cells were more sensitive to serum 

withdrawal than CEM-9F3 cells, as determined 

by the presence of sub-G0/l cells by flow cy­

tometry in such a way that about 60% of C E M 

cells were apoptotic after 48 hr of incubation 

whereas only 20% of CEM-9F3 population 

showed apoptotic nuclei (Fig. 1). In both cases, 

the presence of 30 /xM CoQio in serum-free cul­

ture media decreased apoptosis (Fig. 1). This 

concentration was chosen as the more effective 

in the protection of HL-60 cells in previous ex­

periments (Barroso et ah, 1997b). The number 
of cells showing apoptotic nuclei after 48 hr of 

incubation in CoQio-supplemented serum-free 

culture media decreased to 35% in C E M and to 

11% in CEM-9F3 cells (Fig. 1). Thus, addition 

of CoQio resulted in a 40% protection for both 

cells through the time of experiments. These re­

sults were confirmed by the trypan blue dye 
exclusion test for cell viability (data not 

shown). In addition to the higher expression of 

Bcl-2 in CEM-9F3, plasma membranes from 

these cells also contained more CoQio under 

serum-withdrawal conditions without CoQio 
supplementation (about 100 pmol CoQio/mg 

protein in CEM-9F3 versus 70 pmoles CoQio/ 

mg protein in C E M cells), which may also con­

tribute to the different sensitivity of both cell 

lines to serum depletion. 

Changes in ceramide levels in C E M and 

CEM-9F3 cells after serum deprivation 

Short-term accumulation of ceramide was de­

termined in both C E M and CEM-9F3 cells cul­

tured in the absence of serum with or without 

30 /xM CoQi0. In both cell lines, ceramide lev­

els increased after 10 min in culture medium 

without serum, reaching a peak at about 30 min 

of incubation (Fig. 2). In C E M cells, a two-fold 

increase in ceramide was observed, and this 

was sustained for at least 60 min. In CEM-9F3 

cells, however, the increase was only of about 

5 0 % and ceramide levels returned to initial lev­

els after 60 min of incubation. W h e n cells were 

cultured in serum-free media but supple­

mented with 30 /xM CoQio, the behavior of both 

lines was quite similar in terms of ceramide ac­

cumulation. As shown in Fig. 2, a small increase 

in ceramide levels was found at 20 min both in 

C E M and CEM-9F3 cells cultured in serum-free, 

CoQio-supplemented media and then de­

creased to initial levels at 40 min of incubation. 

The maximal inhibition in ceramide accumula­

tion due to the presence of CoQio was observed 

at about 30 min of incubation, and estimated to 

about 8 0 % in both cell lines. Cultures with 1 0 % 

FCS did not show any change in ceramide con­

tent through incubation (data not shown). 

Time (min) 

FIG. 2. Ceramide levels in serum-free cultures. Cells were cultured in serum-free media in the absence (•) or pres­
ence (O) of 30 fj.M CoQio and plated as described in Fig. 1. After the indicated times of incubation, cells were har­
vested and ceramide levels were determined by TLC. Ceramide levels in CEM cells (A) and CEM-9F3 cells (B). Data 
represent the mean from three different experiments performed in duplicate. (*) Significant differences versus serum-
free cultures in the absence of CoQio, p =£ ]0.05. SD was less than 10% in each point. 
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S M a s e activity in serum-deprived cells 

Two enzymatic activities have been related 

to ceramide release in apoptotic events, N-
SMase and acidic SMase (A-SMase) (Jayadev et 

ah, 1995; Monney et ah, 1998). The time course 

of these activities was followed in C E M and 

CEM-9F3 lines after serum withdrawal in the 

absence or presence of 30 /xM CoQio, tmt no 
significant modification of A-SMase activity 

was found along our experiments (data not 
shown). N-SMase in 10% FCS-supplemented 

media did not show significant modifications 
along incubation times, although basal activity 

of N-SMase was about 10-fold higher in CEM-
9F3 cells than in C E M cells (Fig. 3A). When cells 
were placed in serum-free medium, N-SMase 
was activated, and a three- to four-fold increase 
was observed in C E M cells after 3 hr of cul-
turing without serum, whereas less increase 

was found in CEM-9F3 cells during the same 
period of time (Fig. 3B, C). As stated above for 
ceramide, behavior for both cell lines in terms 
of N-SMase activation during time was quite 
similar when 30 /xM CoQio was added to 
serum-free medium. In this case, CoQio pre­
vented very efficiently the increase in N-SMase 
of C E M cells after 1 hr of culture (Fig. 3B), but 
no significant differences between CoQio-sup­
plemented and nonsupplemented media were 
obtained for CEM-9F3 at all times tested (Fig. 
3C). 

Activation of caspase-3 in serum-deprived cells 

Caspases such as ICE and caspase-3 are cys-
teinyl-proteases directly related to apoptosis. 
W e did not find any significant modification on 
ICE activity along treatments, using the chro-
mogenic substrate Ac-YVAD-pNa (data not 
shown). However, using the substrate Ac-
DEVD-pNa, we found a transient increase of 
caspase-3 caspase activity in both C E M and in 
CEM-9F3 cells (Fig. 4). Activity of caspase-3 
was always higher in C E M than in CEM-9F3 
cells and these cell lines showed different pat­
terns of activation during time. In C E M cells, 
the activity of caspase-3 increased gradually to 
reach a peak at about 120 min of culture with­
out serum. At this moment, a four-fold increase 
over initial levels was observed (Fig. 4A). In 

CEM-9F3 cells, however, a two-fold increase of 
caspase-3 was observed at 30-60 min and then 

g 400 

o 300 
I 
y 200 

CEM-9F3 

c 
350 

I 30° 

& 25° 

S 200 

350 

300 

250 

0 -
3 0 

Time(h) 

FIG. 3. Neutral S M a s e activity in serum-depleted cell 
cultures. Cells were harvested at indicated times and 
S M a s e activities determined. Basal activities of C E M and 
C E M - 9 F 3 cells cultures in 1 0 % F C S supplemented media 
(A); C E M (B) and C E M - 9 F 3 (C) activities in cells grown 
serum-free media in the absence (closed symbols) or the 
presence (open symbols) of 30 fiM CoQ10- Activity of 1 0 % 
FCS-supplemented cultures did not change significantly 
along incubation. Data represent the activity of SMase af­
ter indicated times of incubation referred to 1 0 % F C S cul­
tured cells taken as control (100%). Data represent the 
m e a n from three different experiments performed in du­
plicate. (*) Significant differences versus serum-free cul­
tures in the absence of CoQio, P — 0.05. S D w a s less than 
1 0 % in each point. 

activity returned to initial values after 120 min 
(Fig. 4B). In both cell lines, the presence of 

CoQio in serum-free cultures induced a 50% 
significant inhibition of caspase-3 activity (at 
120 min in C E M cells, and at 30-60 min in CEM-
9F3 cells). 

The specificity of the reaction was verified 
by using the inhibitor Ac-DEVD-CHO, which 
completely abolished the activity of caspase-3 
in all cases (Fig. 4A, B). 

Effect of C2-ceramide in caspase-3 activity in 

serum-deprived cells 

To determine if ceramide was involved in 
caspase-3 activation, we studied the effect of 
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FIG. 4. Caspase-3 activity in serum-deprived cells. 
Caspase-3 activity (circles) was determined in cell ex­
tracts from C E M (A) and CEM-9F3 (B) cells grown in 
serum-free media in the absence (closed symbols) or the 
presence (open symbols) of 30 fiM CoQio. The specific 
inhibitor of caspase-3, Ac-DEVD-CHO, was added at 1 
fiM final concentration (squares) in the assay. Data rep­
resent the mean ± SD from three different experiments 
performed in triplicate. (*) Significant differences ver­
sus serum-free cultures in the absence of CoQio, p — 
0.05. 

the cell-permeable analogue C2-ceramide in 

C E M and CEM-9F3 cells cultured in 10% FCS-
supplemented, or in serum-free media either 

in the presence or absence of 30 /xM CoQio-
C2-ceramide (10 /xM) increased about three­

fold the activity of caspase-3 in both cell lines 

growing in 10% FCS (Fig. 5A). When cultures 

were carried out with serum-free medium, 

caspase activity was not further increased by 
the addition of C2-ceramide to C E M cells, 

whereas in CEM-9F3 cells, which showed less 

activation of caspase-3 induced by serum 

withdrawal, a 5 0 % increase was observed af­

ter the addition of C2-ceramide (Fig. 5B). The 

addition of C2-ceramide to cells growing in 

serum-deprived cultures but supplemented 

with 30 /xM CoQio induced a significant in­

crease of caspase-3 activity in both cell lines, 

following a pattern similar to that observed 

in cells grown in medium containing 10% FCS 

(Fig. 5C). 

Caspase-3 is activated in vitro by lipid extracts 

from serum-free cultures 

If ceramide released in cells after culturing 
in serum-free medium was involved in cas­

pase-3 activation, then a lipid fraction obtained 

from these cells should mimic the effect of C2-

ceramide as a caspase activator. For these ex­

periments, we obtained a lipid extract from 

equal amounts of cells grown in the presence 

or absence of serum, or in serum-free cultures 

supplemented with 30 /xM CoQi0. Then, we 
tested whether or not any of these extracts was 

able to activate caspase-3 in vitro in crude frac­

tions obtained from C E M cells grown in 10% 

FCS. W e also included 50 /xM C2-ceramide as 

a positive control. As shown in Table 1, lipid 
extracts from cells grown either in 10% FCS 
or in serum-deficient CoQio-supplemented 

medium did not activate caspase-3 signifi­

cantly. However, lipid extracts obtained from 
C E M cells cultured for 30 min in the absence 
of serum induced a significant activation of the 

caspase caspase-3 in crude extracts of C E M 
cells, as it was also found for C2-ceramide. To 

check if added CoQ had a direct in vitro effect 
on the caspase-3 activity, CoQ was added to 

the control assay and no significant differences 
were observed (Table 1). Assays were specific 

for caspase-3, as including the inhibitor Ac-
DEVD-CHO into the assay prevented all acti­

vations. 

Mitochondria have been related to ceramide 
effect on caspase-3 activation (Susin et ah, 

1997b) and could be responsible for the activa­

tion observed in this work. Because the pres­

ence of mitochondria in our crude extracts 
(13,000 x g supernatants) was not expected, we 

also studied the activation of caspase-3 in cy­
tosolic fractions (50,000 x g supernatants) from 

10% FCS-grown C E M cells, which contained 

only 5% of the mitochondrial marker cytoch­

rome c oxidase (0.13 ± 0.01 nmol cytochrome c 

oxidized/min per m g protein) relative to cell 

homogenates (2.5 ± 0.8 nmoles/min per m g 

protein). As found with crude extracts (Table 

1), both 0% FCS-derived lipid extracts and C2-

ceramide activated the caspase in these frac-
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FIG. 5. C2-ceramide effect on caspase-3 activity in 
C E M and CEM-9F3 cells. C E M cells (white bars) and 
CEM-9F3 cells (black bars) were cultured in 1 0 % FCS 
medium or serum-free media with or without 30 /xM 
CoQio, in the presence or absence of 10 fiM C2-ceramide 
for 2 hr, homogenized and caspase-3 activity determined. 
(A) Caspase-3 activity in 1 0 % FCS supplemented cultures. 
(B) Caspase-3 activity in serum-free cultures without 
CoQio addition. (C) Caspase-3 activity in serum-free cul­
tures supplemented with 30 fiM CoQ10. Data represent 
the mean ± S D from three different experiments per­
formed in duplicate. (*) Significant differences versus re­
spective control levels, p £ 0.05. 

tions. Specificity of the activation w a s also ver­

ified with the Ac-DEVD-CHO inhibitor (data 
not shown). 

Ceramide-dependent activation of caspase-3 is 

inhibited by okadaic acid 

Our results indicated that ceramide activate 
caspase-3 caspase without the participation of 

mitochondria. Some authors have demon­

strated that okadaic acid (OA) interferes in the 
ceramide-dependent apoptotic pathway in­

hibiting the ceramide-activated protein phos­

phatase (CAPP) (Dobrowsky and Hannun, 

1992). Thus, we studied the effect of O A in our 

in vitro experiments and found that activation 

of caspases achieved by treatment of crude 

fractions of C E M cells were activated by 50 /xM 
C2-ceramide or 0% FCS-derived cellular lipid 

extracts in as described above, and this activa­

tion was completely prevented by 1 n M 

okadaic acid (Table 2). 

DISCUSSION 

The aim of the present work was to deter­
mine how CoQ prevents apoptosis in serum-

deprived cultures of C E M and CEM-9F3 cells. 
CoQ inhibited serum withdrawal-induced 
SMase activation and ceramide release and 

subsequent caspase-3 activation in both cells. 
The two cell lines showed a different apoptotic 
response to serum withdrawal, which may be 
related to their different Bcl-2 expression lev­

els, and CoQ reduced apoptosis in both. Thus, 
protection by CoQ added to the medium was 
independent of Bcl-2, in agreement with our 
previous published results (Barroso et ah, 
1997a). 

Data from the literature suggest that in­
creased SMase activity and ceramide produc­
tion are important for the induction of apopto­
sis by several agents, including oxidative injury 
(Okazaki et ah, 1989, 1990; Kim et ah, 1991; 

Jayadev et ah, 1995; Hannun, 1996). Ceramide 
accumulation induces cell death by activation 

of proteases such as caspase-3 or related cas­
pases (Martin et ah, 1995b; Mizushima et ah, 
1996; Smyth et ah, 1996). In our study, caspase-

3 (or a related caspase) was activated in both 
cell lines at the time ceramide was accumulat­
ing. The addition of C2-ceramide to cells in­

creased caspase-3 activity to the same level in 

both cultures grown with 10% FCS and in CoQ-

supplemented serum-free cultures, but it was 
unable to increase caspase activity further in 
those cells that already showed the highest lev­

els of activation, such as those grown in serum-
free media without CoQ. These results suggest 
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Table 1. Effect of Cell Lipid Extracts and C2-Ceramide on Caspase-3 
Activation in vitro3 

Additions 

None (ethanol) 
+ CoQio (30 yM) 

10% FCS extract 
0% FCS extract 
0% FCS + CoQio extract 
None (DMSO) 
C2-ceramide (50 fiM) 

Caspase-3 activity 
(pmol pNa/mg protein per 

— Inhibitor 

1,064 ± 370 
982 ± 110 

1,310 ± 264 
2,431 ± 470b 
1,460 ± 214 
947 ± 163 

3,500 ± 622b 

+ Inhibitor 

254 ± 160 
275 ± 142 
306 ± 195 
306 ± 87 
330 ± 57 
333 ± 109 
115 ± 100 

30 min) 

Activation (%) 

100 
97 
123 
228b 
137 
100 
370b 

aData represent the mean ± SD of the caspase-3 activity in the presence or absence of 
the especific inhibitor Ac-DEVD-CHO from four different experiments performed in trip­
licate. 
bSignificant differences versus respective control, p < 0.05. 

that the CoQ-dependent inhibition of ceramide 

release prevents caspase-3 activation, whereas 

exogenously added C2-ceramide restores ce­

ramide levels for maximal activation of the cas­

pase. 

CEM-9F3 cells, which overexpress Bcl-2, 

showed a higher basal levels of N-SMase ac­

tivity. However the levels of ceramide were 

similar to those in C E M cells. Thus, increased 

conversion of ceramide to sphingosine-1-phos-

phate m a y take place in Bcl-2-overexpressing 

cells. Ceramide conversion has in fact been cor­

related with increased cell proliferation and 

survival after withdrawal of trophic factors 

(Mandala et ah, 1998; Van Brooklyn et ah, 1998). 

Bcl-2 has complex effects on ceramide levels. It 

Table 2. Okadaic Acid Effect on Caspase-3 
Activation in vitro* 

Additions 
Caspase-3 activity 

(pmol pNa/mg protein per 30 min) 

None (ethanol) 
0% FCS extract 
+ 1 n M O A 

None (DMSO) 
C2-ceramide (50 fiM) 
+ 1 nMOA 

1,091 ± 100 
2,592 ± 457b 
1,070 ± 121c 
874 ± 91 

4,694 ± 772b 
921 ± 76c 

aData represent the mean ± SD from three experiments 
performed in triplicate. 
bSignificant differences versus respective controls, p < 

0.05. 
'Significant differences versus respective additions 

without okadaic acid, p ̂  0.05. 

has been reported that it inhibits ceramide ac­

cumulation induced by several apoptotic stim­

uli (Yoshimura et ah, 1998; Tepper et ah, 1999), 

although it cannot prevent the ceramide accu­

mulation induced by TNF-a (Monney et ah, 

1998). Thus, it seems that Bcl-2 acts both up­

stream and downstream of the ceramide path­

way depending on the apoptotic stimulus. 

It is clear that a redox modulation of cellular 

components is taking place after growth factors 

or serum withdrawal (Slater et ah, 1996). Dif­

ferent antioxidants prevent both apoptosis and 

lipid hydroperoxide accumulation in growth 

factor withdrawal conditions (Hockenbery et 

ah, 1993; Tilly and Tilly, 1995; Barroso et ah, 

1997a, b). Then, prevention of lipid peroxida­

tion seems to be a critical event in oxidative 

damage-dependent cell death. Related to this 

apoptotic mechanism, phospholipase A2 (PLA2) 

is activated by hydroperoxides in plasma m e m ­

brane (Hashizume et ah, 1991; Salgo et ah, 1993), 

and activation of N-SMase by PLA2 has been 

reported (Jayadev et ah, 1994,1997). Moreover, 

inhibitors of PLA2 delay cell death (Neale et ah, 

1988). Thus, a putative relationship between 

PLA2 and SMase activation is suggested. H o w ­

ever, a direct activation of N-SMase by hy­

droperoxides cannot be discarded because an 

in vitro inhibition of this lipase by glutathione 

has been also reported (Liu and Hannun, 1997). 

In our model, the antiapoptotic activity of C o Q 

resides in the prevention of the lipid peroxida­

tion chain reaction by itself or together with 
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other antioxidants (Barroso et ah, 1997a) both 

in plasma membrane (Navarro et ah, 1998) and 

whole cells (Barroso et ah, 1997b). According to 

this model, in serum-deprived cells, the accu­

mulation of hydroperoxides that activates N-

SMase by a direct or an indirect mechanism is 

prevented by CoQ, avoiding further steps in 

the ceramide-dependent pathway. 
On the other hand, CoQ is an essential fac­

tor in the mitochondrial electron chain and ce­

ramide shows a direct inhibition of this elec­
tron chain (Garcia-Ruiz et ah, 1997; Gudz et ah, 

1997). Thus, a further protective role of exoge­
nously added CoQ on mitochondria cannot be 
ruled out. However, in our system, the inhibi­

tion of ceramide release induced by CoQ would 
mask this putative direct effect of CoQ on mi­
tochondria. 
Our data suggest that ceramide is the factor 

responsible for caspase-3 activation after serum 
deprivation. However, how ceramide activates 
caspase-3 remains controversial. It has been 
suggested that ceramide induces apoptosis 
through a mitochondrial factor released once 

the mitochondrial transmembrane potential 
(A^m) decreases and the mitochondrial pore 
complex is opened (Susin et ah, 1997a, b). How­
ever, C2-ceramide is also able to induce nuclear 
apoptosis in the isolated nuclei of C E M cells 
(Martin et ah, 1995a) and can activate caspase-
3 without the participation of mitochondria 
(Newmeyer et ah, 1994; Martin et ah, 1995a). In 

agreement with the above results, our data 
show caspase-3 activation in mitochondria-free 
fractions by either C2-ceramide or ceramide-
containing lipid extracts from serum-free 
grown cells. Thus, it seems that mitochondria 
are not required for ceramide activation of cas­
pase-3 in our system. 
Ceramide-dependent activation of caspase-3 

seems to need the participation of phos­
phatases. In fact, phosphorylation and dephos­
phorylation cycles have been related to apop­
totic processes (Wolf et ah, 1997; Cardone et ah, 
1998). Furthermore, CAPP modulates the ce­
ramide-dependent signal transduction (Do-
browsky and Hannun, 1992; Wolff et ah, 1994). 
Moreover, ceramide activates a mitochondrial 
protein phosphatase involved in Bcl-2 dephos­
phorylation and subsequently inactivation (Ru-
volo et ah, 1999), and the protein phosphatase 

inhibitor O A inhibits the ceramide-induced 

PKCa inactivation by dephosphorylation (Lee 

et ah, 1996). O A inhibited ceramide-dependent 
caspase-3 activation in C E M cell extracts. Thus, 

it is suggested that CAPP or related phos­

phatases participate in the cytosolic activation 

of caspase-3. 
In summary, in the model of oxidative injury 

induced by serum withdrawal, CoQ may par­

ticipate in the initiation phase of apoptosis pre­

venting N-SMase activation. Consequently, 

plasma membrane CoQ inhibits ceramide ac­
cumulation and ceramide-mediated activation 

of caspase-3 independent of mitochondria. This 
model suggests that plasma membrane CoQ 

constitutes a first defensive barrier in the pro­
tection of cells against apoptosis induced by ox­

idative damage. 
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ABBREVIATIONS 

A-SMase, Acidic sphingomyelinase; CAPP, 
ceramide-activated protein phosphatase; CoQ, 
coenzyme Q, ubiquinone; cyt c, cytochrome c; 
DTT, dithiothreitol; FCS, fetal calf serum; 
HBSS, Hanks' balanced salt solution; ICE, in-

terleukin-converting enzyme; IFN-y, inter-
feron-y; IL-l-j8, mterleukin-1/3; A^rn, mito­

chondrial transmembrane potential; N-SMase, 

magnesium-dependent neutral sphyngomyeli-
nase; OA, okadaic acid; PI, propidium iodide; 
PLA2, phospholipase A2; PLC, phospholipase 

C; PMSF, phenylmethylsulfonyl fluoride; pNa, 
paranitroaniline; ROS, reactive oxygen species; 
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SM, sphingomyelin; TLC, thin-layer chro­

matography; TNF-a, tumor necrosis factor-a. 
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