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Abstract: Coenzyme Q10, (CoQ10) an electron transporter and an antioxidant, protects a variety of cell types against 
oxidative stress and apoptosis. However, protective effect of CoQ10 on oxidative stress-induced apoptosis in lympho-
cytes has not been studied in detail. In this study, we investigated the effect of CoQ10 on oxidative stress-induced 
apoptosis in lymphocytes. An exposure of peripheral blood lymphocytes to oxidative stressors, rotenone or hydro-
gen peroxide, lead to apoptosis. Pre-treatment of lymphocytes with CoQ10 resulted in a significantly reduced level 
of oxidative stress-induced apoptosis, which was associated with decreased reactive oxygen species production, 
an inhibition of mitochondrial membrane depolarization, and inhibition of activation of caspase-9 and caspase-3. 
Furthermore, CoQ10 inhibited oxidative stress induced apoptosis in both CD4+ T, and CD8+ T, and CD19+ B cells. 
Our findings suggest that CoQ10 may provide new therapeutic strategies for preventing oxidative stress-induced cell 
death and dysfunction in lymphocytes and lymphocyte subsets. 
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Introduction

Oxidative stress is characterized by an imbal-
ance between the cellular production of oxi-
dants and the capacity of cellular antioxidant 
defenses to scavenge these oxidants. Oxidative 
stress is produced in cells by reactive oxygen 
species (ROS), which include free radicals and 
peroxides. They are produced at a low level by 
normal aerobic metabolism. Increasing evi-
dence suggests that oxidative stress is a major 
inducer of cell death by apoptosis via mitochon-
drial pathway [1, 2].

Coenzyme Q10 (CoQ10), also known as ubiqui-
none 10, is an electron transporter, that trans-
ports electrons from electron transport com-
plex (ETC) I and complex II to complex III. CoQ10, 
has been shown to be an important antioxidant, 
and acts as a modulator of mitochondrial per-
meability transition pore, mitochondrial mem-
brane potential and an inhibitor of ROS genera-
tion [3-5]. CoQ10 is synthesized endogenously 
and small quantities are consumed through 
diet. 

Previous studies have shown that CoQ10 pro-
tects human keratocytes, keratinocytes and 

leukemia cells from oxidative stress-induced 
apoptosis [5-7]. Furthermore, CoQ10 has been 
shown ameliorates H2O2-induced DNA damage 
in human lymphocytes [8]. In this study, we 
investigated the effects of CoQ10 on oxidative 
stress-induced apoptosis of lymphocyte and 
lymphocyte subsets. 

Materials and methods

Chemicals and reagents

Coenyme Q10 (CoQ10), Lutrol F127, Rotenone 
and H2O2 were purchased from Sigma (St Louis, 
MO). Annexin V-FITC, TMRE, DHR 123, and In 
Situ Death Detection Kit, were obtained from 
Life technologies (Grand island NY). Caspase -9 
(FAM-LEHD-FMK) and caspases 3 (FAM-DEVD-
FMK) Colorimetric assay kits were purchased 
from Biovision Research Products, (Palo Alto, 
CA). 

CoQ10 solution was prepared by dissolving it in 
absolute alcohol and then added to AIM V medi-
um containing 0.04% Lutrol 127. Leutrol was 
used as a vehicle to ensure cellular uptake of 
hydrophobic CoQ10. 

http://www.ajcei.us
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Subjects

Peripheral blood was obtained from healthy vol-
unteers. The study was approved by Institutio- 
nal Review Board (Human) of the University of Ca- 
lifornia, Irvine.

Isolation of lymphocytes and treatments

Peripheral blood mononuclear cells (MNCs) 
were separated from peripheral blood by den-
sity gradient centrifugation. MNCs were treated 
with various concentration of CoQ10 for 24 hrs 
prior to exposure to apoptotic stimuli. Cells 
treated with Lutrol F127 alone served as con-
trols. Rotenone and hydrogen peroxide (H2O2) 
were used as apoptotic stimuli. They were used 
at concentrations previously established to 
induce maximun apoptosis: rotenone 6.25 μM 
and H2O2 25 μM. 

Detection of apoptosis

Apoptosis was measured by TUNEL and Annexin 
V-FITC binding assays, according to manufac-
turer’s instructions. 

TUNEL assay (terminal deoxyribonucleotidyl 
transferase (TDT)-mediated dUTP-nick end 
labeling: Briefly, cells were fixed with 2% para-
formaldehyde, and permeabilized with sodium 
citrate buffer containing 0.1% Triton X-100 
Following washing, cells were incubated for 1 
hour with FITC-conjugated dUTP in the pres-
ence of TdT enzyme solution containing 1 M 
potassium cacodylate and 125 mM Tris-Hcl, pH 
6.6 (In Situ Cell Death Detection Kit), Cells we- 
re washed with phosphate buffered saline 
(PBS) and 10,000 cells were acquired with 
FACSCalibur and analyzed by using Cell Quest 
software. 

Annexin-V-FITC assay: In few experiments, 
MNCs (0.5×106) were stained with 10 µL of 
PerCP-conjugated anti-CD19, anti-CD4 or anti-
CD8 monoclonal antibodies, washed twice with 
PBS, and resuspended in 100 µL of binding 
buffer containing 5 µL of FITC-conjugated An- 
nexin V. The cells were incubated in dark at 
room temperature for 15 minutes, after which 
400 µL of binding buffer added, and 5000 cells 
were acquired and anlyzed by FACSCalibur. FL3 
channels were used to gate CD19+ B cells, 

CD4+ T cells and CD8+ T and the proportions of 
annexin V positive cells were determined.

Determination of mitochondrial potential (ΔΨm)

Mitochondrial membrane potential was ana-
lyzed with TMRE, using FACSCalibur. Briefly, 
Cells (1×106/ml) that were exposed to apoptot-
ic stimuli were incubated in medium containing 
50 nM TMRE and incubated for 10 minutes at 
37°C. Cells were transferred on ice, Stained 
with 10 µL of PerCP-conjugated anti-CD19, 
anti-CD4 or anti-CD8 monoclonal antibodies. 
TMRE staining in lymphocyte subsets was ana-
lyzed by dual color flowcytometry. FL3 channels 
were used to gate CD19+ B cells, CD4+ T cells 
and CD8+ T cells and FL2 channel was used to 
collect the red fluorescence of TMRE. A reduc-
tion in red fluorescence indicates loss of ΔΨm.

Measurement of reactive oxygen species

Reactive oxygen species (ROS) was determin- 
ed by utilizing oxidation-dependent fluores-
cence of dye dihydrorhodamine 123 (DHR123). 
DHR123 is a cell permeable nonfluorecent dye 
that becomes highly fluorescent when oxidized 
by ROS. Peripheral blood mononuclear cells 
(1×106/ml) pretreated with CoQ10 or vehicle 
control were loaded with 5 µM DHR123 and 
then exposed to rotenone for 15 minutes. Cells 
were stained with PerCP-conjugated anti-CD19, 
anti-CD4 or anti-CD8 antibodies and DHR fluo-
rescence in lymphocyte subsets was analyzed 
by dual color flow cytometry. The data was ana-
lyzed using cell quest software and the mean 
fluorescence channel numbers (MFC#) were 
recorded. 

Caspase activity

The activation of caspases-3 and caspase-9 
was analyzed by flow cytometry with carboxyflu-
orescein-labeled cell permeable peptide sub-
strates (Cell Technology, Fremont CA), that rec-
ognize cleaved caspase-9 (FAM-LEHD-FMK) 
and caspases-3 (FAM-DEVD-FMK) according to 
the protocol provided by the manufacturer. 
Briefly, MNCs treated with CoQ10 and subse-
quently exposed to apoptotic stimuli for 24 
hours were incubated with caspase-9 or cas-
pase-3 substrates for 1 hour at 37°C. The cells 
were stained with PerCP-conjugated anti-CD19, 
anti-CD4 or anti-CD8 antibodies, washed with 
wash buffer and analyzed by FACScalibur.
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Statistics

All of the experiments were repeated with sam-
ples from 3 to 16 individual subjects. Statistical 
analysis was performed by student t test. The 
level of significance was set at P < 0.05.

Results

CoQ10 protects lymphocytes from oxidative 
stress induced apoptosis

Peripheral blood mononuclear cells (MNCs) 
from healthy subjects were treated with differ-
ent concentrations of CoQ10 for 24 hours prior 
to exposure to oxidative stressors, rotenone 
and H2O2, and apoptosis was determined by 
annexin V binding and TUNEL assays. Treatment 
with CoQ10 resulted in, a concentration-depen-
dent manner, inhibition of apoptosis (Figure 1). 
The maximal inhibition was observed at 10  
μM and therefore was used in subsequent 
studies. 

Figure 2 shows protective effect of 10 μM 
CoQ10 on rotenone-induced and H2O2-induced 
apoptosis on lymphocytes of 16 and 12 sub-
jects, respectively.

CoQ10 inhibits oxidative stress-induced apop-
tosis in CD4+ and CD8+ T cells and CD19+ B 
cells

In order to determine whether protective effect 
of CoQ10 is different among various subsets  
of lymphocytes, we examined the protective 
effect of CoQ10 on oxidative stress-induced 
apoptosis in CD4+ and CD8+ T cell subsets and 
CD19+ B cells. Rotenone induced apoptosis in 
both CD4+ and CD8+ T cells and CD19+ B 
cells. CoQ10 inhibited rotenone induced apop-
tosis (Figure 3); and the magnitude of protec-
tive effect of CoQ10 was similar in on CD4+ and 
CD8+ T cells and CD19+ B cells. 

CoQ10 reverses apoptosis in lymphocytes by 
rectifying mitochondrial dysfunction induced 
by oxidative stressors 

A key early contributing factor in oxidative 
stress-induced apoptosis is mitochondrial dys-
function. Mitochondrial dysfunction is charac-
terized by increased production of superoxide 
anions, a reduction in inner transmembrane 
potential, increased permeability of the outer 
membrane by opening mitochondrial transport 
pore (MTP), a step critical for release of cyto-
chrome c and sequential activation caspase-9 
and caspase-3 that results in apoptotic cell 
death [9].

Both rotenone and H2O2 induce apoptosis by 
mitochondrial pathway Therefore in the subse-
quent experiments we used one reagent (rote-
none) to determine whether CoQ10 reversed 
apoptosis by rectifying mitochondrial dysfunc-
tion. For this purpose, we measured production 
of reactive oxygen species (ROS), membrane 
potential and activation of caspase-9 and cas-
pase-3 in lymphocyte subsets induced by ro- 
tenone.

Production of ROS

Control and CoQ10 pretreated Lymphocytes 
were exposed to rotenone for 15 minutes and 
intracellular ROS was measured with DHR123 
by using FACSCalibur. Figure 4 shows that the 
exposure of lymphocytes to rotenone resulted 
in a significantly increased (P < 0.05) produc-

Figure 1. Dose response curve of CoQ10 protective 
effect on oxidative stress-induced apoptosis. MNCs 
were pretreated with the indicated concentrations of 
CoQ10 for 24 hours prior to addition of rotenone or 
H2O2 Apoptosis was determined by annexin V (upper 
panel) and tunnel (lower panel) assays. Results are 
the mean of 3 separate experiments each done on 
lymphocytes from a different donor *p ≤ 0.05.
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tion of superoxide in CD4+ and CD8+ T cells 
and CD19+ B cells compared to unexposed 
cell, and pretreatment of lymphocytes with 
CoQ10 resulted in reduction of superoxide pro-
duction to basal level.

cutioner caspase-3 to induced apoptosis, we 
measured rotenone-induced activation of both 
caspase-9 and caspase-3 in CoQ10 pretreated 
and untreated cells using flow cytometry. Figure 
6 show that rotenone increased the activation 
of caspase-9 and caspase-3, in CD4+ and 
CD8+ T cells and CD19+ B cells and CoQ10 pre-
treatment inhibited activation of both cas-
pase-9 and caspase-3.

Discussion

Oxidative stress is caused by the persistent 
production of ROS. ROS are byproducts of oxi-
dative phosphorylation and mainly produced in 
mitochondrial electron transport chain com-
plexes I and III [10, 11]. Increased ROS produc-
tion has been shown to affect various mito-
chondrial parameters including membrane 
potential, and permeability transition pore acti-
vation [3-5]. These changes lead to mitochon-
drial outer membrane permeabilization, result-
ing in the release of apoptogenic proteins to 
induce apoptosis by caspase dependent and 
caspase independent pathways [9]. Oxidative 

Figure 2. Protective effect of CoQ10 on oxidative stress-induced apoptosis. 
MNCs were pretreated CoQ10 (10 μM) for 24 hours prior to addition of Rote-
none, upper panel, N=16) or H2O2 (lower panel, N=12. Apoptosis was deter-
mined by tunnel assay. Results represent mean ± SD *p ≤ 0.05. 

Figure 3. Effect of CoQ10 on rotenone-induced apop-
tosis in lymphocyte subsets. MNCs were pretreated 
CoQ10 (10 μM) for 24 hours prior to addition of ro-
tenone. Apoptosis in CD4+ T and CD8+ T, CD19+ B 
lymphocyte subsets was determined by dual color 
flow cytometry. T cell subset results are the mean ± 
SD of 6 separate experiments each done on a sepa-
rate subject. B cell results are the mean of 3 sepa-
rate experiments *p ≤ 0.05 as compared to rotenone 
alone.

Mitochondrial membrane 
potential

The effect of CoQ10 on mito-
chondrial membrane poten-
tial was measured by uptake 
of TMRE dye using FACSC- 
alibur. Figure 5 shows that 
rotenone (A) induced a sig- 
nificant decrease (P < 0.05)  
in mitochondrial membrane 
potential (depolarization) in 
CD4+ and CD8+ T cells and 
CD19+ B cells and CoQ10 
prevented mitochondrial me- 
mbrane depolarization in lym-
phocyte subsets induced by 
rotenone. 

Caspase 3 and caspase 9 
activation

Depolarization of mitochon-
drial membrane is associat- 
ed with the release of cyto-
chrome c, which forms apop-
tosome by binding to APAF-1, 
that in turn activates initiator 
caspase-9, subsequently exe-
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stress is associated with altered functions of 
immune cells [12-14], autoimmune diseases 
and immune senescence and triggers inflam-
mation [15-18].

The major function of mitochondrial respiratory 
chain (MRC), which is located in the inner mito-
chondrial membrane, is to synthesize ATP via 
oxidative phosphorylation [19]. MRC is consists 
of 5 enzyme complex I-V. CoQ10 is the predomi-
nant form of ubiquinone and serves as an elec-
tron carrier in MRC [20]. CoQ10, in addition  
to oxidative phosphorylation, may be required 
for other functions including potent lipid solu-
ble antioxidant [21], regulation of permeability 
transition pore opening and maintenance of 
body temperature via its role as a co-factor for 
the mitochondrial uncoupling proteins, as an 
anti-oxidant, and other cellular functions includ-
ing, DNA replication and repair [22]. 

CoQ10, ubiquinone, is ubiquitously present in 
all eukaryotic cells. The biosynthesis of CoQ10 

requires at least 15 genes. Primary CoQ10 de- 
ficiency as a result of mutations of some of 
these genes is associated with a heterogeno- 
us group of disorders ranging from cerebellar 
ataxia to severe infantile form of steroid resis-
tant nephrotic syndrome [23, 24]. These prima-
ry CoQ10 deficiencies are rare; however, sec-
ondary immunodeficiencies of CoQ10 are more 
frequent. CoQ10 deficiencies are associated 
with increased oxidative stress and apoptosis 
of various cell types via mitochondrial pathway 
[25-27]. A number of stimuli trigger mitochon-
drial pathway of apoptosis, which is associated 
with depolarization of mitochondrial potentials, 
opening of MTP, and release of two important 
apoptogenic proteins, the cytochrome c and 
apoptosis-inducing factor (AIF), mediating cell 
death via caspase-dependent and caspase-
independent pathways respectively [9, 28]. 
Lopez et al [26] showed increased oxidative 
stress and apoptosis in CoQ10-deficient hu- 
man fibroblasts, and exogenous CoQ10 pro-
tected from both oxidative stress and apopto-
sis. Duran-Prado [29] demonstrated that Co- 
Q10 protects human endothelial cells by beta-
amyloid-induced oxidative stress and apopto-
sis. CoQ10 inhibited calcium release from the 
mitochondria due to its effect on the opening of 
MTP. Li et al [30] using mitochondrial I complex 
inhibitor, rotenone, reported an increase in 
ROS production and increased caspase-inde-
pendent apoptosis via translocation of AIF to 

Figure 4. CoQ10 inhibits rotenone-induced ROS pro-
duction. Control and CoQ10 pre-exposed MNCs were 
incubated with Rotenone and ROS production in lym-
phocyte subsets was measured by dual color flow 
cytometry Data are shown as mean ± SD of three 
separate experiments each done on a separate sub-
ject *p ≤ 0.05.

Figure 5. Effect of CoQ10 on oxidative stress-induc- 
ed mitochondrial membrane potentials. MNCs pre-
treated with CoQ10 were exposed rotenone and mi-
tochondrial membrane potentials were determined 
in CD19+ B cells and CD4+ T and CD8+ T cells by 
TMRE dye and FACS. CoQ10 inhibited mitochondrial 
membrane depolarization induced by rotenone *p ≤ 
0.05.

Figure 6. Inhibitory effect of CoQ10 on oxidative 
stress-induced caspase activation. Control and 
CoQ10 preexposed MNCs were incubated with ro-
tenone and caspase 9 and caspase 3 activities in 
lymphocyte subsets were determined by flow cytom-
etry. Data are shown as mean ± SD of three separate 
experiments p ≤ 0.05.
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the nucleus in murine hippocampal HT22 cells. 
CoQ10 inhibited both increased production  
of rotenone-induced ROS production, nuclear 
translocation of AIF, and apoptosis. In the pres-
ent study, we have demonstrated that rotenone 
induced increased production of ROS, depolar-
ization of mitochondrial membrane, activation 
of caspase-9 and caspase-3, and increased 
apoptosis of lymphocytes. CoQ10 inhibited in- 
creased ROS production, prevented depolariza-
tion of mitochondrial membrane, and inhibited 
activation of caspase-9, caspase3, and and 
apoptosis. The difference in rotenone-induced 
caspase-independent apoptosis observed by Li 
et al [29] and caspase-dependent apoptosis 
observed by us may be due to differences in 
target cell types (hippocampal versus lympho- 
cytes). 

Alleva et al [6] showed that CoQ10 reduced 
H2O2 but not anti-Fas- and TRAIL-induced apop-
tosis in Jurkat T cells by blocking the generation 
of ROS and mitochondrial membrane depolar-
ization. This may be explained by the fact that 
death-receptor pathway is independent of mi- 
tochondrial pathway and does not depend on 
oxidative stress. These investigators did not 
examine the effect of CoQ10 on mitochondrial 
pathway of apoptosis. In this study, we have 
demonstrated that CoQ10 attenuated oxidative 
stress-induced apoptosis in B lymphocytes and 
T lymphocyte subsets from healthy subjects. 
Furthermore, we showed that the inhibitory 
effect of CoQ10 on lymphocyte subsets apop-
tosis is associated with its ability to inhibit 
increased production of ROS, by blocking mito-
chondrial membrane depolarization, and inhib-
iting caspase-9 and caspase-3 activation indu- 
ced by rotenone Similar findings have beed 
reported by Naderi et al (who showed that water 
soluble CoQ10 inhibits mitochondrial apoptotic 
events in Fibroblasts and HEK293 cells ex- 
posed to H2O2 [31]. In summary, CoQ10, a natu-
ral chemical compound, attenuates oxidative 
stress-induced apoptosis in T cell subsets by 
rectifying mitochondrial dysfunction. This sug-
gest that CoQ10 may have therapeutic poten-
tial in disorders of lymphocytes associated with 
excess oxidative stress and apoptosis.
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