
Free Rad. Res., Vol. 35, pp. 395--403 
Reprints available directly from the publisher 
Photocopying permitted by license only 

© 2001 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Harwood Academic Publishers imprint, 
part of Gordon and Breach Publishing, 

a member of the Taylor & Francis Group. 

Age-related Changes in the Mitochondrial 
Depolarization Induced by Oxidative Injury 
in Human Peripheral Blood Leukocytes 
KELVIN TSAI a, TAI-GER HSU b, FUNG-JOU LU ~, CHEN-FU HSU a, TSUNG-YUN LIU a 
and CHI-WOON KONG ~'* 

aOxidative Stress Clinical Research Group and Section of Critical Care, Department of Medicine, Veterans General Hospital, Taipei, and 
National Yang-Ming University School of Medicine, Taipei, Taiwan; bInstitute of Exercise Physiology, Taipei Physical Education College, 
Taipei, Taiwan; CDepartment of Biochemistry, College of Medicine, National Taiwan University, Taipei, Taiwan 

Accepted by Prof. B. Halliwell 

(Received 10 March 2001) 

Aging is associated with impaired immunity and 
reduced host defenses. Mitochondrial bioenergetic 
dysfunctions and reduced antioxidative ability of 
immunocompetent cells may contribute to this phe- 
nomenon. In this study, 60 healthy volunteers of dif- 
ferent age groups donated their blood after overnight 
fasting. Leukocytes were subjected to oxidative 
injuries by exposure to t-butylhydroperoxide, and 
were labeled with fluorochromes for measuring mito- 
chondria transmembrane potential (A~bm), membrane 
peroxidation and mitochondrial oxidant formation. 
/~m declined after t-butylhydroperoxide exposure, 
and the change was more prominent in leukocytes 
from older individuals. Cyclosporin A partly restored 
A~b~, implying the contributing role of mitochondrial 
permeability transition pores. The mitochondrial de- 
polarization was accompanied by increased oxidant 
formation and oxidation of pyridine nucleotides, 
which were more prominent in older subjects. The 
results support the view that the bioenergetic func- 
tions of mitochondria are more susceptible to oxidat- 
ive injury in aged individuals. The decreased ability of 
leukocytes to resist oxidative stress may contribute to 

immunosenescence in humans. 

Keywords: Aging, leukocytes, mitochondria, oxidants, 
cyclosporin, immunity 

Abbreviations: Ag, m, mitochondria transmembrane potential; 
PT, permeability transition; ROS, reactive oxygen species; 
DCFH-DA, 2'-71-dichlorofluorescein diacetate; NAO, 
10-n-nonyl acridine orange; JC-1, 5,5~,6,6~-tetrachloro-l,l',3,3 '- 
tetraethylbenzin'u'dazol carbocyanine iodide; Fluor-DHPE, 
fluoresceinated phosphoethanolamine; PI, propidium iodide; 
t-BuOOH, tert-butylhydroperoxide; CSA, cydosporin A 

INTRODUCTION 

Progressive dysfunction of the immune  system 
may  contribute to the higher rate of morbidity and 
mortality from infectious disorders in elderly 
individuals. Impaired leukocyte phagocytic 
functions and superoxide productions,  reduced 
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neutrophils chemotaxis, and defects in leukocyte 
signal transduction have been associated with 
immunosenescence. [1"21 However, the n a c r e  of 
the mechanisms causing these age-related altera- 
tions is not well understood and remains under 
intense investigation. 

Tissues of older organisms are more vulner- 
able to free radical-induced damage, which may 
be attributed to progressive accumulation of 
oxidative damage [31 or a decline in the compet- 
ence of antioxidants. One of the potential targets 
of oxidant-related injury is the energy factory 
of cells, mitochondria. Several lines of evidences 
indicate that the bioenergetic functions of mito- 
chondria deteriorate during normal aging. I41 The 
mitochondria dysfunctions during aging are 
multifarious, including increased frequency of 
mitochondrial DNA mutagenesis, f51 decline in ele- 
ctron transport activity, [6'71 and decreased mito- 
chondrial transmembrane potential (A~bm). [7-9] 

A~m is the driving force of cellular ATP for- 
mation, and the reduction in A~;m can lead to 
ATP depletion and cell deenergization. Recent 
evidence showed that oxidants may induce 
A~bm reduction and mitochondrial depolariza- 
tion by promoting mitochondrial permeability 
transition (PT) due to oxidation of mitochondrial 
pyridine nucleotides and glutathione. I1°all 

Because immune cells especially phagocytes 
generate large amounts of reactive oxygen 
species (ROS) as part of their normal functions, 
they are particularly sensitive to changes in the 
antioxidant status. The favorable effects of vari- 
ous antioxidants on the natural killer activity 
in mononuclear cells from aging subjects may 
render support to this notion. I12] In view of the 
fact that oxidative damage accumulates during 
aging process, I131 the ability of immune cells to 
resist against the age-associated oxidative injury 
is potentially important to the maintenance of 
immune functions. 

Lyrnphocytes from old mice were shown to 
have enhanced activation of mitochondrial PT 
and impairments in energy metabolism. [71 It is 
tempting to speculate that the age-related 

changes in leukocyte mitochondria functions 
may be related to their different vulnerabilities 
to oxidative injury. In the current study, we 
show that the peripheral blood leukocytes dis- 
play age-related variability in their responses to 
oxidative injuries with respect to A0m, mito- 
chondrial redox status and oxidants production. 
This knowledge may be important to clarify the 
nature of immunosenescence and may suggest 
potential pathways for its modulation. 

METHODS 

Subjects 

Sixty healthy subjects from three age groups 
(group 1:20-30 years; group 2:45-65 years; 
group 3: beyond 75 years) were recruited into 
the study, where each donated 10 ml of blood 
samples after overnight fasting (Table I). All 
subjects were free of cardiopulmonary, infec- 
tious, malignancy, immune or inflammatory 
disease with potential for disturbed immune 
status or oxidative stress. None of the recruited 
subjects had taken anti-inflammatory drugs, 
corticosteroids or antioxidants for one month 
before the study entry. Written informed consent 
was obtained from all study participants, and 
the performance of this study was approved by 
the research ethics committee at the Taipei 
Veterans General Hospital, Taiwan. 

Reagents 

2',7'-dichlorofluorescein diacetate ~ - D A ) ,  10-n- 
nonyl acridine orange (NAO), 5,5',6,6'-tetrachloro- 
1,1'3,3'-tetraethylbenzimidazol carbocyanine 

TABLE I Patient characteristics 

Group 1 2 3 
Number, n 20 20 20 
Age, years 23.5 ~z 0.65 54.64 ± 1.2 79.7 ~z 0.67 
Gender (M/F), n a 13/7 12/8 10/10 

~p < .05, compared among groups. 
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iodide (JC-1), fluoresceinated phosphoethanol- 
amine (fluor-DHPE) and propidium iodide (PI) 
were obtained from Molecular Probes (Eugene, 
OR). Tert-butylhydroperoxide (t-BuOOH) was 
purchased from Sigma (St. Louis, MO). Cyclo- 
sporin A (CSA) was obtained from CalBiochem 
(San Diego, CA). 

Cell Isolation and Treatment 

Approximately 10ml heparinzed whole blood 
was treated with 90 ml of 1:10 erythrocyte lysing 
buffer (PharMingen, San Diego, CA) for 10 rain. 
The buffer did not contain a fixative agent, so 
leukocytes remained viable after red blood cell 
lysis. [141 The supernatant was discarded and the 
cells were washed once with PBS at 200g for 
5m in. The cell pellet was resuspended with 
Hank's balanced salt solution (Gibco BRL, Pais- 
ley, Scotland, UK) to approximately 105 cells/ml 
and separated into two aliquots for subsequent 
cell labeling. The viability of leukocytes was 
confirmed to be more than 95% as assessed by 
trypan blue exclusion test. 

One aliquot of leukocyte suspension was in- 
cubated with 2 mM t-BuOOH for 15 rain at 37 °C. 
The other aliquot of leukocyte was incubated 
under the same circumstances without adding 
t-BuOOH. After incubation, the cells were washed 
twice with PBS at 200 g for 5 rain. The pellet was 
resuspended with Hank's balanced salt solution 
to approximately 105 cells/ml and separated 
into several 200ml aliquots for subsequent 
staining. 

suspension was incubated with 5 ~M JC-1 for 
20 min at 37 °C. After staining, JC-1 incorporates 
into mitochondria, where it either forms mono- 
mers (green fluorescence, 527nm) or, at high 
transmembrane potential, aggregates (red fluor- 
escence, 590 nm). The ratio between fluorescence 
intensity of JC-1 aggregates and monomers can 
reliably reflect A~bm, independent of changes in 
the number and mass of mitochondria. In separ- 
ate experiments, another aliquot of leukocyte 
suspension was pre-incubated with 5 ~tM CSA 
for 15rain at 37 °C[16] and was stained later with 
JC-1 using the same procedure. 

In addition, we also measured leukocyte mito- 
chondrial mass by staining the cells with 1 ~g/ml  
NAO for 15rain at 37°C. NAO interacts with 
mitochondria cardiolipin, which is not influ- 
enced by the mitochondria energy state. L171 

For measuring intracellular oxidants, cells are 
incubated for 20 min at 37 °C with 20 ~M DCFH- 
DA. Upon reaction with intracellular oxidants, 
DCFH-DA is converted to fluorescent 2~,7 ~- 
dichlorofluorescein (DCF). [18I To exclude the 
fluorescence of dead cells, the samples stained 
with DCFH-DA are also counterstained with 5 ~1 
of 3 mM PI for 3 rain before the measurement 
by flow cytometry. 

The extent of membrane peroxidation was 
evaluated by incubating leukocyte suspensions 
with 1 ~M fluor-DHPE for l h  at 37°C. Fluor- 
DHPE decreases its fluorescence upon exposure 
to membrane peroxides, (19j and is an ideal probe 
for measuring single cell lipid peroxidation as it 
is not exchangeable among cells. 

Cell Labeling 

All aliquots of leukocytes, with or without t- 
BuOOH exposure, were labeled separately with 
the following fluorescent probes. 

Because the mitochondria mass of different 
populations of leukocytes may vary greatly at 
different points, a more reliable method to spe- 
cify /~rn, using the fluorochrome JC-1, was 
employed in the present study. I15~ The leukocyte 

Mitochondria Redox Status 

The intrinsic fluorescence of leukocytes excited 
by a 325-nm UV laser was used as a reflection 
of mitochondrial reduced pyridine nucleotides 
(NADH and NADPH), as previously de- 
scribed. (2°) Oxidized pyridine nucleotides are 
nonfluorescent and the change in the intrinsic 
fuorescence accounts for the redox state of pyr- 
idine nucleotides. 
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Flow-cytometric Evaluation 

Fluorescence was analyzed by cytometry using 
a FACScan (Becton Dickinson, San Jose, CA) 
fitted with an air-cooled argon laser emitting at 
488 nm, and an air-cooled helium cadmium laser 
emitting at 325 nm (for the measurement of auto- 
fluorescence of leukocytes). All data were ana- 
lyzed using CellQuest flow cytometric analysis 
software. During analysis a gate was set on the 
dot plot of forward and side scatter to include 
polymorphonuclear (PMN) leukocytes, mono- 
cytes and lymphocytes, and exclude red blood 
cells and debris. The identity of cell populations 
in each analysis was verified by comparison with 
FSC/SSC profiles obtained from respective cell 
populations separated from the whole blood by 
density gradient centrifugation and confirmed by 
counterstaining with CD45 and CD14 antibody 
reagents. I211 The total number of events from each 
sample was made such that at least 5,000 events 
were collected for the three leukocyte subpopula- 
tions. To ensure consistency of data among dif- 
ferent measurements, an appropriate voltage 
setting of the photomultiplier for each type of 
fluorochrome, based on the data from a control 
subject, was employed throughout all the experi- 
ments. The mean fluorescence of each cell was 
determined to permit comparisons among data. 
For the cells labeled with JC-1, the ratio of mean 
red fluorescence intensity (FL2: 590rim) over 
green fluorescence intensity (FLI: 527um) was 
calculated and quoted as an index of A~bm. The 
fluorescence from cells labeled with NAO, 
DCFH-DA or fluor-DHPE was collected through 
the FL1 channel. All the procedures were com- 
pleted within 3 hours after blood sampling. 

Statistics 

All continuous data were expressed as mean + 
SEM. Group comparison was judged by x2-test, 
Mann-Whitney U-test or ANOVA where appro- 
priate. A p<  .05 was considered statistically 
significant. 

RESULTS 

Comparison of Untreated Leukocytes among 
Different Age Groups 

Figure 1 shows A~m, mitochondria mass, intra- 
cellular oxidants and reduced pyfidine nucleofides 
of untreated leukocytes in the three age groups. 
A~m, as reflected by the ratio of JC-1 red 
and green fluorescence intensity, did not differ 
sigrfificanfly among different age groups (p > .05 
by ANOVA) (Figure 1A). Likewise, mitochon- 
drial mass remained unchanged among diff- 
erent age groups (p > .05 by ANOVA) (Figure 
1B). PMN had relatively lower A~m value 
than that of monocytes or lymphocytes. In 
comparison, lymphocytes had lowest mito- 
chondria mass, as indicated by lowest NAO 
fluorescence intensity under the same assay 
circumstances. 

Intracellular oxidants, as indicated by DCF 
fluorescence, increased in elder subjects (Fig- 
ure 1C). DCF fluorescence altered less promi- 
nenfly in lymphocytes, while the value of age 
group 3 (> 75 years) was still higher than that of 
age group 20-30. In contrast, intrinsic fluores- 
cence of leukocytes declined significantly in the 
elder groups (Figure 1D). Similarly, lympho- 
cytes showed fewer changes among three age 
groups. 

Leukocyte ~/fm Changes after Exposure to 
t-BuOOH 

Exposure of leukocytes to t-BuOOH resulted 
in a different degree of /~m reduction in the 
three leukocyte subpopulafions (Figure 2, black 
columns). An age-dependent disruption in A~bm 
was noted in rnonocytes and lymphocytes, with 
the elder subjects exhibiting more pronounced 
A~b~ reduction (Figure 2B and 2C). In contrast, 
the t-BuOOH-induced A~m reduction in PMN 
was less prominent, with the difference among 
three age groups being statistically indiscrimi- 
nate (p > .05 by ANOVA). 
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C D 
FIGURE 1 Distribution of A~b m (A), mitochondrial mass (B), mitochondrial oxidants (C) and redox status (D) with age in 
peripheral blood leukocytes. Value is expressed as mean ± SEM. **p < .01 compared with age group 20-30; ttp< .01 compared 
with age group 45--65. 

Reversibility of A~vm by  Cyclosporin A 

When t-BuOOH-treated leukocytes were addi- 
tionally incubated with CSA, A~bm was re- 
covered to variable extents (Figure 2, white 
columns). CSA completely restored A~bm in PMN 
(Figure 2A). The effect of CSA on A~m was less 
striking in monocytes and lymphocytes,  with 
the elder subjects showing poorer responses (Fig- 
ure 2B and 2C). Nevertheless, the increase in 
A~bm was statistically significant (p < .01). 

Intracellular Oxidants and Membrane 
Peroxidation 

As shown in Figure 3A, t-BuOOH caused an 
increase in the DCF fluorescence in the three 
subsets of leukocytes, indicating increased intra- 
cellular oxidant production. The increase was 
more prominent  in PMN than in monocytes or 
lymphocytes.  Also apparent  is a significant 
trend toward higher DCF fluorescence in the 
elder subjects (p < .01 by ANOVA). As shown 
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FIGURE 2 Percentage change of Aq;rn after t-BuOOH expos- 
ure with (white columns) or without (black columns) CSA in 
PMN (A), mone, eytes (B) and lyrnphocytes (C). The data are 
expressed as the percentage of A~bm value without t-BuOOH 
exposure. **p < .01 compared with AOm value obtained with- 
out CSA exposure; ~tp < .01 compared with age group 20-30; 
~p < .01 compared with age group 45-65. 

C 20-30 45-65 >75 

FIGURE 3 Comparisons of changes of intracellular oxidants 
(A), membrane peroxidation (B) and reduced pyridine 
nucleotides (C) after t-BuOOH exposure among three 
age groups. *p < .05, **p < .01 compared with age group 20- 
30; tp < .05, tfp < .01 compared with age group 45--65. 
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in Figure 3B, t-BuOOH also caused reductions in 
the fluor-DHPE fluorescence, indicating 
increased peroxidation of cell and organelle 
membranes. However, only monocytes showed 
significant age-dependent changes. 

Reduced Pyridine Nucleotide and 
Mitochondrial Redox Status 

t-BuOOH caused a decline of leukocyte intrinsic 
fluorescence excited by 325-nm UV light (Figure 
3C). Though less prominent, the decline still 
showed significant age-dependent alterations 
(p < .05 by ANOVA in the three leukocyte sub- 
populations, respectively). Leukocytes from 
group 3 subjects had the lowest intrinsic fluor- 
escence after t-BuOOH treatment. 

DISCUSSION 

The accumulation of oxidative damage to pro- 
teins or DNA is hypothesized to play a key role 
in the aging process. A heightened rate of ROS 
generation and an increase in the susceptibility 
of tissues or cells to oxidative stress may account 
for this phenomenon. [131 Age-related changes in 
plasma antioxidant molecules and the effects 
of antioxidants on the functions of immune 
cells [12'22'231 have been evaluated previously, but 
few studies investigated the age-related altera- 
tions in the oxidant-resisting ability of immune 
cells. The present study is the first demonstra- 
tion of the effect of age on the oxidant-induced 
mitochondrial dysfunctions in peripheral blood 
leukocytes in humans. The results may shed a new 
light on the pathogenesis of immunosenescence 
of elderly individuals. 

Contrary to in vitro cell line studies, caution 
must be taken in interpreting the alterations of 
leukocyte function in the present clinical invest- 
igation. It is not due to the changes of the same 
cell population, but due to leukocyte subpopu- 
lational changes. This is especially relevant in 
the measurement of A~b~, as the variation in 

mitochondria mass may alter the fluorescent 
intensity of other fluorochromes such as rhod- 
amine 123 or DiOC6 and, thus, interfere with 
the interpretation of A~bm. The use of the ratio 
between red and green fluorescence of JC-1 ob- 
viously obviated the above problem and proved 
to be a better estimation of A~bm due to its 
excellent correlation with that which is meas- 
ured by using electrochemical method. [15I 

Age-related mitochondrial dysfunction has 
been demonstrated in muscle cells, nerve, and 
hepatocytes, t3"41 A decline in A~m has been 
reported in hepatocytes, [sl fibroblasts, I241 and 
lymphocytes, [161 but not in epithelial cells. [251 In 
the present study, we did not find an age- 
dependent decline in A~bm in the three subsets 
of peripheral blood leukocytes. There is no 
clear explanation for this discrepancy, but it is 
possible that cell types with rapid turnover such 
as epithelial cells or blood cells may be able to 
remove damaged mitochondria before pheno- 
typic changes occur. Probably for the same rea- 
son, the mitochondria mass, as measured by cell 
cardiolipin content, did not differ among differ- 
ent age groups. 

t-BuOOH is an analogue of short-chain lipid 
hydroperoxides formed during oxidative stress. I261 
The mechanisms by which t-BuOOH induce 
mitochondrial PT have previously been invest- 
igated in hepatocytes. [27"281 Upon exposure to 
t-BuOOH, membrane lipids and mitochon- 
dria pyridine nucleotides (NADH and NADPH) 
become rapidly peroxidized, as confirmed by 
the decline in the fluor-DHPE and intrinsic fluo- 
rescence of leukocytes (Figure 3). The susceptibi- 
lity of leukocytes to oxidation increased with age 
as the changes of both markers became more 
prominent in older groups. The oxidation of 
mitochondrial pyridine nucleotides may in turn 
trigger the opening of the redox-sensitive PT 
pores by oxidizing dithiols in its structure. [1°'2sl 
PT pores opening will cause mitochondria depo- 
larization and impairment of ATP formation, 
which eventually lead to cell deenergization 
and dysfunction. 
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Several previous investigations proposed that 
the opening of mitochondria PT pores was select- 
ively blocked by CSA, by inhibiting the enzymic 
activity of cyclophilin-D, a constitutive compon- 
ent of the PT pore. I291 In the present study, CSA 
completely restored A~bm in PMN in all age 
groups, corroborating the paradigm that mito- 
chondrial PT contributes to the mitochondrial 
depolarization induced by oxidative injury. In 
contrast, CSA only partially restored A~bm in 
monocytes and lymphocytes. It is possible that 
alternative mechanisms, such as the oxidation of 
carrier molecules in the respiratory chain that 
may hamper respiratory coupling, may also con- 
tribute to the oxidant-related mitochondrial 
depolarization. Another finding worth mention- 
ing is that the recovery effect of CSA on A~m 
became attenuated in older subjects (Figure 2B 
and 2C). Another plausible explanation would be 
the age-related attenuation in the functional act- 
ivity of adenine nucleotide translocase (ANT). I3°1 
ANT is one of the major constituents of mito- 
chondrial PT pore complex. I1°1 The decrease in 
ANT activity in older subjects may aggravate 
oxidant-induced mitochondrial depolarization 
either by promoting PT pore opening or by 
giving rise to decreased availability of ADP in 
mitochondria, leading to a depression of state 3 
respiration and ATP synthesis. 

As consistent with previous reports, I8J mito- 
chondria oxidant production was higher in leu- 
kocytes from older subjects (Figure 1C), which 
might be a reflection of an impaired coupling of 
mitochondrial electron transport to ATP produc- 
tion. A plausible explanation is that the age- 
related mitochondrial DNA mutagenesis may 
lead to inhibition of the electron transport chain, 
which in turn leads to increased superoxide gen- 
eration by reaction of ubisemiquinone radical 
with molecular oxygen. [4] The age-dependent 
decrease in the mitochondrial ANT activity 
may also promote mitochondrial ROS genera- 
tion due to enhanced autoxidizability of electron 
transport molecules. [311 Furthermore, older indi- 
viduals showed more increase in leukocyte DCF 

fluorescence after exposure to t-BuOOH, which 
was shown to be solely due to ROS generation in 
mitochondria. [2sl A greater magnitude of mito- 
chondrial pyridine nucleotide loss and increased 
probability of PT pore opening, which in itself 
promotes ROS formation, I321 in the leukocytes 
from older subjects may contribute to this phe- 
nomenon. 

In conclusion, our results support the view 
that the bioenergetic functions of leukocyte 
mitochondria are more susceptible to oxidative 
injury in aged individuals. More inducible 
mitochondrial PT and increased mitochondrial 
oxidant formation may have causal relation- 
ships with this phenomenon. The decreased 
ability of leukocytes to resist oxidative stress 
may be responsible for immunosenescence in 
humans. 

Acknowledgements 

This project was supported, in part, by grant 
VAC 89-258 from Taipei Veterans General 
Hospital and by NSC 89-2413-H-154-001 from 
the National Science Council, Taiwan. We wish 
to express our appreciation to Ms. Mei-Chun 
Huang for her technical support. 

Re ferences  

[1] C. Wenisch, S. Patruta, F. Daxb6ck, R. Krause and W. H6rl 
(2000) Effect of age on human neutrophils function. Jour- 
nal of Leukocyte Biology, 67, 40-45. 

[2] J.J. Proust, C.R. Filbrun, S.A. Harrison, M.A. Buchholz 
and A.A. Nordin (1987) Age-related defect in signal 
transduction during lectin activation of murine T lym- 
phocytes. Journal of Immunology, 139, 1472-1475. 

[3] R.S. Sohal (1993) Aging, cytochrome oxidase activity, and 
hydrogen peroxide release by mitochondria. Free Radical 
Biology and Medicine, 4, 583-588. 

[4] G.A. Cortopassi and A. Wong (1999) Mitochondria 
in organismal aging and degeneration. Biochimica et Bio- 
physica Acta, 1410, 183-193. 

[5] E. Wang, A. Wong and G. Cortopassi (1997) The rate 
of mitochondrial mutagenesis is faster in mice than 
humans. Mutation Research, 377, 157-166. 

[6] E. Byrne (1992) Dennett. Respiratory chain failure in 
adult muscle fibers: relationship with ageing and 
possible implications for the neuronal pool. Mutation 
Research, 275, 125-131. 

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.



AGE-RELATED MITOCHONDRIAL DEPOLARIZATION 403 

[7] H. Rottenberg and S. Wu (1997) Mitochondrial dysfunc- 
tion in lymphocytes from old mice: enhanced activation 
of the permeability transition. Biochemical and Biophysical 
Research Communications, 240, 68-74. 

[8] T.M. Hagen, D.L. Yowe, J.C. Bartholomew, C.M. Wehr, 
K.K. Do, J.Y. Park and B.N. Ames (1997) Mitochondrial 
decay in hepatocytes from old rats: membrane potential 
declines, heterogeneity, and oxidants increase. Proceed- 
ings of the National Academy of Sciences of the United States 
of America, 94, 3064-3069. 

[9] C. Pieri, R. Recchioni and F. Moroni (1993) Age-depend- 
ent modifications of mitochondrial trans-membrane 
potential and mass in rat splenic lympbocytes during 
proliferation. Mechanisms of Ageing and Development, 70, 
201-212. 

[10] M. Crompton (1999) The mitochondrial permeability 
transition pore and its role in cell death. Biochemical 
Journal, 341, 233-249. 

[11] B.V. Chernyak and P. Bernardi (1996) The mitochondrial 
permeability transition pore is modulated by oxidative 
agents through both pyridine nucleotides and glu- 
tathione at two separate sites. European Journal of Bio- 
chemistry, 238, 623-630. 

[12] M.D. Ferr~dez, R. Correa, M. Del Rio and M. De La 
Fuente (1999) Effects in vitro of several antioxidants on 
the natural killer function of aging mice. Experimental 
Gerontology, 34, 675-685. 

[13] R.S. Sohal (1993) The free radical hypothesis of aging: an 
appraisal of the current status. Aging-Clinical and Experi- 
mental Research, 5, 3-17. 

[14] K.A. Muirhead, P.K. Wallace, T.C. Schmitt, R.L. Fresca- 
tore, J.A. Franco and P.K. Horan (1986) Methodological 
considerations for implementation of lymphocyte subset 
analysis in a clinical reference laboratory. Annals of the 
New York Academy of Science, 468, 113-127. 

[15] A. Cossarizza, D. Ceccarelli and A. Masini (1996) Func- 
tional heterogeneity of an isolated mitochondrial popu- 
lation revealed by cytofluorometric analysis at the single 
organelle level. Experimental Cell Research, 222, 84-94. 

[16] H. Rottenberg and S. Wu (1997) Mitochondrial dysfunc- 
tion in lymphocytes from old mice, enhanced activation 
of the permeability transition. Biochemical and Biophysical 
Research Communications, 240, 68-74. 

[17] A. Maftah, J.-M. Petite, M.-H. Ratinaud and R. Julien 
(1989) 10-N Nonyl-acridine orange: a fluorescent probe 
which stains mitochondria independently of their 
energetic state. Biochemical and Biophysical Research 
Communications, 164, 185-190. 

[18] S.L. Hempel, G.R. Buettner, Y.Q. O'Malley, D.A. Wessels 
and D.M. Flaherty (1999) Dihydrofluorescein diacetate 
is superior for detecting intraceUular oxidants, compar- 
ison with 2r,7r-dichiorodihydrofluorescein diacetate, 5 
(and 6)-carboxy-2'7'-dichlorodihydrofluorescein diace- 
rate, and dihydrorhodamine 123. Free Radical Biology 
and Medicine, 27, 146-159. 

[19] G. Maulik, A.I. Kassis, P. Savvides and G.M. Makrigior- 
gos (1998) Fluoresceinated phosphoethanolamine for 
flow-cytometric measurement of lipid peroxidation. Free 
Radical Biology and Medicine, 25, 645-653. 

[20] H. Sies, C. Gerstenecker, H. Menzel and L. Flohe (1972) 
Oxidation in the NADP system and release of GSSG 
from hemoglobin-free perfused rat liver during perox- 
idatic oxidation of glutathione by hydroperoxides. FEBS 
Letters, 27, 171-175. 

[21] M.A. Qwens and M.W. Loken (1995) Flow cytometry prin- 
ciples for clinical laboratory practice. Wiley-Liss, New York. 

[22] R.T. Aejmelaeus, P. Holm, U. Kaukinen, T.J. Mets~i- 
Ketel~i, P. Laippala, A.L. Hervonen and H.E. Alho (1997) 
Age-related changes in the peroxyl radical scavenging 
capacity of human plasma. Free Radical Biology and 
Medicine, 23, 69-75. 

[23] M. Del Rio, G. Ruedas, S. Medina, V.M. Victor and M. 
De La Fuente (1998) Improvement by several antiox- 
idants of macrophage function in vitro. Life Science, 63, 
871-881. 

[24] A.O. Martinez, C. Vara and J. Castro (1987) Increased 
uptake and retention of rhodamine 123 by mitochondria 
of old human fibroblasts. Mechanisms of Ageing and Devel- 
opment, 39, 1-9. 

[25] A. Maftah, M.H. Ratinaud, M. Dumas, F. Bonte, 
A. Meybeck and R. Julien (1994) Human epidermal cells 
progressively lose their cardiolipins during ageing with- 
out change in mitochondrial transmembrane potential. 
Mechanisms of Ageing and Development, 77, 83-96. 

[26] A.-L. Nieminen, A.K. Saylor, S.A. Tesfai, B. Herman and 
J.J. Lemasters (1995) Contribution of the mitochondrial 
permeability transition to lethal injury after exposure 
of hepatocytes to t-butylhydroperoxide. Biochemistry 
Journal, 307, 99-106. 

[27] N. Masaki, M.E. Kyle and J.L. Farber (1989) tert-butyl 
hydroperoxide kills cultured hepatocytes by peroxidiz- 
ing membrane lipids. Archives of Biochemistry and Biophy- 
sics, 269, 390-399. 

[28] A.-L. Nieminen, A.M. Byrne, B. Herman and J.J. Lemas- 
ters (1997) Mitochondrial permeability transition in 
hepatocytes induced by t-BuOOH: NAD(P)H and react- 
ive oxygen species. American Journal of Physiology, 272, 
C1286-C1294. 

[29] A.P. Halestrap and A.M. Davidson (1990) Inhibition of 
Ca2+-induced large-amplitude swelling of liver and 
heart mitochondria by cyclosporin is probably caused by 
the inhibitor binding to mitochondrial-matrix peptidyl- 
prolyl cis-trans isomerase and preventing it from 
interacting with the adenine nucleotide translocase. 
Biochemistry Journal, 268, 153-160. 

[30] L.J. Uan and R.S. Sohal (1998) Mitochondrial adenine 
nucleotide translocase is modified oxidatively during 
aging. Proceedings of the National Academy of Sciences of 
the United States of America, 95, 12896-12901. 

[31] L.A. Esposito, S. Melov, A. Panov, B.A. Cottrell and D.C. 
Wallace (1999) Mitochondrial disease in mouse results 
in increased oxidative stress. Proceedings of the National 
Academy of Sciences of the United States of America, 96, 
4820--4825. 

[32] A.J. Kowaltowski, R.F. Castitho and A.E. Vercesi (1995) 
Ca2+-induced mitochondrial membrane permeabiliza- 
tion: role of coenzyme Q redox state. American Journal 
of Physiology, 269, C141-C147. 

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.


