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The Role of Phase II Antioxidant Enzymes in Protecting

Memory T Cells from Spontaneous Apoptosis in Young and

Old Mice1

Hyon-Jeen Kim and Andre E. Nel2

Aging is associated with a functional decline and change in the phenotypic distribution of T cell subsets. The free radical theory

of aging is widely promoted as the mechanistic basis for cellular senescence, including the immune system. Although the exact

molecular explanation for the role of oxidative stress in cellular senescence is unclear, there is a connection to altered mitochon-

drial function, both as a contributor and as a target of oxidative stress. In this study we demonstrate that splenic T lymphocytes

from old C57BL/6 mice exhibit a significant decline in mitochondrial membrane potential (��m). However, despite this change,

there is a lower rate of withdrawal apoptosis in the memory CD4� and CD8� T cells. To explain the survival of these long-lived

cells against a background of increased oxidative stress, we demonstrate increased glutathione production and phase II enzyme

expression, which combine to protect memory T cells against oxidative stress, mitochondrial dysfunction, and cell death. The

accumulation of memory T cells with aging explains higher phase II enzyme expression in CD4� and CD8� T cells from old mice.

Compared with wild-type mice, mice lacking the expression of NF-E2-related factor-2, the transcription factor that regulates phase

II enzyme expression, had a significantly enhanced rate of apoptosis in the presence of an oxidative stress stimulus. NF-E2-related

factor-2-deficient T cells exhibit a bigger decline in ��m and increased reactive oxygen species production than cells from wild-

type animals. Taken together, we suggest that phase II enzyme expression and the accompanying increase in intracellular thiol

levels protect memory T cells from mitochondrial dysfunction and spontaneous apoptosis. The Journal of Immunology, 2005, 175:

2948–2959.

A
ging leads to a decline in the ability to mount a rigorous

T cell response to newly encountered as well as recall

Ags (1, 2). This decline manifests as a decrease in de-

layed-type hypersensitivity responses, diminished ability to re-

spond to vaccination, and increased susceptibility to virulent viral

and mycobacterial infections (1–4). This decline in cellular func-

tion occurs in parallel with changes in the T cell composition,

cytokine production, altered ability of T cells to respond to TCR

ligation, and altered regulation of programmed cell death (5–7).

This includes a shift from a predominantly naive to a predomi-

nantly memory phenotype in rodents and humans (1, 8). This

transformation is the result of ongoing immune challenge by in-

fectious agents that promote T cell activation and the acquisition of

a memory T cell phenotype (9). Due to homeostatic regulation that

is aimed at keeping a constant T cell number, the slow accumu-

lation of memory cells leaves “less space” for naive T cells (8).

This leads to decline in the naive T cell numbers and lessens the

ability of the elderly to respond to neo-Ags (8, 10).

These age-related changes in the immune system take place

against the backdrop of increased levels of oxidative stress, which

constitutes one of the key driving forces of aging (11). Although

there are several potential sources of oxidative stress, the mito-

chondrion is of particular importance. This organelle develops cu-

mulative problems with electron transport and proton pump activ-

ity during aging, leading to excessive production of reactive

oxygen species (ROS)3 (11–15). In addition to serving as a source

for ROS production, mitochondria are targeted by oxygen radicals,

leading to further interference in their function (16). Ultimately,

this could impact cellular viability due to decreased ATP produc-

tion as well as the release of proapoptotic factors that initiate

caspase 9 activation (15, 16). An extensive literature details the

changes in cellular survival and apoptosis with aging (17–20).

However, the literature for T cells is confusing because evidence

has been provided for both increased as well as decreased rates of

programmed cell death (21–25). Although this apparent paradox

could be due to the use of different stimuli and methods to assess

apoptosis, it should be considered that memory and naive T cells

exhibit different life spans and could be differently impacted by

oxidative stress (21).

Oxidative stress refers to a state in which the production of ROS

overwhelms the ability of antioxidant defense pathways to main-

tain redox equilibrium in the cell (26). Antioxidants are comprised

of small and large molecules, among which glutathione (GSH) is

representative of the low m.w. substances (26, 27). GSH is tri-

peptide that plays a role in ROS scavenging in addition to using its
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thiols to protect cysteine groups from oxidative damage (28). This

includes protection of the vicinal thiol groups located in the mi-

tochondrial permeability transition pore (PTP) (29). In the course

of protecting against oxidative stress, GSH is converted to a dithiol

derivative, such that a decline in the cellular GSH/GSH dithiol

derivative ratio serves as a parameter for oxidative stress (28, 30).

Large molecular antioxidants include classical antioxidant en-

zymes, such as superoxide dismutase (SOD), catalase (CAT), glu-

tathione peroxidase (GPx), glutathione reductase (GR), and �-glu-

tamate cystein ligase (�-GCL). Their activity is bolstered by the

detoxification and antioxidant activity of GST and NADPH qui-

none oxidoreductase (NQO-1) as well as the enzyme responsible

for heme catabolism, heme oxygenase 1 (HO-1) (26–28, 31). Col-

lectively, these are known as phase II enzymes, which in addition

to defense against oxidative stress, use a common transcription

factor and gene expression pathway (31, 32). Transcriptional ac-

tivation of phase II promoters requires occupancy of the antioxi-

dant response element (ARE) by the basic region-leucine zipper

transcription factor, NF-E2-related factor-2 (Nrf2) (31, 32). More

recently, Nrf2 has also been shown to play a role in the regulation

of cellular apoptosis (33).

In this communication we explore the roles of antioxidant en-

zymes and GSH in preventing programmed cell death and mito-

chondrial function in the memory and naive T cell subsets in

young and old mice. This investigation was sparked by the obser-

vation that memory T cells exhibit a lower mitochondrial mem-

brane potential (��m) in aged mice, yet show a reduced rate of

withdrawal apoptosis. We hypothesized that in order for memory

T cells to protect themselves against a higher rate of oxidative

stress and mitochondrial dysfunction during aging, these cells need

a strengthened antioxidant defense. Our data demonstrate in-

creased intracellular thiol levels and phase II enzyme expression in

splenic T cells from old compared with young mice, especially in

the CD44high T cell subsets. We demonstrate that Nrf2 plays a key

role in initiating these protective responses, and that the deficiency

of this transcription factor sensitizes memory T cells from younger

animals to undergoing apoptosis and mitochondrial dysfunction in

the presence of oxidative stress.

Materials and Methods
Mice

Male C57BL/6 (B6) mice were used in this study. Young (4-wk-old) mice
were obtained from The Jackson Laboratory; old (18-mo-old) mice were
purchased from the National Institute of Aging colony. These animals were
killed at the ages of 2–4 and 19–21 mo, respectively, to compare the T cell
responses in young and old mice. To study the role of Nrf2 regulation, 2-
to 3-mo-old Nrf2�/� and Nrf2�/� mice were used. These animals, which
were initially obtained from Dr. Y. Kan (University of California, San
Francisco, CA) (34), were backcrossed onto a C57BL/6 background for six
generations. Mice were housed at the Division of Laboratory Animal Med-
icine vivarium at the University of California at Los Angeles.

Reagents

RPMI 1640 and FCS were obtained from Mediatech and Irvine Scientific,
respectively. Nylon wool fiber columns were obtained from Polysciences.
The CD4� T cell isolation kit was purchased from Miltenyi Biotec. The
Annexin VFITC kit was obtained from Trevigen. Annexin V-allophycocya-
nin was obtained from BD Pharmingen, and 7-aminoactinomycin D (7-
AAD) was purchased from Calbiochem. Monobromobimane (MBB), 3,3�-
dihexyloxabarbocyanine iodide (DiOC6), and hydroethidine (HE) were
purchased from Molecular Probes. N-acetylcysteine (NAC) and sulfora-
phane (SFN) were obtained from Sigma-Aldrich. Abs used to stain cells for
CD4, CD8�, and CD44 were obtained from BD Pharmingen. Anti-HO-1
mAb was purchased from Stressgen. Anti-�-actin mAb was obtained from
Santa Cruz Biotechnology. Biotinylated swine anti-rabbit and rabbit anti-
goat Abs were obtained from DakoCytomation. ECL reagents were pur-
chased from Pierce. Primers for real-time PCR (see below) were purchased

from E-Oligos. All organic solvents used were of Fisher Optima grade, and
the solid chemicals were of analytical reagent grade.

Purification of T cells with nylon-wool columns

The spleens were aseptically removed for the preparation of a single-cell
suspension. RBC were lysed with ammonium chloride. After washing with
PBS and complete medium (see below), T cells were purified through the
use of nylon-wool fiber columns, according to the manufacturer’s recom-
mendations. Briefly, columns were washed with complete medium and
incubated at 37°C for 1 h. Each 4-ml column was loaded with splenocytes
obtained from individual animals. After incubation at 37°C for 1 h, the
nonadherent cells were eluted in a 30-ml wash. After additional washing,
these cells were resuspended in complete medium, and their viability was
assessed by trypan blue staining.

Cellular culture conditions and stimulation

Nylon wool-purified spleen T cells were resuspended in standard RPMI
1640 tissue culture medium supplemented with 10% FCS, 1% penicillin/
streptomycin, and 1% glutamine at 106 cells/ml and subsequently cultured
in 24-well plates for 1 day. For stimulation, cells were cultured in the
presence of 20 mM NAC, 6 �M SFN, or 0.2 �M diethyl maleate (DEM).
All cultures were conducted in 5% CO2 in a humidified incubator at 37°C.

Magnetic bead separation of CD4� T cells and fluorescence

sorting of CD4�/CD44low and CD4�/CD44high T cells

Magnetic cell sorting was performed as previously described (35). This
involved negative CD4� enrichment by an isolation kit that depletes non-
CD4� T cells according to the manufacturer’s instructions. Briefly, the
autoMACS (Miltenyi Biotec) system was used to separate unlabeled from
labeled cells by the sequential addition of the biotin-Ab mixture and anti-
biotin microbeads. After elution of the CD4� population, their purity was
confirmed by flow cytometry. For purification of the respective CD4�/
CD44low and CD4�/CD44high subsets, the negatively selected CD4� cell
population was stained with FITC-conjugated anti-CD44 Ab (2 �g/107

cells) and PE-conjugated anti-CD4 Ab (2 �g/107 cells). After incubation in
staining buffer (PBS, 2% FCS, and 0.1% sodium azide) at 4°C for 30 min
in the dark, cells were washed and sorted in a FACSVantage fluorescence
sorter (BD Biosciences). Aliquots of the fractionated CD4�/CD44low and
CD4�/CD44high populations were counted and used for assessing their
purity by flow cytometry.

Multicolor flow cytometry

Three-color flow cytometry to assess 7-AAD, DiOC6, or MBB fluores-
cence in CD4/CD8 as well as CD44high/CD44low subsets was performed as
follows. Nylon wool purified splenic T cells (106) were initially stained
with a combination of either PE-conjugated anti-CD4 or anti-CD8� Abs
(0.2 �g) plus FITC- or PE-Cy5-conjugated anti-mouse CD44 Abs (0.2 �g)
at 4°C in staining buffer for 30 min in the dark. After washing, cells were
further stained with 7-AAD, DiOC6, or MBB as described below. Samples
were analyzed in an LSR flow cytometer (BD Biosciences) using the fol-
lowing excitation and emission settings: FITC, 488 and 530 nm (FL-1
channel); PE, 488 and 575 nm (FL-2 channel); and PE-Cy5, 488 and 670
nm (FL-3 channel). Multicolor flow cytometry to assess DiOC6 and HE
fluorescence in total T cells or CD4/CD8 and CD44high/CD44low subsets
was performed as follows. Cell staining with either PE-conjugated anti-
CD4 or anti-CD8� Abs (0.2 �g) plus allophycocyanin-conjugated anti-
mouse CD44 Abs (0.2 �g) was performed as described above, followed by
the addition of DiOC6 and HE as described below. Samples were analyzed
in a FACSCalibur flow cytometer (BD Biosciences) using the following
excitation and emission settings: DiOC6, 488 and 530 nm (FL-1 channel);
PE, 488 and 575 nm (FL-2 channel); HE, 488 and 670 nm (FL-3 channel);
and allophycocyanin, 488 and 661 nm (FL-4 channel). For both protocols,
a minimum of 20,000 events were collected and analyzed with Cell-Quest
software. Forward and side scatters were used to gate out cellular
fragments.

Detection of apoptosis by annexin V/propidium iodide (PI)

staining

Nylon-wool-purified T cells (106/ml) were cultured for 1 day in complete
medium. After washing in PBS, the cell pellets were resuspended in 100 �l
of binding buffer containing 0.025 �g of annexin V-FITC and 4.75 �g of
PI for 15 min at room temperature, according to the manufacturer’s rec-
ommendations. Cells were immediately analyzed in a LSR flow cytometer.
FITC-conjugated annexin V and PI were analyzed at an excitation setting
of 488 nm, and the emissions were assessed at 530 nm (FL-1 channel) and

2949The Journal of Immunology
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575 nm (FL-2 channel), respectively. To assess cell death in DiOC6/HE-
stained cells (see below), flow cytometry was performed by introducing 5
�l of annexin V-allophycocyanin to 105 cells in 100 �l of 1� binding
buffer. After incubation at room temperature for 15 min in the dark, cells
were analyzed in the FACSCalibur instrument. Annexin V-allophycocya-
nin fluorescence was assessed at excitation and emission settings of 488
and 661 nm (FL-4 channel), respectively.

Detection of apoptosis by 7-AAD staining

7-AAD is a fluorescent dye that intercalates into DNA and is useful for
measuring apoptosis in lymphoid cells (36). Use of this protocol allows for
the identification of live (7-AADdull), early apoptotic (7-AADint), and late
apoptotic/necrotic (7-AADbright) cells (37–39). Briefly, nylon-wool-puri-
fied splenic T cells were cultured for 1 day in 1 ml of medium in 24-well
plates. After staining with anti-CD4, anti-CD8�, and anti-CD44 Abs as
described above, cells were washed in staining buffer and incubated with
10 �g/ml 7-AAD at 4°C for 20 min in the dark. Cells were immediately
analyzed in a LSR flow cytometer, using excitation and emission settings
of 488 and 670 nm (FL-3 channel), respectively.

Assessment of ��m and ROS production

��m was quantified using DiOC6, a positively charged fluorophore that
accumulates in the mitochondrion. After staining of CD4/CD8� and CD44
as described above, cells were suspended in 1 ml of serum-free medium
with 20 nM DiOC6. After 30-min incubation at 37°C, the cells were ana-
lyzed in a LSR flow cytometer using excitation and emission wavelengths
of 488 and 530 nm (FL-1 channel), respectively. This assessment was
combined with staining for HE, a fluorophore that is converted to hydro-
ethidium, mostly by superoxide. Dual DiOC6/HE fluorescence was per-
formed by including 1 �M HE in the incubation mixture for 30 min at
37°C. DiOC6 and HE were analyzed in the FACSCalibur at an excitation
setting of 488 nm, and the emissions were assessed at 530 nm (FL-1 chan-
nel) and 670 nm (FL-3 channel), respectively.

Measurement of intracellular thiols

Intracellular thiol levels in T cell subsets were measured using MBB (40,
41). Working solutions of MBB (1 mM) in PBS were made up freshly from
a 40 mM MBB stock solution in DMSO (stored at �80°C). After surface
staining for CD4/CD8� and CD44 as described above, T cells were resus-
pended in PBS at a concentration of 106 cells/ml. MBB was added to a final
concentration of 40 �M and incubated at room temperature for 10 min.
MBB fluorescence was excited by the UV laser tuned to 325 nm, and
emission was measured at 510 nm (FL-4 channel) in the LSR flow
cytometer.

RNA isolation from T cells

Total RNA was extracted from T cells using the Ultraspec RNA isolation
system (Biotecx Laboratories) according to the manufacturer’s recommen-
dations. Contaminating DNA was removed using a DNA-free kit (Am-
bion). Total RNA was spectrophotometrically quantitated. A 1-�g RNA
sample was reverse transcribed using the iScript cDNA Synthesis kit (Bio-
Rad). The cDNA template was stored at �40°C.

Real-time RT-PCR to quantitate phase II enzyme and Nrf2

mRNA expression

PCR was conducted with an iQ SYBR Green Supermix (Bio-Rad) using an
iCycler (Bio-Rad) according to the manufacturer’s instructions. The prim-
ers, which were designed using the Primer3 website (�www-genome.wi.
mit.edu/cgi-bin/primer/primer3_www.cgi�), are as follows (42): 1) HO-1,
forward, 5�-CACGCATATACCCGCTACCT-3�, and reverse, 5�-CCA
GAGTGTTCATTCGAGCA-3�; 2) NQO-1, forward, 5�-TTCTCTGGC
CGATTCAGAGT-3�, and reverse, 5�-GGCTGCTTGGAGCAAAATAG-
3�; 3) GPx, forward, 5�-GTCCACCGTGTATGCCTTCT-3�, and reverse,
5�-TCTGCAGATCGTTCATCTCG-3�; 4) �-GCLR, forward, 5�-TGGA
GCAGCTGTATCAGTGG-3�, and reverse, 5�-AGAGCAGTTCTTTC
GGGTCA-3�; 5) CAT, forward, 5�-GAGACCTGGGCAATGTGACT-3�;
reverse, 5�-GTTTACTGCGCAATCCCAAT-3�; 6) �-actin, forward, 5�-
AGCCATGTACGTAGCCATCC-3�, and reverse, 5�-CTCTCAGCTGTGG
TGGTGAA-3�; and 7) Nrf2, forward, 5�-CTCGCTGGAAAAAGAAG
TGG-3�, and reverse, 3�-CCGTCCAGGAGTTCAGAGAG-5�. The final
PCR mixture contained 1 �l of cDNA template and 400 nM of the forward
and reverse primers in a final volume of 25 �l. Samples were run concur-
rently with standard curves derived from PCR products, and serial dilutions
were performed to obtain appropriate template concentrations. �-Actin was
used as a reference gene for the recovery of RNA as well as RT efficiency.
Melting curve analysis was used to confirm specific replicon formation.

Western blotting

Whole T cell lysates were used to perform immunoblotting as described
previously (43). The protein concentration was determined using the Brad-
ford method. One hundred fifty micrograms of total protein was separated
by SDS-PAGE before transfer to polyvinylidene difluoride membranes.
HO-1 protein was detected by anti-HO-1 mAb at 0.3 �g/ml and rabbit
anti-mouse Ab conjugated to HRP according to the manufacturer’s instruc-
tions. Anti-�-actin Ab was used at 1 �g/ml. Biotinylated swine anti-rabbit
Ab (1/1,000) was used as secondary Ab, followed by HRP-conjugated
avidin-biotin complex (1/10,000). Blots were developed with the ECL re-
agent according to the manufacturer’s instruction.

Statistical analysis

Results were expressed as the mean 	 SD and analyzed by Student’s t test.
All differences of p 
 0.05 were considered significant.

Results
Aging is associated with a lower rate of spontaneous apoptosis

in the memory T cell subset in C57BL/6 mice

Although aging is associated with a change in T cell survival, it is

still controversial whether this amounts to increased or decreased

rates of apoptosis (21, 22). The use of annexin V/PI staining to

evaluate spontaneous apoptosis in T cells, 1 day after the removal

of spleens of young (2–4 mo) and old (19–21 mo) mice, revealed

a significant increase in the percentage of live (annexin V�/PI�)

and a significant decrease in the percentage of apoptotic (annexin

V�/PI�) cells from old mice (Fig. 1). This difference remained

statistically different over an observation period of up to 3 days, at

which stage the rate of apoptosis in young T cells approached

100% (data not shown).

FIGURE 1. Age-dependent differences in spontaneous apoptosis as de-

termined by annexin V/PI staining. Nylon wool-purified T cells from

young and old mice (n � 4 each) were cultured ex vivo for 1 day, then

prepared for flow cytometry as described in Materials and Methods. A,

Representative annexin V-FITC/PI profile from a young and an old animal.

The number in each quadrant refers to the percentage of cells in each

population. B, Flow data, expressed as a stack diagram. The data represent

the mean percentage of cells in each quadrant for all four animals in each

age group. The SD varied 
10% for each data point. The experiment was

repeated three times. �, p 
 0.05, young compared with old.

2950 ROLE OF PHASE II ENZYMES IN MEMORY T CELL APOPTOSIS
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Another approach to assessing apoptosis in T cell subsets is the

use of 7-AAD staining in combination with fluorescent Abs to

CD4, CD8�, and anti-CD44. When using a dual-color flow cy-

tometry protocol to assess cellular viability in unfractionated

CD4� and CD8� T cells, we found a significant increase in the

percentage of live (7-AADdull) cells in old compared with young T

cell subsets (Fig. 2A). At the same time, there was a statistically

significant decrease in the percentage of 7-AADint and 7-AADbright

cells in old compared with young animals (Fig. 2B). These repre-

sent early and late apoptotic cells, respectively (37–39).

When using a three-color approach to assess the rates of cell

death in CD44high and CD44low T cell subsets, we observed even

greater differences between young and old animals (Fig. 2C).

We found a statistically significant increase in the rate of cell

death in CD44high T cells from young compared with old ani-

mals in both CD4� and CD8� subsets (Fig. 2C). The same was

true for the CD8�/CD44low, but not the CD4�/CD44low, subset

(Fig. 2C).

Taken together, these results show that T cells from old mice

have an increased resistance to spontaneous apoptosis compared

with those from young mice. This difference is especially notice-

able in CD44high subsets. A likely explanation for triggering spon-

taneous cell death is cytokine or growth factor withdrawal. This

idea is supported by a significant drop in the rate of apoptosis in

CD8� T cells by the inclusion of IL-15 in the culture medium (data

not shown). Although CD44 expression was increased in some

effector T cell subsets, for the purposes of this communication, we

will refer to the CD44high and CD44low subsets as memory and

naive T cells, respectively.

Aging is associated with decreased ��m in T cells from old mice

Growth factor withdrawal apoptosis is known to impact mitochon-

drial pathways that regulate lymphocyte and thymocyte viability

(44–46). Growth factor withdrawal also perturbs signaling path-

ways that regulate the open-closed status of the mitochondrial PTP

(46). In case of large-scale PTP transition, this can lead to the

release of proapoptotic factors, dissipation of the ��m, and ROS

generation (16). Aging exerts more subtle effects on the mitochon-

drion, including interference in inner membrane electron transduc-

tion, ROS generation, and effects on the threshold for PTP transi-

tion (16). To explore differences in the ��m in splenic T cells from

young and old animals, the fluorochrome, DiOC6, was used in

combination with fluorescent anti-CD44 and anti-CD4/CD8� Abs.

A representative experiment is shown in Fig. 3A, which demon-

strates a decreased ��m in T cells from old compared with young

mice. This difference holds true in the CD4� and CD8� subsets

(Fig. 3A). When comparing the mean fluorescence intensity (MFI)

for DiOC6 in the total T cell population as well as the CD4� and

CD8� subsets, there was a statistically significant decline in old

compared with young (n � 4) animals (Fig. 3B). Additional break-

down into CD44high and CD44low cells showed that aging had a

greater effect on the CD44high than the CD44low subset (Fig. 3C).

One of the key theories of aging is that mitochondrial dys-

function and ROS production are responsible for cellular se-

nescence (11, 15). To assess ROS production concomitant with

��m, we used dual-color DiOC6/HE staining (47). HE is con-

verted to a hydroethidium by ROS, particularly O2
�. This de-

lineated three phenotypically different populations: DiOC6
high/

HElow-, DiOC6
low/HElow-, and DiOC6

lowHEhigh-stained cells

(Fig. 4A) (47). When comparing the CD4� subsets from young

and old animals, the cells from old animals exhibited a statis-

tically significant increase in the percentage of DiOC6
low/HElow

cells (Fig. 4A). Additional breakdown into CD4�/CD44high and

CD4�/CD44low subsets showed that the DiOC6
low/HElow phe-

notype was significantly increased in the memory and naive

populations of old mice (Fig. 4A, middle and lower panels). In

FIGURE 2. Spontaneous apoptosis of T cell subsets as determined by a 7-AAD assay. Nylon-wool-purified T cells from young and old mice were

cultured ex vivo for 1 day. The cells were triple stained with PE-conjugated anti-CD4 or CD8� Abs, FITC-conjugated anti-CD44 Abs, and 7-AAD. A,

Representative 7-AAD staining profile for CD4� and CD8� subsets in a young and an old mouse. Scattergrams were generated by combining forward light

scatter (FSC) with 7-AAD fluorescence. Live, early, and late apoptotic cells were defined according to the level of 7-AAD staining, as indicated. Numbers

refer to the percentage of cells in each category. B, Comparison of the percentage (mean 	 SD) of total (early and late) apoptotic cells for young and old

mice (n � 4/group). C, Comparison of the percentage (mean 	 SD) of total apoptotic cells in the CD4�/CD44high, CD4�/CD44low, CD8�/CD44high, and

CD8�/CD44low subsets in young and old mice (n � 4/group). The experiment was repeated three times. �, p 
 0.05; ��, p 
 0.001 (young compared with old).
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contrast, the percentage of DiOC6
low/HEhigh cells was signifi-

cantly increased in the memory subset from young compared

with old animals ( p 
 0.01; Fig. 4A, middle panel). Alterna-

tively, if the number of DiOC6
low/HEhigh cells was expressed as

a percentage of the total T cells with a low ��m, there was a

statistically significant increase in these ROS-producing cells in

the CD4� as well as the corresponding CD4�/CD44high and

CD4�/CD44low subsets in young animals (Fig. 4B). Similar

data were obtained for the CD8� population (data not shown).

The DiOC6
high/HElow, DiOC6

low/HElow, and DiOC6
lowHEhigh

populations each represent a different state of cellular viability,

mitochondrial function, and ROS generation (47). Thus, the

DiOC6
high/HElow population has been depicted as viable cells with

normal ��m and negligible O2
� production (47). Using dexameth-

asone as a stimulus, Zamzami et al. (47) provided evidence that the

DiOC6
lowHElow population represents viable cells with reversible

mitochondrial dysfunction and negligible O2
� production,

whereas the DiOC6
lowHEhigh population represents apoptotic cells

with irreversible mitochondrial damage and O2
� production. To

demonstrate that this also holds true for splenic T cells undergoing

withdrawal apoptosis, we used annexin V staining to demonstrate

that the DiOC6
lowHEhigh phenotype includes mostly annexin V-

positive cells, whereas the DiOC6
high/HElow and DiOC6

low/HElow

populations include mostly annexin V-negative cells (Fig. 4C).

These data are in agreement with the higher rates of spontaneous

apoptosis in T cells from young animals (Figs. 1 and 2).

Evidence for altered GSH levels in T cells from young vs old mice

MBB reacts nonenzymatically with intracellular thiols to form a

fluorescent compound that can be assessed by flow cytometry (41).

Because GSH is the most abundant intracellular thiol source, MBB

fluorescence intensity closely mirrors the GSH content of mam-

malian cells (41). A representative MBB staining profile for CD4�

splenic T cells is shown in Fig. 5A (left panel). If further dissected

to discern the contributions of CD44high and CD44low subsets,

memory CD4� T cells show more intense MBB fluorescence than

naive CD4� cells (Fig. 5A, right panel). Using MFI to compare

young and old T cells, we observed a statistically significant in-

crease in the intracellular thiol levels in old animals (Fig. 5B). This

was true for total T cells as well as the CD4� and CD8� subsets

(Fig. 5B). The aging effect was especially pronounced in the

CD4�/CD44high and CD8�/CD44high subsets, but did not impact

the CD4�/CD44low and CD8�/CD44low subsets (Fig. 5C). The

data in Fig. 5C also show that memory T cells have a higher in-

tracellular thiol content than naive T cells subsets regardless of age

(Fig. 5C). This suggests that memory T cells have an increased

capacity to defend themselves against antioxidant defense. This

trend toward a higher GSH content is accentuated during aging.

Increased phase II mRNA expression in T cells from older animals

Intracellular GSH levels are regulated by a number of metabolic

processes, including enzymes that regulate the synthesis, break-

down, and conjugation of GSH. These include the �-GCLR reg-

ulatory subunit, GST, and GPx (48–50). The expression of these

enzymes is dependent on transcriptional activation of an ARE in

their promoters by the region-leucine basic zipper transcription

factor, Nrf2 (31). Nrf2 also contributes to the expression of HO-1,

CAT, and NQO-1 (31, 51, 52). Collectively, these phase II en-

zymes are responsible for GSH synthesis, ROS scavenging, and

conjugation of pro-oxidative chemicals (31, 32). To determine

whether the increase in GSH content is accompanied by increased

phase II enzyme expression, we performed a quantitative real-time

PCR analysis of T cells from young and old mice. The mRNA

expression profiles for HO-1, NQO-1, GPx, �-GCLR, and CAT

are shown in Fig. 6A. These demonstrate that old mice had a sta-

tistically significantly increase in HO-1, NQO-1, and GPx mRNA

FIGURE 3. Age-dependent dif-

ferences in ��m in total and T cell

subsets. Freshly isolated T cells were

stained for either CD4 or CD8�,

CD44, and DiOC6 as described in

Materials and Methods. A, Represen-

tative scattergram comparing total T

cells and CD4� and CD8� subsets in

a young and an old animal. The num-

bers refer to the percentage of cells in

each population. B and C, MFI cal-

culation for DiOC6 (mean 	 SD) for

four animals in each age group. The

experiment was repeated three times.

�, p 
 0.05, young compared with

old.
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expression, but did not show a significant change in �-GCLR and

CAT mRNA expression levels. The increase in HO-1 mRNA was

accompanied by increased HO-1 protein levels in T cells from old

compared with young animals (Fig. 6B). We also explored whether

treatment with SFN, which induces Nrf2 release to the nucleus,

will lead to quantitatively different responses in T cells from young

and old animals. Splenic T cells were cultured in the presence of

SFN for 1 day, and HO-1 mRNA expression was determined by

RT-PCR (Fig. 6C). This electrophilic chemical induced statisti-

cally significant increases in HO-1 mRNA expression in young as

well as old animals, with a bigger response differential in the latter

age group (Fig. 6C).

To determine whether similar findings hold true in the CD4�

subset, a negatively selected CD4� population was used for RNA

extraction and real-time PCR analysis (35). This demonstrated a

phase II expression profile very similar to that of the entire T cell

population (Fig. 6, A and D). Thus, the messages for HO-1,

NQO-1, and GPx, but not �-GCLR and CAT, were increased in

CD4� T cells from old compared with young animals (Fig. 6D).

The negatively selected CD4� cells were further subfraction-

ated into CD44high and CD44low subsets by fluorescence sorting.

This yielded CD4�/CD44high and CD4�/CD44low populations that

were �98% pure as demonstrated by two-color flow cytometry

(Fig. 7A). RT-PCR analysis showed that memory T cells express

significantly more HO-1, NQO-1, GPx, and CAT mRNA levels

than naive T cells regardless of age (Fig. 7B). Although �-GCLR

was significantly increased in memory T cells from young animals,

this increase was not statistically significant in old animals (Fig.

7B). Although the relative mRNA expression levels were not sig-

nificantly different in old vs young animals, memory T cell accu-

mulation with aging led to increased phase II enzyme expression in

the total T cell population as well as the CD4� subset in old an-

imals (Fig. 6, A and D)

Increased Nrf2 mRNA expression in memory CD4� T cells

Nrf2 plays an important role in phase II enzyme expression and

cellular defense against oxidative stress (31). Moreover, through

its regulation of antioxidant defense, Nrf2 also regulates apoptosis

induction by death receptors (53). Under basal conditions, Nrf2 is

sequestered in the cytosol by a chaperone, Keap I, which is re-

sponsible for the shuttling of this transcription factor to the 26S

proteosome (54, 55). This leads to continuous Nrf2 degradation

and a short half-life (54, 55). Under oxidative stress conditions,

Nrf2 is released from Keap I, leading to its escape from proteolytic

degradation (42). This leads to Nrf2 accumulation in the nucleus

and transcriptional activation of the ARE (42, 54, 55). In addition

to the regulation of Nrf2 abundance by proteosomal degradation,

this transcription factor autoregulates its own gene via the ARE in

its promoter (56, 57). A comparison of Nrf2 mRNA levels in

CD44high and CD44low T cells showed a significant increase in the

former compared with naive cells regardless of age (Fig. 7C).

However, relative expression levels did not change in either subset

with aging (Fig. 7C).

Evidence that Nrf2 influences spontaneous apoptosis by

regulating the GSH content of T cells

In Figs. 1, 2, and 5, we have demonstrated that T cells from old

mice exhibit a reduced rate of spontaneous apoptosis coupled with

FIGURE 4. Comparison of ��m

and ROS production in T cell subsets

from young and old animals by

DiOC6/HE staining. A, Freshly iso-

lated T cells from four young and

four old mice were stained with PE-

conjugated anti-CD4 and anti-CD44

Abs, DiOC6, and HE as described in

Materials and Methods. The left

panel shows a representative scatter-

gram for the total CD4� as well as

the CD4�/CD44high and CD4�/

CD44low subsets in a young and an

old animal. Definition of quadrants:

LL, DiOC6
low/HElow; UL, DiOC6

low/

HEhigh; LR, DiOC6
highHElow. The

number in each quadrant refers to the

percentage of cells in that popula-

tion. The right panel shows the cor-

responding percentage (mean 	 SD)

of cells in each quadrant for the four

animals in each age group. B, The

graph shows the percentage HEhigh

cells among T cells with a decreased

��m in the total CD4� as well as the

CD4�/CD44high and CD4�/CD44low

subsets in a young and an old animal.

�, p 
 0.05. C, Three-color flow cy-

tometry for DiOC6, HE, and annexin

V-allophycocyanin staining. Histo-

grams reflecting the percentage of

annexin V-positive cells in each

quadrant are shown.
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an increase in thiol levels. Furthermore, memory cells showed

higher GSH levels (Fig. 5) and a decreased rate of spontaneous

apoptosis compared with naive cells (Figs. 1 and 2). We asked,

therefore, whether an increase in GSH levels affects spontaneous

apoptosis. NAC is a thiol antioxidant that serves as a GSH pre-

cursor (58). Our data show that the increase in MBB staining (Fig.

8A) during NAC treatment is accompanied by a significant de-

crease in the rate of cell death in young as well as old animals (Fig.

8B). These data support the idea that increased intracellular thiol

levels protect against withdrawal apoptosis.

To provide proof-of-principle evidence that Nrf2 is involved in

T cell apoptosis under conditions of oxidative stress, splenic T

lymphocytes were purified from wild-type (Nrf2�/�) and Nrf2-

deficient (Nrf2�/�) mice (34) and incubated in the presence of

DEM, a chemical that depletes GSH. Apoptosis was assessed 24 h

later by 7-AAD staining. No significant change in the rate of ap-

optosis was seen under basal conditions. However, DEM induced

more cell death in Nrf2�/� compared with wild-type T cells (Fig.

9A). DEM treatment also induced a more precipitous decline in

intracellular thiol (MBB) levels in Nrf2�/� compared with wild-

type animals (data not shown). These results indicate that Nrf2

plays a role in controlling cell viability, and that knockout of this

transcription factor leads to an increased rate of cell death under

conditions of oxidative stress. Unfortunately, we did not have aged

Nrf2�/� mice to study the effects of aging in that setting.

To relate the onset of apoptosis to mitochondrial perturbation,

we used DiOC6/HE staining to examine freshly isolated T cells

from wild-type and Nrf2-deficient animals (Fig. 9, B and C). This

yielded the same phenotypes as those described in Fig. 4 (Fig. 9B).

Under basal conditions, there was a significant increase in the per-

centage of DiOC6
low/HEhigh cells in Nrf2�/� compared with

Nrf2�/� mice (Fig. 9, B and C). Additional analysis of the effects

FIGURE 5. Assessment of intracellular thiol levels in T cells using

MBB staining and flow cytometry. Nylon-wool-purified T cells were

stained with Abs to CD4 or CD8�, and CD44. Cells were stained with 40

�M MBB as described in Materials and Methods. A, The histogram shows

a representative analysis of CD4�, CD4�/CD44high, and CD4�/CD44low

cells from a randomly chosen old animal. B and C, MBB staining of total

T cells and CD44high/CD44low subsets comparing MFI in four young and

four old animals. Results are the mean 	 SD. The experiment was repeated

three times. �, p 
 0.05. FIGURE 6. Real-time PCR analysis and immunoblotting to compare

phase II enzyme gene expression in young and old animals. A, Total RNA

was extracted from nylon-wool column-purified spleen T cells and used to

conduct real-time PCR for HO-1, NQO-1, GPx, �-GCLR, and CAT ex-

pression as described in Materials and Methods. �-Actin was used as a

reference gene. Results represent the fold increase (mean 	 SD) of old

compared with young mice (n � 4). �, p 
 0.05. B, Immunoblotting for

HO-1 protein expression in the whole cell lysate of total T cells from young

and old mice. Each lane is representative of three young and three old mice.

C, Splenic T cells from four young and four old mice were treated with 6

�M SFN for 1 day, then subjected to real-time PCR analysis for HO-1

expression. Results represent the fold difference (mean 	 SD) compared

with the unitary value of untreated young mice (n � 4). �, p 
 0.05, young

vs old, or SFN vs control mice. D, Phase II enzyme mRNA expression in

CD4� T cells from young and old animals. �-Actin was used as a reference

gene. Results represent the fold increase (mean 	 SD) of old compared

with young mice (n � 4). �, p 
 0.05.
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of an oxidative chemical showed a dramatic increase in the per-

centage of DiOC6
lowHEhigh cells in T cells from Nrf2-deficient

mice (Fig. 9D). Thus, DEM treatment induced �94%

DiOC6
lowHEhigh cells in T cells from Nrf2�/� mice (Fig. 9E). This

increase was significantly higher than the changes in T cells from

wild-type mice (Fig. 9E). These results show that mice lacking

Nrf2 expression are more vulnerable to mitochondrial perturbation

in the presence of an oxidative stimulus.

Discussion
We demonstrate that aging is associated with a decreased rate of

spontaneous apoptosis and a decline in ��m in splenic T lympho-

cytes. These events are accompanied by increased phase II enzyme

expression and GSH synthesis in T cells from aged mice. These

changes were more prominent in the long-lived memory T cells,

which demonstrate more severe mitochondrial dysfunction. Com-

pared with wild-type mice, mice deficient in Nrf2 expression had

a significantly increased rate of apoptosis in response to oxidative

stress stimuli. Nrf2-deficient T cells also showed a decreased ��m

and increased ROS generation during DEM treatment. Taken to-

gether, these data show that Nrf2-mediated phase II enzyme ex-

pression and regulation of intracellular thiol levels protect cells

against oxidative stress, mitochondrial dysfunction, and pro-

grammed cell death. This defense pathway is particularly impor-

tant for the survival of memory T cells, which accumulate during

aging.

The free radical theory of aging is widely accepted as a possible

explanation for cellular senescence, including in the immune sys-

tem (11–13). Various studies have shown that increased free rad-

ical production and oxidative modification of biologically impor-

tant molecules play roles in cellular dysfunction and age-related

disease phenomena (11, 12). Oxidative stress is a recognized ini-

tiator of programmed cell death, including regulation of T cell

apoptosis under physiological and pathophysiological conditions

(59–66). For instance, there are extensive data showing that oxi-

dative stress plays a role in HIV pathology, including apoptosis

and depletion of CD4� lymphocytes (59–64). Moreover, there is

a strong association between decreased survival in HIV-infected

subjects and low thiol levels in serum and CD4� cell (65, 66). A

recent study by De Rosa et al. (59) showed that NAC therapy

replenishes whole blood and T cell GSH levels in HIV-infected

individuals, suggesting a possible therapeutic role in AIDS. Be-

cause apoptosis is a key protective mechanism against the accu-

mulation of activated and effete T cells, interference in cell death

by an up-regulated antioxidant defense could contribute to mem-

ory T cell retention during aging. Caloric restriction, the only es-

tablished experimental antiaging paradigm, delays these pheno-

typic changes and the accompanying decline in immune function

(10, 67, 68). Reduced calorie intake also leads to a reduction in

free radical generation in mitochondria (69). Accordingly, caloric

restriction reverses mitochondrial dysfunction (70, 71) and cellular

apoptosis (72).

FIGURE 7. Phase II enzyme and

Nrf2 mRNA expression in the mem-

ory and naive CD4� subsets. A, Pu-

rity of the CD4�/CD44low and

CD4�/CD44high subsets as deter-

mined by dual-color staining. B and

C, Real-time PCR for HO-1, NQO-1,

GPx, �-GCLR, CAT, and Nrf2

mRNA expression in memory

(CD4�/CD44high) and naive (CD4�/

CD44low) T cells of young and old

mice. Data are expressed as the fold

difference (mean 	 SD) compared

with the unitary value of the

CD44low subset of young mice (n �

4). �-Actin was used as a reference

gene. �, p 
 0.05, naive vs memory,

or young vs old mice.
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Oxidative stress does not automatically lead to tissue injury, but

elicits protective responses that are important for cellular mainte-

nance, e.g., antioxidant defense and activation of cellular signal

transduction pathways (73). We have recently proposed a hierar-

chical oxidative stress model, which posits that incremental levels

of oxidative stress initiate a series of cellular responses that vary

according to the degree of GSH depletion (74). Thus, at the lowest

level of oxidative stress (tier 1), Nrf2 release to the nucleus ini-

tiates transcriptional activation of the ARE and phase II enzyme

expression (74). This response leads to cytoprotective and antiox-

idant effects, which could be effective for maintaining redox equi-

librium. If, however, the level of oxidative stress exceeds tier 1

protection, the cellular response progresses to activating proin-

flammatory signaling pathways (tier 2), including NF-�B and

MAPK cascades. These signaling pathways regulate cytokine, che-

mokine, and adhesion molecule expression. Further escalation of

the level of oxidative stress to tier 3 leads to mitochondrial per-

turbation and PTP opening (74). This could initiate apoptosis and

necrosis. Based on this hierarchical model, tier 1 effects could play

an important role in the long term survival of memory T cells. This

is compatible with the observation that aged T cells, especially the

memory subset, exhibit increased phase II enzyme expression

(Figs. 6 and 7) as well as increased intracellular thiol levels (Fig.

5). Increased phase II enzyme expression could be essential for

protecting the long-lived memory cells against progressive mito-

chondrial dysfunction (Figs. 3 and 4).

Phase II enzymes exert cytoprotective, antioxidant, and anti-

inflammatory effects (48–50, 75–80). For instance, HO-1 is an

inducible heme oxygenase that is responsible for bilirubin produc-

tion through heme catabolism (75). Bilirubin has potent antioxi-

dant and anti-inflammatory effects. A variety of GST isotypes play

a role in GSH-dependent detoxification of reactive electrophiles,

such as genotoxic carcinogens (48). �-GCLR is the regulatory sub-

unit of �-GCL, which catalyzes the rate-limiting step in GSH bio-

synthesis (49). SOD catalyzes the conversion of single electron-

reduced molecular oxygen species to hydrogen peroxide. Different

SOD isoforms vary in their metal binding affinities, subcellular

distribution, and sensitivity to oxidative agents (76). GPx is a well-

known selenoenzyme that catalyzes the reduction of harmful per-

oxides by GSH and protects cells against oxidative damage (50).

NQO-1 protects cells against redox cycling chemicals that are in-

volved in one-electron reductions, e.g., quinones and transition

metals (77). Recently, NQO-1 has also been implicated in the gen-

eration of antioxidants, such as ubiquinones and vitamin E (77),

and has been shown to be expressed in a variety of tissues that

require a high level of antioxidant protection (78–80).

Phase II enzymes play an important role during aging, with data

from various laboratories showing age-related changes in phase II

enzyme expression, with some specificity with respect to tissue

type, organelle, animal strain, and sex (81–87). For instance, HO-1

has been reported to increase in brain and liver tissues with aging

(81, 82), whereas SOD and CAT activities were increased in the

brain, and CAT and GPx were elevated in the liver of aged mice

(83). Moreover, SOD, CAT, and GPx activities increase in differ-

ent regions of the aged C57BL/6N brain (84). Some studies look-

ing at erythrocytes have also described negative correlations be-

tween SOD activity and age, with CAT and GPx deviating in the

opposite direction (85). Aging also leads to a decreased expression

of the catalytic and modulatory subunits of the �-GCL gene (86).

It has been demonstrated that CAT and SOD activities undergo

changes in the spleen and thymus of older animals (87). For in-

stance, Bonzan et al. (87) reported that aging is associated with a

marked decrease in the antioxidant defense capacity of spleen and

a strong increase in SOD activity in the thymus and liver. In this

communication we demonstrate for the first time that there is an

increase in phase II enzyme expression in memory T lymphocytes

with aging. Our data indicate that the CD4� memory cells express

significantly higher HO-1, NQO-1, GPx, �-GCLR, and CAT

mRNA levels than naive T cells (Fig. 7).

Nrf2 is important for transcriptional activation of the ARE in com-

bination with small Maf and AP-1 proteins. Under basal conditions,

Keap I is responsible for sequestering Nrf2 in the cytosol (42, 54, 55).

Keap I is also responsible for shuttling Nrf2 to the 26S proteosome,

where it is rapidly degraded under basal conditions. However, under

conditions of oxidative stress, Nrf2 is uncoupled from Keap I, leading

to a prolonged Nrf2 half-life and accumulation in the nucleus. In

addition to regulating Nrf2 abundance by this proteosomal mecha-

nism, the transcription factor level is also dependent on mRNA ex-

pression (56, 57). Kwak et al. (57) showed that Nrf2 autoregulates its

own expression through ARE-like cis elements in the promoter. The

accompanying increase in Nrf2 synthesis could saturate the available

Keap 1 binding sites, allowing for Nrf2 entry to the nucleus. Although

it was not logistically feasible to study Nrf2 half-life due to low pro-

tein abundance, we demonstrated a significance increase in Nrf2

mRNA levels in memory compared with naive CD4� cells (Fig. 7C).

We propose that this increase contributes to increased phase II mRNA

expression in memory cells. This is consistent with the increased

mRNA levels for HO-1, NQO-1, GPx, �-GCLR, and CAT in these

cells (Fig. 7B).

Decreased ��m has been demonstrated in a variety of senescent

cell types, including lymphocytes (14, 88). Cyclosporin A, an in-

hibitor of mitochondrial PTP, can restore the ��m in DiOC6
low/

HElow cells (47), which corresponds to the phenotype of most

memory T cells in old mice (Fig. 4A). Although the reason for this

FIGURE 8. NAC protects against withdrawal apoptosis in T cells. Ny-

lon-wool-purified T cells from young and old mice were cultured for 1 day

in the absence or the presence of 20 mM NAC. The cells were stained with

MBB or 7-AAD, followed by flow cytometric analysis. A, MBB staining

intensity to show the change in intracellular thiol levels in young vs old

mice. Data represent the mean 	 SD for the MFI (n � 4). B, Comparison

of the total (early plus late) apoptotic T cells in young and old mice. Data

are expressed as the mean 	 SD of the percentage total apoptotic cells (n �

4). The experiment was repeated three times. �, p 
 0.05, young vs old, or

NAC vs control mice.
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reversibility is not well understood, it is possible that this could be

a regulated mitochondrial oxidative stress response. The PTP con-

tains vicinal thiol groups that are sensitive to oxidative stress (29).

The oxidation of these cysteine residues can be reversed by GSH

and antioxidant enzymes, thereby regulating the extent to which

mitochondrial dysfunction impacts cellular processes (Figs. 3 and

4). Because Nrf2 regulates these antioxidant defense pathways,

this transcription factor could be important for memory T cell sur-

vival (Figs. 5 and 7). This was confirmed by the demonstration that

Nrf2 deficiency promotes T cell apoptosis, ��m decline, and O2
�

generation in the presence of an oxidative stress (Fig. 9).

We show that Nrf2 deficiency renders T cells more susceptible

to mitochondrial perturbation and apoptosis in the presence of an

exogenous oxidative stress stimulus. However, this difference is

not significant in Nrf2-deficient mice under basal conditions (Fig.

9). It will be interesting to determine whether the oxidative stress

effects of natural aging have the same effects in these animals.

Unfortunately, we did not have access to aged Nrf2�/� animals to

perform this study. Moreover, performance of these experiments

could be difficult due to the propensity of aged Nrf2�/� mice to

develop a lupus-like disorder with accumulation of autoreactive B

cells in the spleen (89–91). Nonetheless, the use of younger Nrf2

knockout animals is helpful for proof-of-principle testing to dem-

onstrate the role of this transcription factor in apoptosis and mi-

tochondrial dysfunction. DEM treatment leads to an increased rate

of apoptosis and mitochondrial dysfunction in Nrf2�/� T cells

(Fig. 9). This contribution of Nrf2 to the generation of apoptosis in

young mice is one of many factors that regulate cell viability,

including Bcl-2.

In summary, we show that memory T cells differ from naive T

cells in the degree of mitochondrial dysfunction and expression of

antioxidant defense. Nrf2-mediated expression of phase II antiox-

idant enzymes protects memory T cells from mitochondrial dys-

function. This mechanism could contribute, at least in part, to the

accumulation of memory T cells during aging. Detailed additional

studies to delineate the role of antioxidant defense pathways in

Ag-specific immune responses, including activation-induced apo-

ptosis, are in progress.
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FIGURE 9. Nrf2 protects T cells against DEM-induced cell death and mitochondrial perturbation. A, Nylon-wool-purified splenic T cells from wild-type

(Nrf2�/�) and Nrf2-deficient (Nrf2�/�) mice were cultured for 1 day with or without 0.2 �M DEM. The cells were stained with 7-AAD, followed by flow

cytometric analysis. A comparison of the percentage of total apoptotic cells from the splenic T cells of Nrf2�/� and Nrf2�/� mice is shown. Data represent

the mean 	 SD of the percentage of dead cells (n � 4). �, p 
 0.05, young vs old mice, or DEM vs control. B and C, Freshly isolated T cells were dual

stained with DiOC6 and HE as described in Fig. 4. B, Representative scattergram comparing total T cells from Nrf2�/� and Nrf2�/� mice. The number

in each quadrant refers to the percentage of cells in that population. C, Mean 	 SD, comparing the percentage of DiOC6
low/HEhigh cells in Nrf2�/� mice

with those in Nrf2�/� mice (n � 4/group). �, p 
 0.05, Nrf2�/� vs Nrf2�/� mice. D and E, Splenic T cells were cultured for 1 day in the absence or the

presence of 0.2 �M DEM. The cells were stained as described in B. A representative scattergram shows the percentage of cells in each quadrant. E,

Statistical analysis of the percentage of DiOC6
low/HEhigh cells (mean 	 SD) in Nrf2�/� compared with Nrf2�/� mice (n � 4/group). �, p 
 0.05, young

vs old, or DEM vs control mice.
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