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Reactive oxygen species (ROS) play a key role in regulation of activation-induced T-cell death (AICD) by
induction of CD95L expression. However, the molecular source and the signaling steps necessary for ROS
production are largely unknown. Here, we show that the proximal T-cell receptor-signaling machinery, includ-
ing ZAP70 (zeta chain-associated protein kinase 70), LAT (linker of activated T cells), SLP76 (SH2 domain-
containing leukocyte protein of 76 kDa), PLC�1 (phospholipase C�1), and PKC� (protein kinase C�), are
crucial for ROS production. PKC� is translocated to the mitochondria. By using cells depleted of mitochon-
drial DNA, we identified the mitochondria as the source of activation-induced ROS. Inhibition of mitochon-
drial electron transport complex I assembly by small interfering RNA (siRNA)-mediated knockdown of the
chaperone NDUFAF1 resulted in a block of ROS production. Complex I-derived ROS are converted into a
hydrogen peroxide signal by the mitochondrial superoxide dismutase. This signal is essential for CD95L
expression, as inhibition of complex I assembly by NDUFAF1-specific siRNA prevents AICD. Similar results
were obtained when metformin, an antidiabetic drug and mild complex I inhibitor, was used. Thus, we
demonstrate for the first time that PKC�-dependent ROS generation by mitochondrial complex I is essential
for AICD.

Because CD95L expression is crucial for the induction of
activation-induced T-cell death (AICD), efforts have been
made to explore the connection between T-cell receptor
(TCR) signaling and regulation of CD95L transcription. Fol-
lowing TCR engagement, ZAP70 (zeta chain-associated pro-
tein kinase 70) is activated (11). ZAP70 phosphorylates the
adaptor protein LAT (linker of activated T cells) (19), which
recruits PLC�1 (phospholipase C�1) subsequently. The acti-
vation of PLC�1 results in the generation of inositol 3,4,5-
triphosphate (IP3) and diacylglycerol (DAG). IP3 mediates an
increase in cytosolic calcium (Ca2�), whereas DAG activates
protein kinase C (PKC). The rise in cytosolic Ca2� causes
activation of the transcription factor NF-AT (nuclear factor of
activated T cells) (69), one of the key regulators of CD95L
expression (41). In addition, reactive oxygen species (ROS) are
shown to be crucial for activation-induced CD95L expression
(7, 15, 25), possibly via the ROS-inducible transcription factors
NF-�B and AP-1 (17). Recently, we demonstrated that a hy-
drogen peroxide (H2O2)-mediated signal combined with simul-
taneous Ca2� influx into the cytosol constitutes the minimal
requirement for CD95L expression (25). However, the molec-
ular source of TCR-induced ROS remains largely unclear.
Aerobic organisms produce ROS by several means: in mito-
chondria as a by-product of respiration (63), at the endoplasmic
reticulum by cytochrome P450 (50), in the cytoplasm by xan-
thine oxidase (20), at the plasma membrane by NADPH oxi-
dases (35, 46) and phospholipases (54), and in peroxisomes
(56). Recently, the phagocytic NADPH oxidase (NOX2) was

shown to be one source for TCR-triggered ROS. However,
NOX2 is not the only source for activation-induced ROS (30).
Following T-cell activation, respiratory activity increases (21)
and mitochondrial ROS production may be enhanced (27). In
addition, there are hints supporting a possible role of the
mitochondrial electron transport chain (ETC) and cytochrome
P450 as origins of activation-induced ROS (7). Thus, mito-
chondrial involvement in activation-induced ROS generation
could be addressed.

In the present study, we investigated and identified the mo-
lecular signaling pathway of TCR-induced ROS generation.
Here, we demonstrate for the first time that the proximal TCR
signaling machinery is essential for ROS production. Cells
deficient in ZAP70, LAT, SLP76 (SH2 domain-containing leu-
kocyte protein of 76 kDa), or PLC�1 revealed no oxidative
signal upon TCR stimulation. The TCR signaling machinery
could be bypassed via the DAG mimetic phorbol 12-myristate
13-acetate (PMA), pointing to a role of Ca2�-independent
PKCs inducing oxidative signals. Downmodulation of PKC lev-
els by small interfering RNA (siRNA) oligonucleotides re-
vealed that activation-induced ROS generation and CD95L
expression are PKC� dependent. Moreover, we demonstrate
that PKC� is translocated to the mitochondria and/or associ-
ated membranes upon PMA treatment. By using mitochon-
drial DNA (mtDNA)-depleted cells (pseudo-[rho0] cells) we
show that mitochondrial function is crucial for ROS generation
and subsequent AICD. Moreover, by employing specific inhib-
itors and siRNA-mediated knockdown of NDUFAF1, a chap-
erone essential for mitochondrial ETC complex I assembly
(66), we demonstrate that complex I is the molecular source of
activation-induced ROS in T cells. In addition, we show that
the ROS produced by complex I are needed for activation of
NOX2. Thus, the mitochondria are the superior source of
activation-induced ROS. Finally, we prove the physiological
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role of complex I-induced ROS by inhibition of AICD via
downmodulation of NDUFAF1 expression and application of
metformin, a common antidiabetic drug and mild inhibitor of
complex I (6, 18). In conclusion, the data presented here pro-
vide new insights into the molecular mechanism of AICD,
suggesting a possible therapeutic role of ROS scavengers and
complex I inhibitors in the treatment of CD95/CD95L-depen-
dent disorders.

MATERIALS AND METHODS

Chemicals. Dichlorodihydrofluorescein diacetate (DCFDA) was obtained
from Molecular Probes, Germany. Cell-permeable, myristoylated pseudosub-
strate peptide inhibitors (general anti-PKC and anti-PKC�) were purchased from
Calbiochem, Germany. Primary antibodies against human PKC� and PKC� were
supplied by BD Transduction Laboratories, Germany. Primary antibodies
against human mitochondrial superoxide dismutase (MnSOD) and LAT were
obtained from Upstate Biotechnology. The primary antibody against human
ZnCuSOD was purchased from Santa Cruz Biotechnology, Germany. The neu-
tralizing anti-CD95L antibody Nok1 was obtained from BD Pharmingen, Ger-
many. All other chemicals and primary antibodies against human tubulin � were
supplied by Sigma-Aldrich, Germany. The agonistic monoclonal antibody anti-
Apo-1 (mouse immunoglobulin G3), recognizing an extracellular epitope of
CD95 (Apo1/Fas) (62), and the monoclonal anti-CD3 antibody OKT3 (25) were
prepared as described previously.

Cell culture. Jurkat J16-145 is a subclone of the human T-lymphoblastoid cell
line Jurkat J16 (25). J.CaM2 is a LAT-negative Jurkat cell line, and J.CaM2/LAT
is the control cell line retransfected with LAT (19). P116 is a ZAP70-negative
Jurkat cell line (68), and P116cl.39 is the retransfected control cell line. J14 is a
SLP76-deficient cell line, and J14 76-11is the retransfected control cell line (37).
J.�1 is a PLC�1-deficient Jurkat cell line, and J.�1/PLC�1 is the retransfected
control cell line (29). Jurkat cells were cultured in Iscove modified Dulbecco
medium (IMDM) supplemented with 10% fetal calf serum (FCS).

Generation of pseudo-[rho0] cells. Cells depleted of mtDNA were generated
as described previously (12, 36) with minor modifications. Briefly, Jurkat J16-145
cells were cultured in IMDM supplemented with ethidium bromide (250 ng/ml)
for up to 21 days. Ethidium bromide accumulates in much higher concentrations
in the mitochondrial matrix than in the nucleus. Therefore, it can be used to
selectively inhibit mtDNA replication. The amount of mtDNA was examined by
isolation of DNA followed by PCR specific for the mitochondrial origin of
replication. The amplified product spanned the mitochondrial origin of replica-
tion of the mtDNA heavy strand between positions 15868 and 754, as follows:
sense, 5�-GAAAACAAAATACTCAAATGGGCC-3�; antisense, 5�-CCTTTTG
ATCGTGGTGATTTAGAGGG-3�. Cells depleted of mtDNA rely energetically
mainly on glycolysis and have impaired nucleotide metabolism. Therefore, pseudo-
[rho0] cells were further cultured in IMDM supplemented with ethidium bromide
(250 ng/ml), uridine (50 �g/ml), and sodium pyruvate (110 mg/ml). Because the cells
were not completely deficient in mtDNA, they are referred to as pseudo-[rho0] cells
(12). To reconstitute mtDNA content, pseudo-[rho0] cells were transferred to stan-
dard medium. Cells recovered to normal phenotype in 21 to 23 days.

Isolation of total cellular DNA. Jurkat J16-145 cells were lysed for 1 h at 55°C
in 0.2 M sodium acetate–6.25% sodium dodecyl sulfate (SDS) solution contain-
ing 250 �g/ml proteinase K. Genomic DNA was isolated by phenol-chloroform
extraction.

Isolation of human peripheral T cells. Human peripheral T cells were pre-
pared by Ficoll-Paque density centrifugation, followed by rosetting with 2-amino-
ethylisothyouronium-bromide-treated sheep red blood cells, as described previ-
ously (25). For activation, resting T cells were cultured at a concentration of 2 	
106 cells/ml with 1 �g/ml phytohemagglutinin for 16 h. Next, T cells were cul-
tured in RPMI 1640 supplemented with 10% FCS and 25 U/ml interleukin 2 for
6 days (day 6 T cells), as described previously (25). All experiments were per-
formed with T cells isolated from at least three different, healthy donors.

Isolation of human polymorphonuclear cells. Neutrophils from healthy indi-
viduals were prepared by Polymorphprep density centrifugation according to the
manufacturer’s instructions (Axis-Shield, Norway). All experiments were per-
formed with neutrophils isolated from at least three different, healthy donors.

Assessment of cell death. To induce CD95L expression and/or subsequent
apoptosis, cells were stimulated with anti-CD3 antibody (OKT3, 30 �g/ml) or
PMA (10 ng/ml) and ionomycin (1 �M). Cell death was assessed by a drop in the
forward-to-side-scatter (FSC/SSC) profile in comparison to living cells and re-
calculated to “specific cell death” as described previously (25).

Determination of anti-CD3- and PMA-induced ROS generation. Jurkat cells
were stimulated either with plate-bound anti-CD3 (OKT3, 30 �g/ml) or with
PMA (10 ng/ml) for 30 min and stained with the oxidation-sensitive dye
H2DCFDA (5 �M). Since activation-induced ROS generation in human T cells
was maximal at 30 min of stimulation (25), this time point was chosen for all
experiments. Incubation was terminated by a wash with ice-cold phosphate-
buffered saline. ROS generation was determined by fluorescence-activate cell
sorting (FACS) and quantified as the increase in mean fluorescence intensity
(MFI), calculated by the following formula: increase in MFI (%) 
 [(MFIstimulated �
MFIunstimulated)/MFIunstimulated] 	 100 (as described in reference 15). Cells were
preincubated with inhibitors for 5 min prior to stimulation, with the exception of
anti-PKC peptide inhibitors (20 min) and metformin (1 h). All experiments were
performed in triplicate. The results shown are representative of at least three
independent experiments.

ATP determination. Cells were lysed by freezing and thawing. Cellular ATP
was measured according to the manufacturer’s instructions (Molecular Probes,
Germany).

Mitochondrial isolation and Western blot analysis. Crude mitochondrial frac-
tions (containing membrane impurities) and cytoplasmic fractions were isolated
with the Mitochondria Isolation Kit (Pierce), according to the manufacturer’s
instructions. Next, membranes were separated from mitochondria by isopycnic
0.8 to 2 M sucrose gradient centrifugation for 2 h at 80,000 	 g. Figure 4A
contains a schematic diagram of the purification procedure. Cells were lysed in
radioimmunoprecipitation assay lysis buffer (60 mM NaCl, 25 mM Tris-HCl,
0.5% deoxycholate, 1 mM dithiothreitol, and Halt protease inhibitor cocktail
[Pierce]), and the protein concentration was measured by the bicinchoninic acid
assay (Pierce). SDS-polyacrylamide gel electrophoresis (PAGE) and Western
blot analysis were performed as described previously (24). Band intensities were
quantified by standard scanning densitometry with the NIH Image program,
version 1.36b.

RNA preparation and semiquantitative RT-PCR. RNA was isolated with
TRIzol reagent (Invitrogen, Germany) according to the manufacturer’s instruc-
tions. Total RNA (5 �g) was reverse transcribed with a reverse transcription
(RT)-PCR kit (Applied Biosystems, Germany). Aliquots were amplified by PCR
as described previously (25). Primers for detection of CD95L, �-actin, and
NDUFAF1 were used as described previously (25, 40, 66). Primers used for
amplification of MnSOD (SOD2) and Zn/CuSOD (SOD1) transcripts were as
follows: MnSOD sense, 5�-CTTCAGCCTGCACTGAAGTTCAAT-3�; anti-
sense, 5�-CTGAAGGTAGTAAGCGTGCTCCC-3�; Zn/CuSOD sense, 5�-GCG
ACGAAGGCCGTGTGCGTGC-3�; antisense, 5�-CTAGAATTTGCGGTGGA
CGATGGAGGG-3�.

Quantitative PCR. The primers and fluorescently labeled probes used for
quantitative PCR were as follows: CD95L sense, 5�-AAAGTGGCCCATTTAA
CAGGC-3�; antisense, 5�-AAAGCAGGACAATTCCATAGGTG-3�; probe, 5�-
TCCAACTCAAGGTCCATGCCTCTGG-3�; �-actin sense, 5�-ACCCACACT
GTGCCCATCTACGA-3�; antisense, 5�-CAGCGGAACCGCTCATTGCCAA
TGG-3�; probe, 5�-ATGCCCTCCCCCATGCCATCCTGCGT-3�. The PCR
mixture (PCR kit from Eurogentech, Belgium) contained 80 �g of reverse
transcribed cDNA, 1.25  7.5 pM forward primers, 22.5 pM reverse primers, and
5 pM probe. For each sample, three PCRs were performed. The resulting
relative increase in reporter fluorescent dye emission was monitored by the
TaqMan system (GeneAmp 5700 sequence detection system and software; Per-
kin Elmer, Foster City, CA). The levels of the CD95L and CD95 mRNAs relative
to �-actin mRNA were calculated by the following formula: relative mRNA
expression 
 2�(CT of CD95L � CT of �-actin), where CT is the threshold cycle value.

Transfection and siRNA-mediated knockdown. Jurkat T cells and primary
human T cells were transfected by lipofection (HiPerfect; QIAGEN, Germany)
with negative control siRNA oligonucleotides (unlabeled or Alexa 488-labeled
nonsilencing siRNA; QIAGEN, Germany) and siRNA oligonucleotides specific
for human NDUFAF1 (oligo#1 antisense strand, 5�-ACUAACAUCAGGCUU
CUCCdTdT-3�; oligo#2 antisense strand, 5�-UAACUAUACAUCUGAUUCG
dTdT-3�) or siRNA oligonucleotides specific for human PKC� (Hs_PKKCD_11_
HP) and PKC� (Hs_PRKCQ_5_HP) (QIAGEN, Germany). Transfection was
performed with 2 	 105 cells, 9 �l of transfection reagent, and different amounts
of siRNA oligonucleotides ranging from 75 nM to 900 nM, according to the
manufacturer’s instructions. Transfected cells were rested for 48 h before being
subjected to further experiments.

Measurement of MnSOD activity. MnSOD activity was determined with a
commercial kit (Dojindo Molecular Technologies, Japan). Cells (1.5 	 107) were
stimulated with plate-bound anti-CD3 antibody (OKT3, 30 �g/ml) or with PMA
(10 ng/ml) for different time periods. Cells were harvested and lysed by freezing
and thawing. The protein content was adjusted to 1 mg/ml, and SOD activity was
measured with a photometer according to the manufacturer’s instructions. MnSOD
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activity was assessed after blocking of the background activity of ZnCuSOD by
the addition of 1 mM KCN to the reaction mixture.

RESULTS

TCR-induced ROS generation depends on the proximal
TCR signaling machinery. Previous studies indicate that TCR
stimulation leads to generation of an oxidative signal involving
H2O2 (15, 25). This H2O2 signal is vital for the initiation of
CD95L promoter activity, CD95L expression, and AICD (25).
In order to identify the components of the transduction cas-
cade mediating ROS generation, we used cells deficient in
TCR-signaling molecules. Jurkat cell lines deficient in ZAP70
(68), LAT (19), SLP76 (37), and PLC�1 (29) were stained with
DCFDA and stimulated with plate-bound anti-CD3 antibodies
for 30 min. All deficient cell lines did not display any oxidative

signal, whereas retransfected controls showed a clear increase
of ROS upon TCR stimulation (Fig. 1A). Thus, we conclude
that TCR-induced generation of ROS depends on ZAP70,
LAT, SLP76, and PLC�1 (Fig. 1C). As PLC�1 activation re-
sults in triggering of PKCs, we investigated a possible role of
PKCs in oxidative signaling by treating the deficient cell lines
with PMA, a PKC activator, which bypasses ZAP70, LAT,
SLP76, and PLC�1. Remarkably, all deficient cell lines re-
vealed a PMA-induced oxidative signal (Fig. 1B). PMA in-
duces an oxidative signal without influencing the intracellular
Ca2� level (25). This implicates an involvement of Ca2�-inde-
pendent PKCs in TCR-induced oxidative signaling (Fig. 1C).

PKC� is required for activation-induced generation of ROS.
To further corroborate an involvement of PKCs in activation-
induced ROS formation, cells stimulated via PMA and plate-

FIG. 1. Activation-induced ROS generation depends on the proximal TCR signaling machinery. (A and B) Jurkat J16-145, P116 (ZAP70-
negative Jurkat), P116cl.39 (ZAP70-retransfected control), J.CaM2 (LAT-negative Jurkat), J.CaM2/LAT (LAT-retransfected control), J14
(SLP76-deficient Jurkat), J14 76-11 (SLP76-retransfected control), J.�1 (PLC�1-deficient Jurkat), and J.�1/PLC�1 (PLC�1-retransfected control)
cells were stimulated via plate-bound anti-CD3 antibodies (A) or with PMA (B) for 30 min. Thereafter, cells were stained with DCFDA.
Representative FACS profiles for activation-induced DCFDA oxidation are shown. ctr, retransfected control, def. cell lines, lines deficient in
signaling molecules. (C) Schematic diagram of TCR signaling.
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FIG. 2. PKC� is required for activation-induced generation of ROS. (A) J16-145 cells were pretreated with the indicated amounts of the PKC
inhibitor BIM and stimulated with PMA (left) or plate-bound anti-CD3 antibodies (right) for 30 min. Cells were stained with DCFDA and analyzed
by FACS. Data shown as the percent increase in MFI. (B) J16-145 cells were pretreated with the indicated amounts of a general PKC
pseudosubstrate peptide inhibitor, stained with DCFDA, and stimulated with PMA (left) or plate-bound anti-CD3 antibodies (right) for 30 min.
ROS levels were measured as for panel A. (C) J16-145 Jurkat cells were pretreated with the indicated amounts of the PKC inhibitor BIM and
stimulated with PMA/ionomycin (left) or plate-bound anti-CD3 antibodies (right). After 1 h, RNA was isolated, reverse transcribed, and amplified
with CD95L- and actin-specific primers. (D) Jurkat J16-145 cells were transfected with 900 nM concentrations of scrambled (Ctr) or PKC� siRNA
(PKC�) oligonucleotides. After 96 h, transfected cells were lysed and analyzed by Western blotting for content of PKC� (right) or stained with
DCFDA, stimulated via PMA for 30 min, and subjected to FACS analysis (left); results are shown as the percent increase in MFI. (E) Jurkat
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bound anti-CD3 antibodies were pretreated with the general
PKC inhibitor bisindolylmaleimide I (BIM) (Fig. 2A) or a
PKC-specific peptide inhibitor (Fig. 2B). Both inhibitors
blocked more than 95% of the oxidative signal. Since ROS
cooperates with Ca2� signaling for CD95L induction (25), we
analyzed the impact of BIM on CD95L expression. Cells stim-
ulated via anti-CD3 antibodies and PMA/ionomycin were pre-
treated with BIM. RNA was isolated, reverse transcribed, and
amplified with CD95L-specific primers. In BIM-treated cells, a
dose-dependent inhibition of CD95L expression was detect-
able (Fig. 2C). Considering that activation-induced oxidative
signaling is inducible by PMA alone (Fig. 1B), we focused on
Ca2�-independent novel PKC isoforms (nPKC). It has been
reported that PKC�, an nPKC isoform, is involved in ROS
generation in keratinocytes upon overexpression (39) and in
PMA/ionomycin-treated myeloid leukemia cells (43). How-
ever, despite downmodulation of PKC� via siRNA, the oxida-
tive signal was not significantly affected (�20% decrease) (Fig.
2D). This implies that PKC� plays only a minor role in the
generation of activation-induced ROS. PKC� is unique among
the nPKC isoforms because it is indispensable for T-cell de-
velopment and activation (48, 59, 64). To analyze the impact of
PKC� on activation-induced ROS production, cells were trans-
fected with PKC� siRNA oligonucleotides (Fig. 2E). More
than 80% of the PMA-induced oxidative signal was inhibited in
cells transfected with PKC� siRNA oligonucleotides compared
to the control. These data were further confirmed by treatment
of Jurkat cells with a PKC�-specific peptide inhibitor, which
significantly reduced the TCR- and the PMA-induced ROS
levels (Fig. 2F). Moreover, siRNA-mediated downmodulation
of PKC� results in an inhibition of CD95L expression (Fig.

2G). Thus, we conclude that PKC� is crucial for activation-
induced ROS formation and CD95L expression.

Activation-induced ROS generation is partially NADPH
oxidase dependent. Recently, it has been shown in NOX2-
deficient mice that TCR-induced ROS generation is, at least
partially, dependent on NOX2 (30). Here, we analyzed a po-
tential role of NADPH oxidases in human T cells. Jurkat cells
were preincubated with DPI, a rather unspecific but commonly
used NADPH oxidase inhibitor (14, 42, 55, 57, 60), or the
specific NADPH oxidase inhibitor apocynin (61) and thereafter
treated with PMA as an NADPH oxidase activator. Application
of both DPI and apocynin showed only a moderate effect on
PMA-induced ROS generation in Jurkat cells (Fig. 3). To
control whether the applied amounts of inhibitor are sufficient
to block NADPH oxidase, freshly isolated human neutrophils
were treated with PMA (10 ng/ml) and cotreated with DPI and
apocynin. PMA induces a massive NADPH oxidase-dependent
ROS release in neutrophils called “oxidative burst.” The “ox-
idative burst” could be inhibited almost completely (up to 91%
inhibition) by application of 100 �M DPI or 600 �M apocynin.
In Jurkat cells, the same amounts of inhibitor block not more
than 60% of the PMA-induced oxidative signal (Fig. 3). Since
downmodulation of PKC� expression inhibited more than 80%
of the oxidative signal (Fig. 2E), the existence of an additional
PKC�-dependent source of ROS in human T cells must be
postulated.

Cells depleted of mtDNA show an impaired activation-in-
duced ROS generation and AICD. Besides NOX2, mitochon-
dria are a prominent source of ROS. It has been reported that
upon PMA treatment, PKC� can be translocated into/to mito-
chondria (39, 43). To determine whether PKC� is translocated

J16-145 cells were transfected with 900 nM concentrations of scrambled (Ctr) or PKC� siRNA (PKC�) oligonucleotides. At 96 h after transfection,
cells were analyzed as described for panel D. Shown are Western blots for PKC� content (left) and PMA-induced DCFDA oxidation (right). (F)
Jurkat J16-145 cells were pretreated with PKC� pseudosubstrate peptide inhibitor and stimulated with PMA (left) or by plate-bound anti-CD3
antibodies (right) for 30 min. DCFDA oxidation was measured by FACS and presented as the increase in MFI. (G) Jurkat cells were transfected
with scrambled (ctr) or PKC� siRNA (PKC�) oligonucleotides (as described for panel E). Cells were stimulated with PMA/ionomycin. After 1 h,
RNA was isolated, reverse transcribed, and amplified with CD95L- and actin-specific primers.

FIG. 3. Activation-induced ROS generation is partially NADPH oxidase dependent. Jurkat J16-145 cells were pretreated with the NADPH
oxidase inhibitor DPI (A) or apocynin (B), stained with DCFDA, and stimulated with PMA for 30 min. Inserts show human neutrophils (N�)
stimulated with PMA (10 ng/ml, 30 min) and cotreated with DPI (100 �M) (A) or apocynin (600 �M) (B) to inhibit the NADPH oxidase-
dependent “oxidative burst.” Data are presented as the FACS-measured increase in MFI of oxidized DCFDA.
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to mitochondria, Jurkat cells were stimulated with PMA. PKC
translocation was assessed by subjecting cytoplasmic, mito-
chondrial, and plasma membrane fractions to immunoblotting
with anti-PKC antibodies. Surprisingly, PKC� and PKC� were
detected in the plasma membrane fraction even in unstimu-
lated cells. However, as expected, PKC� translocates to the
mitochondria after stimulation. Interestingly, the amount of
PKC� also increases in the mitochondrial fraction upon PMA

treatment (Fig. 4A). Thus, PKC� and PKC� are translocated to
the mitochondria and/or associated membranes in T cells after
activation (Fig. 4B). In order to analyze the role of mitochon-
dria in activation-induced ROS generation in more detail, cells
transiently depleted of mtDNA, pseudo-[rho0] cells, were gen-
erated by short exposure (6 to 21 days) to small amounts of
ethidium bromide (Fig. 4C) (12, 36). Upon stimulation with
anti-CD3 or PMA, pseudo-[rho0] cells exhibited an up to 60%

FIG. 4. PKC� is translocated toward mitochondria upon PMA treatment. (A) J16-145 cells were stimulated with PMA for 10 min. Cells were
lysed and cellular fractions were separated as depicted in the diagram (S1, S2, respective supernatants; P1, P2, respective pellets). Highlighted
fractions were separated by SDS-PAGE and analyzed by Western blotting for content of PKC�, PKC�, ZnCuSOD (cytoplasmic marker), MnSOD
(mitochondrial marker), and LAT (plasma membrane marker). (B) Schematic diagram of PKC� translocation and ROS induction. (C to H)
Involvement of mtDNA-encoded proteins in activation-induced ROS generation and AICD. (C) Total cellular DNA was isolated from parental
J16-145 cells, J16-145 cells cultured in the presence of uridine (50 �g/ml) and pyruvate (110 mg/ml) (U�P), and J16-145 cells cultured in the
presence of uridine plus pyruvate and ethidium bromide (250 ng/ml) (ps-�0). For PCR amplification of the origin of replication of mitochondrial
heavy-strand DNA (mt-ori), 100 ng of DNA template was used (upper panel). Amplification of the �-actin gene fragment was used as a loading
control (lower panel). (D) Cells depleted of mtDNA show an impaired activation-induced ROS. Parental J16-145 cells cultured in medium
supplemented with uridine plus pyruvate (U�P) or cells depleted of mtDNA (ps-�0) were stimulated via plate-bound anti-CD3 antibodies (left)
or with PMA (right) for 30 min, stained with DCFDA, and analyzed by FACS. The percent increase in MFI is shown. (E) Cells depleted of mtDNA
show lowered AICD. Cells (U�P or ps-�0) as described for panel C were stimulated via plate-bound anti-CD3 antibodies or with PMA/ionomycin.
After 24 h, cell death was measured by a drop in the FSC/SSC index and results were recalculated to specific cell death. (F) The content of mtDNA
was tested for parental J16-145 cells or pseudo-[rho0] cells, which regained mtDNA after long-term culture due to withdrawal of ethidium bromide
from the culture medium (recov). Total cellular DNA (100 ng) was used and amplified as described for panel C. (G) Parental Jurkat J16-145 cells
cultured in standard medium or pseudo-[rho0] cells after recovery of mtDNA content (recov) were stimulated by plate-bound anti-CD3 antibodies
(left) or with PMA (right) for 30 min, and activation-induced ROS production was measured as described for panel D. (H) Parental J16-145 or
recovered (recov) cells were stimulated by plate-bound anti-CD3 antibodies (left panel) or with PMA/ionomycin (right panel). After 24 h, cell
death was determined as described for panel E.
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diminished oxidative signal (Fig. 4D). Since the activation-
induced oxidative signal is crucial for AICD, pseudo-[rho0]
cells displayed a massive reduction of AICD upon TCR stim-
ulation and PMA/ionomycin treatment (Fig. 4E). The deple-
tion of mtDNA was entirely reversible after removal of
ethidium bromide from cell culture for 21 to 23 days (Fig. 4F).
In concordance with the recovery of mitochondrial protein
expression, activation-induced ROS generation (Fig. 4G) and
AICD (Fig. 4H) regained normal levels. Thus, we demonstrate
here that mitochondrial function is a prerequisite for induction
of AICD.

Complex I of the mitochondrial ETC is the source of acti-
vation-induced ROS formation. Since depletion of mtDNA
leads to a decrease in activation-induced ROS generation,
mtDNA-encoded proteins must be involved in oxidative sig-
naling. Most enzymes of the ETC are oligomeric complexes
consisting of both nuclear DNA- and mtDNA-encoded sub-
units. The primary sites for mitochondrial ROS production are
complexes I and III of the ETC (45). Therefore, we aimed at
analyzing the role of these complexes in activation-induced
ROS production. Complex I was blocked by rotenone, a com-
monly used inhibitor. However, rotenone is also known to
interfere with a couple of cellular pathways, including tubulin-
dependent signaling events (8, 16, 32, 52). Thus, we also used
a second, more specific inhibitor, piericidin A (13, 28). Com-
plex II was inhibited by the application of 1,1,1-thenoyl tri-
fluoroacetone (TTFA), complex III by antimycin A, and com-
plex IV by sodium azide, and the FoF1 ATPase was blocked by
oligomycin. Cells were pretreated with these inhibitors and
subsequently stimulated with anti-CD3 antibodies or PMA.
Thereafter, generation of ROS was determined. Only rotenone
and piericidin A were able to inhibit activation-induced ROS
generation, whereas TTFA, antimycin A, sodium azide, and
oligomycin had no effect on or increased the oxidative signal
(Fig. 5A and B). ATP levels could not account for inhibition of
ROS generation, since oligomycin and antimycin A treatment
resulted in a more-efficient ATP depletion than did rotenone
and piericidin A (Fig. 5C). In contrast to inhibition of the
NADPH oxidase (maximum 60% blockage of ROS generation
[Fig. 3]), inhibition of complex I leads to a blockage of more
than 95% of activation-induced ROS production (Fig. 5A and
B). Therefore, complex I is not only the source of mitochon-
drion-derived ROS; its activity also seems to be a prerequisite
for subsequent ROS production via the NADPH oxidase.

Activation-induced ROS enhances the expression and activ-
ity of mitochondrial MnSOD. It has been demonstrated that
complex I releases superoxide anion (O2·�) into the mitochon-
drial matrix (65). However, it is cytosolic H2O2 which plays a
crucial role in CD95L expression (25). Because O2·� cannot
cross membranes (53) and leave the mitochondria, it must be
converted to membrane-permeable H2O2 by MnSOD to act as
a second messenger in the induction of AICD. To analyze
whether TCR stimulation and PMA treatment result in an
upregulation of MnSOD transcription, Jurkat cells were stim-
ulated with plate-bound anti-CD3 antibodies or treated with
PMA/ionomycin. RNA was isolated and reverse transcribed.
After 60 min, a moderate increase in the transcript level of
MnSOD was detected in CD3-stimulated and PMA/ionomy-
cin-treated cells, whereas the cytosolic ZnCuSOD level re-
mained unchanged (Fig. 5D). In addition, induction of

MnSOD on the protein level was analyzed. Cells were stimu-
lated with anti-CD3 antibodies or PMA/ionomycin and lysed at
the indicated time points. After 4 h of stimulation, an increase
in the MnSOD protein level was observed (Fig. 5E). To verify
these data, the activity of MnSOD was determined. PMA treat-
ment and CD3 stimulation led to a fast increase of MnSOD
activity (Fig. 5F). Thus, complex I-derived ROS are trans-
formed to H2O2 and, therefore, can serve as a second messen-
ger in the regulation of CD95L expression (25) (Fig. 6D).

Complex I-derived ROS are crucial for the induction of
CD95L expression. To analyze the role of complex I-derived
ROS in activation-induced CD95L expression, we inhibited all
components of the ETC. Cells were stimulated by CD3 trig-
gering (Fig. 6A) or PMA/ionomycin treatment (Fig. 6B) in the
presence or absence of inhibitors. After 1 h of treatment, RNA
was isolated, reverse transcribed, and amplified with CD95L-
specific primers. Significant levels of CD95L transcripts were
not detected in unstimulated cells, whereas CD3 triggering and
PMA/ionomycin (Fig. 6A and B) stimulation resulted in a
strong expression of CD95L. The complex I inhibitors rote-
none and piericidin A abolished CD95L transcription almost
completely, whereas blocking of the other complexes of the
ETC had no effect (Fig. 6A and B). To verify these data, a
quantitative PCR was performed. Stimulation of Jurkat cells
with anti-CD3 antibodies displayed a strong induction of
CD95L expression. Rotenone treatment resulted in a more
than 80% reduction of CD95L induction, whereas antimycin A
and oligomycin showed no effect (Fig. 6C). Upon 2 h of treat-
ment, applied doses of all inhibitors were in a subtoxic range
(see Fig. 8A); thus, their toxicity cannot account for the inhi-
bition of activation-induced ROS production and CD95L ex-
pression. Therefore, ROS generated from complex I are a
prerequisite for induction of CD95L expression (Fig. 6D).

siRNA-mediated downregulation of NDUFAF1 expression
inhibits activation-induced ROS signaling, CD95L expression,
and AICD. In addition to pharmacological manipulation of
mitochondrial respiration, we sought other ways to abolish
complex I function and inhibit activation-induced ROS signal-
ing. Mammalian complex I consists of at least 46 subunits (10);
39 of them are encoded by nuclear DNA and may be a poten-
tial target for siRNA-mediated downregulation. Recently, it
was shown that NDUFAF1, a human homologue of CIA30—a
complex I chaperone of Neurospora crassa—is essential for the
assembly of complex I in humans (31, 66). Reduction of the
amount of NDUFAF1 by siRNA led to lowered abundance
and activity of complex I (66). To knock down NDUFAF1
expression, we used two different siRNA oligonucleotides (66).
Both siRNAs displayed a knockdown effect, with siRNA oli-
gonucleotide 2 mediating a stronger inhibition of NDUFAF1
expression (Fig. 7A). Remarkably, both oligonucleotides di-
minished the oxidative signal induced by PMA (oligonucleo-
tide 1, up to 39%; oligonucleotide 2, up to 68%) (Fig. 7B and
C). Since the oxidative signal generated by complex I is re-
quired for CD95L expression (Fig. 6A and B), downregulation
of the NDUFAF1 level must influence transcription of CD95L.
Jurkat cells transfected with NDUFAF1 siRNA oligonucleo-
tides were stimulated with PMA/ionomycin. After 1 h of treat-
ment, RNA was isolated, reverse transcribed, and amplified
with CD95L-specific primers. Cells transfected with control
oligonucleotides showed normal expression of CD95L, whereas
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cells transfected with NDUFAF1 siRNA displayed strongly di-
minished CD95L expression (Fig. 7D). In addition, the role of
complex I in AICD was analyzed in cells transfected with
NDUFAF1 siRNA oligonucleotides. AICD was determined
after 24 h of PMA/ionomycin treatment. In comparison to
control cells, cells transfected with NDUFAF1 siRNA oligo-
nucleotides displayed significant inhibition of cell death (Fig.
7E). Thus, we prove that complex I assembly and ROS forma-
tion are crucial for AICD induction.

Metformin inhibits complex I-derived ROS, activation-in-
duced CD95L expression, and AICD. In search of potential
tools for manipulating ROS generation at complex I and treat-
ing CD95/CD95L-dependent disorders, we applied metformin,
a drug widely used in the treatment of type II diabetes (2, 3,
58). Metformin has recently received attention due to its ef-
fects on mitochondria (6, 18, 23). It has been demonstrated
that metformin mildly inhibits complex I (6, 18). In addition,
metformin can efficiently inhibit complex I-induced ROS pro-
duction in isolated mitochondria, an effect that was linked to
blockage of reversed electron flux (6). Because metformin
shows no toxicity on Jurkat cells (Fig. 8A), it is an ideal tool for
investigating the impact of complex I-mediated ROS produc-
tion on AICD. Jurkat cells pretreated with metformin and
stained with DCFDA exhibited a diminished oxidative signal
after treatment with PMA (Fig. 8B). Concordantly, they also
displayed an inhibition of CD95L expression upon PMA/iono-
mycin treatment and TCR triggering (Fig. 8C and D). A quan-
titative PCR revealed that cells stimulated with PMA/ionomy-
cin and cotreated with metformin displayed a 50% reduction of
CD95L expression (Fig. 8C). Even more remarkably, upon
TCR triggering, metformin inhibits CD95L expression by up to
80% (Fig. 8D). AICD in Jurkat cells is mainly CD95L depen-
dent (Fig. 8E and F). To study the effect of metformin on
AICD, Jurkat cells were stimulated with either PMA/ionomy-
cin (Fig. 8E) or plate-bound anti-CD3 antibodies (Fig. 8F).
Cells pretreated with metformin showed drastically reduced
AICD. Apoptosis induced via direct stimulation of the CD95
receptor was not affected by metformin (data not shown).
Thus, blockage of AICD by metformin is due to inhibition of
CD95L expression.

Inhibition of complex I blocks AICD in primary human T
cells. To further underline the physiological relevance of com-
plex I-derived ROS in AICD, preactivated primary human T
cells (day 6 T cells) were restimulated with anti-CD3 antibod-
ies and pretreated with or without rotenone or antimycin A.
The activation-induced oxidative signal (Fig. 9A) and CD95L
expression (Fig. 9B) were inhibited exclusively by rotenone. In

order to prove that complex I is the source of the oxidative
signal, preactivated T cells (day 6 T cells) transfected with
NDUFAF1 siRNA oligonucleotides (Fig. 9C) were used to
measure ROS generation upon CD3 triggering. The NDUFAF1
siRNA oligonucleotides abolished activation-induced ROS
generation by up to 70% (Fig. 9D). In addition, we analyzed
the effects of metformin on primary human T cells. Metformin
inhibits the anti-CD3-induced oxidative signal (Fig. 9E) and
induction of CD95L expression (up to 70% inhibition) (Fig.
9F). Since AICD is mainly CD95L dependent, cell death was
nearly completely inhibited by metformin (Fig. 9G). In primary
T cells, apoptosis induced by direct stimulation of the CD95
receptor was not affected by metformin treatment (data not
shown). Thus, the nontoxic complex I inhibitor seems to be a
promising tool for treatment of diseases in which deregulation
of CD95L expression plays a crucial role.

DISCUSSION

The molecular source and the signaling steps necessary for
ROS production are largely unknown. Here, we show for the
first time that activation-induced ROS generation depends on
the classical components of the TCR signaling machinery (Fig.
9H). Upon TCR stimulation LAT is phosphorylated by ZAP70
and recruits PLC�1, which generates IP3 and DAG. DAG, as
well as its mimetic, PMA, activates several classes of enzymes,
namely, PKCs, PKDs, DGKs, RasGRP, and chimearins (9).
However, we show here an involvement of PKCs in activation-
induced oxidative signaling. Application of BIM, a PKC-ATP
binding blocker, and a specific pseudosubstrate peptide inhib-
ited PMA- and TCR-induced ROS generation. PMA induces
an oxidative signal without influencing the cytosolic Ca2� level
(25). Therefore, it is probable that nPKCs (calcium indepen-
dent) mediate activation-induced ROS generation. Despite the
fact that the nPKC isoform PKC� is involved in ROS genera-
tion in keratinocytes and myeloid leukemia cells (39, 43), we
show here that PKC� is essential for activation-induced ROS
production in T cells. Moreover, it is known that PKC� is
crucial for T-cell development and activation of the transcrip-
tion factors AP-1 and NF-�B (48, 59). These transcription
factors are major regulators of CD95L expression (26). In
addition, AP-1 and NF-�B are ROS sensitive (17). Thus, these
data are in line with the important role of PKC� in oxidative
signaling addressed in this study.

PKCs are known to activate NOX2. Recently, it was shown
that human and murine T cells express NOX2. T cells from
mice deficient in NOX2 displayed reduced ROS production

FIG. 5. Complex I of the mitochondrial ETC is the source of activation-induced ROS formation. (A and B) Jurkat J16-145 cells were pretreated
with the indicated amounts of ETC inhibitors (ROT, rotenone; Pier, piericidin A; AA, antimycin A; TTFA, 1,1,1-thenoyl trifluoroacetone; Az,
sodium azide) or an inhibitor of the FoF1 ATPase (OLI, oligomycin), stained with DCFDA, stimulated by PMA (A) or plate-bound anti-CD3
antibody (B) for 30 min, and analyzed by FACS. The data are presented as the percent increase in MFI. (C) Jurkat J16-145 cells were treated with
high concentrations of inhibitors of the ETC or the FoF1 ATPase for 2 h. Thereafter, cells were lysed and ATP content was determined.
(D) Mitochondrion-derived ROS induce changes in expression and activity of MnSOD. Jurkat J16-145 cells were stimulated with plate-bound
anti-CD3 antibodies or PMA/ionomycin (Iono) for the indicated time periods. Isolated RNA was reverse transcribed and amplified with
MnSOD-specific primers. (E) Jurkat cells were stimulated via plate-bound anti-CD3 antibodies or PMA/ionomycin (Iono) for the indicated time
points. Cells were lysed and MnSOD protein levels were determined by Western blot analysis. MnSOD expression was normalized to tubulin and
quantified with NIH Image (lower panel). (F) MnSOD activity in mitochondria of J16-145 cells stimulated by plate-bound anti-CD3 antibody
or PMA.
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upon TCR stimulation (30). Here, we demonstrate that
NADPH oxidases participate in activation-induced ROS gen-
eration in human T cells. As with murine T cells, the oxidative
signal is only partially NADPH oxidase dependent (Fig. 9H).
Therefore, we focused on the identification of an additional
source of ROS. Mitochondria are the most prominent intra-
cellular source of ROS production (53). It has been reported
that PKCs are translocated into/to mitochondria after PMA

treatment (39, 43). Here, we show that upon activation PKC�
is translocated to the mitochondria and/or associated mem-
brane structures. In addition, mitochondria translocate to
the plasma membrane and the immunological synapse upon
T-cell activation (49). To analyze the role of mitochondria in
activation-induced ROS generation in more detail, we used
cells transiently depleted of mtDNA, pseudo-[rho0] cells
(12, 36). These cells not only reveal a diminished activation-

FIG. 6. ROS produced by complex I drive activation-induced CD95L expression. (A and B) J16-145 cells were pretreated with the indicated
amounts of inhibitors of the ETC (ROT, rotenone; Pier, piericidin A; AA, antimycin A; TTFA, 1,1,1-thenoyl trifluoroacetone; Az, sodium azide)
or the FoF1 ATPase (OLI, oligomycin) and stimulated with PMA/ionomycin (Iono) (A) or plate-bound anti-CD3 antibodies (B) for 1 h. RNA was
isolated, reverse transcribed, and amplified with CD95L- and actin-specific primers. (C) J16-145 cells were pretreated with the indicated inhibitors
and stimulated with (left) or without (right) plate-bound anti-CD3 antibodies for 1 h. RNA was isolated and reverse transcribed, and a quantitative
PCR was performed. CD3-induced CD95L expression was set to 100%. All other values were calculated according to the CD3-induced CD95L
expression. (D) Schematic diagram of mitochondrial ROS production. CI, complex I.
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induced oxidative signal but also a reduction in AICD.
Therefore, we demonstrate for the first time that expression
of mitochondrially encoded proteins is a prerequisite for
induction of AICD.

The ETC components are oligomeric complexes consisting
of both nuclear and mtDNA-encoded subunits. The primary
sites for mitochondrial ROS production by the ETC are com-
plexes I and III (45). It has been shown that rotenone, a
commonly used inhibitor of complex I, interferes with CD8�

T-cell function (70) and activation-induced CD95L expression
(7). Nevertheless, rotenone inhibits, in addition, spindle mi-
crotubule formation and tubulin assembly, leading to cell cycle
arrest, disassembly of the Golgi apparatus, disturbance of the

cytoskeleton, and tubulin-dependent cell-signaling events (4, 5,
8, 16, 32, 44, 52). Therefore, it is likely that rotenone interferes
with formation of the immunological synapse and movement
of mitochondria. However, here we prove the role of complex
I in activation-induced ROS production, CD95L expression,
and AICD via downmodulation of NDUFAF1 expression (Fig.
9H). Moreover, we exclude the participation of the other com-
plexes of the ETC in activation-induced ROS production by
the use of different inhibitors. Thus, we show here that it is
indeed complex I that generates ROS and is therefore respon-
sible for the induction of CD95L expression and AICD. It is
discussed whether O2·� (15) or H2O2 (25) acts as a second
messenger in CD95L expression and AICD. However, complex

FIG. 7. Downregulation of NDUFAF1 inhibits ROS generation, CD95L expression, and AICD. (A) J16-145 cells were transfected with 75 nM
concentrations of scrambled (ctr) or two different NDUFAF1-siRNA (#1 and #2) oligonucleotides. After 48 h, RNA was isolated, reverse
transcribed, and amplified with NDUFAF1- and actin-specific primers. (B) At 48 h after transfection with scrambled- (ctr) or NDUFAF1-siRNA
(#1 and #2) oligonucleotides, the oxidative signal upon 30 min of PMA treatment was determined by DCFDA staining (filled profile, stained
cells/untreated; open profile, cells stained and stimulated with PMA). (C) Quantification of PMA-induced oxidative signals in Jurkat cells at 72 h
after transfection with 75 nM concentrations of scrambled (ctr) or NDUFAF1-siRNA (#1 and #2) oligonucleotides. Cells were stained with
DCFDA, treated with PMA for 30 min, and subjected to FACS analysis. Results are shown as the percent increase in MFI. (D) J16-145 cells were
transfected with 75 nM concentrations of scrambled (ctr) or NDUFAF1-siRNA (#1 and #2) oligonucleotides. After 72 h of resting, cells were
treated with PMA/ionomycin for 1 h. PMA/ionomycin RNA was isolated, reverse transcribed, and amplified with CD95L- and actin-specific
primers. (E) J16-145 cells were transfected with 75 nM (left) or 900 nM (right) concentrations of scrambled (ctr) or NDUFAF1-siRNA (#2)
oligonucleotides. After 72 h of resting, AICD was induced by 24 h of PMA/ionomycin treatment. Cell death was assessed by a drop in the FSC/SSC
index. Results were recalculated to specific cell death.
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I is known to generate O2·� into the mitochondrial matrix (65).
In aqueous solutions, O2·� has a half-life of less than 1 �s and
is converted rapidly into H2O2 (53). MnSOD, an enzyme lo-
cated the mitochondrial matrix, further facilitates the conver-
sion of O2·� into H2O2. Here, we show that MnSOD expres-
sion and activity are enhanced upon TCR stimulation. Thus,
O2·� generated by complex I is converted into H2O2 that can
cross the mitochondrial membrane and act then as a second
messenger in the cytosol. Blockage of complex I via inhibitors
and siRNA-mediated downmodulation of NDUFAF1 expres-
sion leads to a nearly complete block of ROS generation.
Therefore, complex I activity is crucial for subsequent NADPH
oxidase-dependent ROS production (Fig. 9H). Recently, a
similar connection between mitochondrial ROS generation
and activation of NOX1 in 293T cells was described (38). Thus,
we demonstrate that ROS produced by mitochondria, despite

being known as damaging by-products of respiration, can also
be released in a controlled process and serve as a second
messenger.

Next, we searched for potential tools for manipulating the
generation of ROS at complex I and verifying weather our
findings have possible application in the treatment of CD95/
CD95L-dependent diseases. Therefore, we analyzed the effect
of metformin, an antidiabetic drug (2, 3, 58) and a mild inhib-
itor of complex I (6, 18), on AICD. Here, we demonstrate that
metformin inhibits activation-induced ROS production and
thereby CD95L expression and AICD. It has been shown in
vitro that metformin inhibits reversed electron flux toward
complex I (6). Therefore, we assume that activation-induced
ROS production is coupled to reversed electron transport.
Importantly, metformin is a nontoxic complex I inhibitor and
therefore a potential tool for investigating diseases displaying

FIG. 8. Metformin, a nontoxic complex I inhibitor, blocks activation-induced oxidative signal, CD95L expression, and AICD. (A) Metformin
induces no toxicity. J16-145 cells were treated for 2 h (white bars) and 24 h (gray bars) with the indicated inhibitors (ROT, rotenone [10 �g/ml];
Pier, piericidin A [7.5 �M]; Metf, metformin [100 �M]; TTFA, 1,1,1-thenoyl trifluoroacetone [25 �M]; AA, antimycin A [4 �g/ml]; Az, sodium
azide [100 �g/ml]; OLI, oligomycin [10 �g/ml]). Cell death was determined by a drop in the FSC/SSC profile in comparison to living cells and
recalculated to specific cell death. (B) J16-145 cells were pretreated with the indicated amounts of metformin, stained with DCFDA, and stimulated
by PMA for 30 min. Oxidative signal was quantified as the increase in MFI. (C and D) J16-145 cells were pretreated with the indicated amounts
of metformin and stimulated with PMA/ionomycin (Iono) (C) or plate-bound anti-CD3 antibodies (D) for 1 h. Next, RNA was isolated, reverse
transcribed, and amplified with CD95L- and actin-specific primers (left). In addition, a quantitative PCR was performed (right). CD3-induced
CD95L expression was set to 100%. All other values were calculated according to the CD3-induced CD95L expression. (E and F) J16-145 cells
pretreated with the indicated amounts of metformin and AICD were induced by PMA/ionomycin (Iono) treatment (E) or stimulation with
plate-bound anti-CD3 antibodies (F). After 24 h, cell death was assessed by the drop in the FSC/SSC index. Inserts show J16-145 cells cotreated
with or without CD95L neutralizing antibody (NOK1) and stimulated by plate-bound anti-CD3 antibodies. Results were recalculated to specific
cell death.
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FIG. 9. Primary human T cells depend on complex I-originated activation-induced ROS for CD95L expression and AICD. (A) T cells were
pretreated with the indicated amounts of inhibitors of the ETC (ROT, rotenone; AA, antimycin A) and stimulated with anti-CD3 antibodies for
30 min. Cells were stained with DCFDA, and the increase in MFI was measured by FACS. (B) T cells were pretreated with the indicated amounts
of rotenone (upper panel) or antimycin A (lower panel) and stimulated with anti-CD3 antibodies for 1 h. Next, RNA was isolated, reverse
transcribed, and amplified with CD95L- and actin-specific primers. (C) T cells were transfected with 900 nM scrambled (ctr) or two different
NDUFAF1-siRNA (#1 and #2) oligonucleotides. After 48 h, RNA was isolated, reverse transcribed, and amplified with NDUFAF1- and
actin-specific primers. (D) At 72 h after transfection with 900 nM scrambled (ctr) or NDUFAF1-siRNA (#1 and #2) oligonucleotides, primary
human T cells were stimulated by plate-bound anti-CD3 antibodies for 30 min and the oxidative signal was determined as for panel A. (E to G)
T cells were pretreated with the indicated amounts the nontoxic complex I inhibitor metformin and stimulated with plate-bound anti-CD3
antibodies (i) for 30 min (E), to measure the oxidative signal (quantified as in panel A); (ii) for 1 h (F), to detect changes in CD95L expression
(left, semiquantitative PCR; right, quantitative PCR); or (iii) for 24 h (G), to asses AICD by a drop in the FCS/SSC index. The insert shows T cells
cotreated with or without CD95L neutralizing antibody (NOK1); results were recalculated to specific cell death. (H) Schematic diagram of
TCR-induced oxidative signaling.
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defects in mitochondrial function combined with deregulation
of CD95L expression.

AICD guards against the development of autoimmunity.
Thus, the pathology of a recently reported case of fatal neo-
natal-onset mitochondrial respiratory chain disease with man-
ifestation of T-cell immunodeficiency (51) could possibly be
explained by our findings. Furthermore, multiple sclerosis
(MS) is generally considered an anti-inflammatory disease with
a substantial autoimmune contribution. On the one hand, it
was shown in a genetic screening that about 20% of MS pa-
tients have mutations in mtDNA (34). It was also stated that
mitochondrial complex I gene variants are associated with MS
(67). On the other hand, many patients suffering from Leber’s
hereditary optic neuropathy disease, caused by mutations in
the mitochondrially encoded subunits of complex I, display
symptoms of MS (33). The MS pathology in patients with
mutations in genes of complex I is not understood; therefore,
our data warrant investigation of whether CD95L expression
plays a role in its development. The same applies to the T-cell-
specific immunodeficiency disorder associated with purine nu-
cleoside phosphorylase deficiency, which is a result of the in-
hibition of mtDNA repair due to the accumulation of dGTP
in mitochondria (1). Since CD95L plays an important role in
T-cell development, mitochondrial damage may be responsible
for impaired thymocyte differentiation in this disease. In addi-
tion, several T-cell-dependent diseases are associated with en-
hanced ROS levels, e.g., lupus erythematosus (47), rheumatoid
arthritis (22), and AIDS (25), which influence T-cell activation,
death, and homeostasis. Thus, the present findings may have
further implications for the development of nontoxic inhibitors
of complex I to treat diseases in which deregulation of CD95L
expression or T-cell activation plays a vital role.
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3638 KAMIŃSKI ET AL. MOL. CELL. BIOL.



phenomena in mouse macrophages elicited by different sterile inflammatory
stimuli. Immunobiology 165:78–89.

36. King, M. P., and G. Attardi. 1989. Human cells lacking mtDNA: repopula-
tion with exogenous mitochondria by complementation. Science 246:500–
503.

37. Ku, G. M., D. Yablonski, E. Manser, L. Lim, and A. Weiss. 2001. A PAK1-
PIX-PKL complex is activated by the T-cell receptor independent of Nck,
Slp-76 and LAT. EMBO J. 20:457–465.

38. Lee, S. B., I. H. Bae, Y. S. Bae, and H. D. Um. 2006. Link between mito-
chondria and NADPH oxidase 1 isozyme for the sustained production of
reactive oxygen species and cell death. J. Biol. Chem. 281:36228–36235.

39. Li, L., P. S. Lorenzo, K. Bogi, P. M. Blumberg, and S. H. Yuspa. 1999.
Protein kinase C� targets mitochondria, alters mitochondrial membrane
potential, and induces apoptosis in normal and neoplastic keratinocytes
when overexpressed by an adenoviral vector. Mol. Cell. Biol. 19:8547–8558.

40. Li-Weber, M., M. Giaisi, M. K. Treiber, and P. H. Krammer. 2002. The
anti-inflammatory sesquiterpene lactone parthenolide suppresses IL-4 gene
expression in peripheral blood T cells. Eur. J. Immunol. 32:3587–3597.

41. Li-Weber, M., O. Laur, and P. H. Krammer. 1999. Novel Egr/NF-AT com-
posite sites mediate activation of the CD95 (APO-1/Fas) ligand promoter in
response to T cell stimulation. Eur. J. Immunol. 29:3017–3027.

42. Luetjens, C. M., N. T. Bui, B. Sengpiel, G. Munstermann, M. Poppe, A. J.
Krohn, E. Bauerbach, J. Krieglstein, and J. H. Prehn. 2000. Delayed mito-
chondrial dysfunction in excitotoxic neuron death: cytochrome c release and
a secondary increase in superoxide production. J. Neurosci. 20:5715–5723.

43. Majumder, P. K., P. Pandey, X. Sun, K. Cheng, R. Datta, S. Saxena, S.
Kharbanda, and D. Kufe. 2000. Mitochondrial translocation of protein ki-
nase C delta in phorbol ester-induced cytochrome c release and apoptosis.
J. Biol. Chem. 275:21793–21796.

44. Marshall, L. E., and R. H. Himes. 1978. Rotenone inhibition of tubulin
self-assembly. Biochim. Biophys. Acta 543:590–594.

45. McLennan, H. R., and M. Degli Esposti. 2000. The contribution of mito-
chondrial respiratory complexes to the production of reactive oxygen species.
J. Bioenerg. Biomembr. 32:153–162.

46. Nathan, C. F., and R. K. Root. 1977. Hydrogen peroxide release from mouse
peritoneal macrophages: dependence on sequential activation and trigger-
ing. J. Exp. Med. 146:1648–1662.

47. Perl, A., G. Nagy, P. Gergely, F. Puskas, Y. Qian, and K. Banki. 2004.
Apoptosis and mitochondrial dysfunction in lymphocytes of patients with
systemic lupus erythematosus. Methods Mol. Med. 102:87–114.

48. Pfeifhofer, C., K. Kofler, T. Gruber, N. G. Tabrizi, C. Lutz, K. Maly, M.
Leitges, and G. Baier. 2003. Protein kinase C theta affects Ca2� mobiliza-
tion and NFAT cell activation in primary mouse T cells. J. Exp. Med.
197:1525–1535.

49. Quintana, A., E. C. Schwarz, C. Schwindling, P. Lipp, L. Kaestner, and M.
Hoth. 2006. Sustained activity of calcium release-activated calcium channels
requires translocation of mitochondria to the plasma membrane. J. Biol.
Chem. 281:40302–40309.

50. Rashba-Step, J., N. J. Turro, and A. I. Cederbaum. 1993. Increased
NADPH- and NADH-dependent production of superoxide and hydroxyl
radical by microsomes after chronic ethanol treatment. Arch. Biochem.
Biophys. 300:401–408.

51. Reichenbach, J., R. Schubert, R. Horvath, J. Petersen, N. Futterer, E. Malle,
A. Stumpf, B. R. Gebhardt, U. Koehl, B. Schraven, and S. Zielen. 2006. Fatal
neonatal-onset mitochondrial respiratory chain disease with T cell immuno-
deficiency. Pediatr. Res. 60:321–326.

52. Ren, Y., W. Liu, H. Jiang, Q. Jiang, and J. Feng. 2005. Selective vulnerability

of dopaminergic neurons to microtubule depolymerization. J. Biol. Chem.
280:34105–34112.

53. Reth, M. 2002. Hydrogen peroxide as second messenger in lymphocyte
activation. Nat. Immunol. 3:1129–1134.

54. Rosen, G. M., and B. A. Freeman. 1984. Detection of superoxide generated
by endothelial cells. Proc. Natl. Acad. Sci. USA 81:7269–7273.

55. Sanders, S. A., R. Eisenthal, and R. Harrison. 1997. NADH oxidase activity
of human xanthine oxidoreductase—generation of superoxide anion. Eur.
J. Biochem. 245:541–548.

56. Sies, H. 1977. Peroxisomal enzymes and oxygen metabolism in liver. Adv.
Exp. Med. Biol. 78:51–60.

57. Stuehr, D. J., O. A. Fasehun, N. S. Kwon, S. S. Gross, J. A. Gonzalez, R. Levi,
and C. F. Nathan. 1991. Inhibition of macrophage and endothelial cell nitric
oxide synthase by diphenyleneiodonium and its analogs. FASEB J. 5:98–103.

58. Stumvoll, M., N. Nurjhan, G. Perriello, G. Dailey, and J. E. Gerich. 1995.
Metabolic effects of metformin in non-insulin-dependent diabetes mellitus.
N. Engl. J. Med. 333:550–554.

59. Sun, Z., C. W. Arendt, W. Ellmeier, E. M. Schaeffer, M. J. Sunshine, L.
Gandhi, J. Annes, D. Petrzilka, A. Kupfer, P. L. Schwartzberg, and D. R.
Littman. 2000. PKC-theta is required for TCR-induced NF-kappaB activa-
tion in mature but not immature T lymphocytes. Nature 404:402–407.

60. Tew, D. G. 1993. Inhibition of cytochrome P450 reductase by the diphenyl-
iodonium cation. Kinetic analysis and covalent modifications. Biochemistry
32:10209–10215.

61. ’t Hart, B. A., J. M. Simons, S. Knaan-Shanzer, N. P. Bakker, and R. P.
Labadie. 1990. Antiarthritic activity of the newly developed neutrophil oxi-
dative burst antagonist apocynin. Free Radic. Biol. Med. 9:127–131.

62. Trauth, B. C., C. Klas, A. M. Peters, S. Matzku, P. Moller, W. Falk, K. M.
Debatin, and P. H. Krammer. 1989. Monoclonal antibody-mediated tumor
regression by induction of apoptosis. Science 245:301–305.

63. Turrens, J. F., B. A. Freeman, J. G. Levitt, and J. D. Crapo. 1982. The effect
of hyperoxia on superoxide production by lung submitochondrial particles.
Arch. Biochem. Biophys. 217:401–410.

64. Villunger, A., N. Ghaffari-Tabrizi, I. Tinhofer, N. Krumbock, B. Bauer, T.
Schneider, S. Kasibhatla, R. Greil, G. Baier-Bitterlich, F. Uberall, D. R.
Green, and G. Baier. 1999. Synergistic action of protein kinase C theta and
calcineurin is sufficient for Fas ligand expression and induction of a crmA-
sensitive apoptosis pathway in Jurkat T cells. Eur. J. Immunol. 29:3549–3561.

65. Vinogradov, A. D., and V. G. Grivennikova. 2005. Generation of superoxide-
radical by the NADH:ubiquinone oxidoreductase of heart mitochondria.
Biochemistry (Moscow) 70:120–127.

66. Vogel, R. O., R. J. Janssen, C. Ugalde, M. Grovenstein, R. J. Huijbens, H. J.
Visch, L. P. van den Heuvel, P. H. Willems, M. Zeviani, J. A. Smeitink, and
L. G. Nijtmans. 2005. Human mitochondrial complex I assembly is mediated
by NDUFAF1. FEBS J. 272:5317–5326.

67. Vyshkina, T., I. Banisor, Y. Y. Shugart, T. P. Leist, and B. Kalman. 2005.
Genetic variants of complex I in multiple sclerosis. J. Neurol. Sci. 228:55–64.

68. Williams, B. L., K. L. Schreiber, W. Zhang, R. L. Wange, L. E. Samelson,
P. J. Leibson, and R. T. Abraham. 1998. Genetic evidence for differential
coupling of Syk family kinases to the T-cell receptor: reconstitution studies
in a ZAP-70-deficient Jurkat T-cell line. Mol. Cell. Biol. 18:1388–1399.

69. Williamson, J. R. 1986. Role of inositol lipid breakdown in the generation of
intracellular signals. State of the art lecture. Hypertension 8(Part II):140–
156.

70. Yi, J. S., B. C. Holbrook, R. D. Michalek, N. G. Laniewski, and J. M.
Grayson. 2006. Electron transport complex I is required for CD8� T cell
function. J. Immunol. 177:852–862.

VOL. 27, 2007 MITOCHONDRION-DERIVED ROS AND AICD 3639


