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Redox control of caspases
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Abstract

Caspases are critical mediators of apoptotic cell death. All members of the caspase family contain the sequence QACXG which
contains the active site cysteine. The putative active site of caspase 3 contains a cysteine residue that is subject to redox control.
Both thioredoxin and glutathione have been shown to be required for caspase-3 activity to induce apoptosis. The regulation of
inducible caspase 3 activity by oxidation–reduction (redox) dependent mechanisms is reviewed. Up until a few years ago, reactive
oxygen species (ROS) research mostly focussed on oxidative damage and ROS were thought to be a key trigger for cell death. This
view has been refined, leading to the understanding that the biological function of ROS is determined by numerous variables such
as concentration, chemical type and cellular localization. For example, ROS and reactive nitrogen species may intercept inducible
cell death under certain circumstances via the redox regulation of inducible caspase activity and/or by depleting cellular energy
stores. Likewise, death of unwanted diseased or degenerative cells may be facilitated by pharmacologically enhancing the thiol
status of such cells using redox-active �-lipoic acid. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Caspases are critical mediators of apoptotic cell
death. The activation of these otherwise latent intracel-
lular proteases is implicated in the execution of most, if
not all apoptosis in mammals. Caspases are also impli-
cated in various non-apoptotic aspects of cellular phys-
iology (Zeuner et al., 1999), such as cytokine processing
during inflammation, differentiation of progenitor cells
during erythropoiesis and lens fiber development, and
proliferation of T lymphocytes, thus attesting to the
pleiotropic functions of these proteases (Fadeel et al.,
2000). The caspase family is diversified by the presence
of over a dozen members. Caspase-1 was discovered
first. The finding was based on the sequence similarity
to the Caenorhabditis elegans death gene, ced-3. Cas-
pase-1 was originally labeled ICE (for interleukin-1-
beta-converting enzyme). Subsequently, the entire gene
family was unveiled. The term caspase was created to
denote the Cysteine requiring ASPartate proteASE ac-
tivity of these enzymes. The protease activity of the

caspase family is unique in that they cleave following
(C-terminal to) aspartate residues (Asp-X), a property
shared only by the cytotoxic lymphocyte serine
protease, granzyme B.

Caspases exist as inactive proenzymes made of a
prodomain, a large subunit, and a small subunit which
must be cleaved at caspase recognition sequences (Asp-
X) to form the active enzyme (Fig. 1). This means that
active caspases can autoactivate other caspases follow-
ing an initial activating stimulus. Active caspases are
tetramers consisting of two large and two small sub-
units from the cleaved proezymes. Each caspase cas-
cade has two types of caspases involved, the upstream
or class I caspases, and the downstream or class II
caspases. Class I caspases are characterized by long
amino-terminal prodomains that carry specific protein–
protein interaction domains which mediate oligomerisa-
tion of caspases, often assisted by specific adaptor
molecules (Salvesen and Dixit, 1999). Oligomerisation
appears to be sufficient for autocatalytic activation of
class I caspases. Once the first caspase in the pathway
has been activated, it processes downstream caspases,
initiating a cascade of amplifying events that lead to the
apoptotic death of a cell. Among members of the
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caspase family, caspase-3 was shown to have the
highest similarity to ced-3. All members of the caspase
family contain the sequence QACXG that contains the
active site cysteine. The putative active site of caspase 3
(CPP32, apopain, YAMA) contains a cysteine residue
(Fernandes-Alnemri et al., 1994) that is subject to redox
control (Sen et al., 1999c). Both thioredoxin and glu-
tathione have been shown to be required for caspase-3
activity to induce apoptosis (Ueda et al., 1998). The
regulation of inducible caspase 3 activity by oxidation–
reduction (redox) dependent mechanisms is reviewed.

Redox based regulation of signal transduction and
gene expression is emerging as a fundamental regula-
tory mechanism in cell biology (Sen and Packer, 1996;
Sen, 1998, 2000). Electron flow through side chain
functional CH2–SH groups of conserved cysteinyl
residues in proteins accounts for their redox-sensing
properties. In most intracellular proteins thiol groups
are strongly ‘buffered’ against oxidation by the highly-
reduced environment inside the cell, therefore, only
accessible protein thiol groups with high thiol-disulfide
oxidation potentials are likely to be redox-sensitive.
The list of redox-sensitive signal transduction pathways
is steadily growing (Sen et al., 2001, 2000; Sen and
Packer, 2002). Up until a few years ago, ROS research
mostly focussed on oxidative damage and these species
were thought to be a key trigger for cell death (Slater et

al., 1995). This view has been refined over time and has
led to our current understanding that the biological
function of ROS is determined by numerous variables
such as concentration, chemical type and cellular local-
isation (Irani, 2000). Indeed, a critical consideration of
these variables is of vital importance because the net
impact on overall cellular responses may even be re-
versed (Hampton and Orrenius, 1997). For example, as
described below, ROS and reactive nitrogen species
(RNS) may intercept inducible cell death under certain
circumstances via the redox regulation of inducible
caspase activity and/or by depleting cellular energy
stores (Hampton and Orrenius, 1997; Lee and Shacter,
1999). Likewise, death of unwanted diseased or degen-
erative cells may be facilitated by pharmacologically
enhancing the thiol redox status of such cells (Sen et al.,
1999c).

2. Oxidant-dependent inhibition of inducible caspase
activity

Programmed cell death, or apoptosis, represents a
highly controlled form of cell death in which single cells
are selectively eliminated without release of cellular
debris and perturbation of neighboring tissues (Ashke-
nazi and Dixit, 1998; Granville et al., 1998; Green,

Fig. 1. Redox regulation of inducible caspase activity. Death signal cleaves caspase pro-enzyme to form active tetrameric caspase. Under certain
conditions reactive oxygen and nitrogen species (ROS/RNS) may inhibit inducible caspase function and therefore counteract the execution of
death. Cellular thiols such as glutathione and thioredoxin support inducible caspase activity. Unwanted harmful cells may be sensitized to
inducible death using redox-active nutrients such as �-lipoic acid. Lipoic acid enters the cell and is reduced to dihydrolipoic acid, a potent
reductant capable of regulating inducible caspase 3 activity. NOS, nitric oxide synthase.
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1998). Apoptosis regulates several key physiological
functions. For example, developing lymphocytes un-
dergo extensive cell death during selection of the im-
mune repertoire. Understanding the fundamental
mechanism of apoptosis is crucial in developing thera-
peutic strategies for controlling apoptosis in diseased
tissues (Holzman, 1997). Such information may be used
to protect healthy cells against apoptosis, and also to
selectively kill diseased cells. For example, inhibitors of
apoptosis may be utilized to induce resistance to
chemotherapeutic drugs and irradiation, whereas, in-
ducers of apoptosis may be used to control neoplastic
events that result from uncontrolled cell proliferation.
Caspase 3 has been investigated as a therapeutic target
to induce death of cancer cells (Martinez-Lorenzo et al.,
1998; Yamabe et al., 1999; Shinoura et al., 2000).
Under certain conditions, ROS and RNS have been
shown to intercept caspase 3 mediated death. A physio-
logical example of this is the NADPH oxidase-derived
oxidants generated by stimulated neutrophils that pre-
vent caspase activation in these cells. Human neu-
trophils have a short half-life and are believed to die by
apoptosis or programmed cell death both in vivo and in
vitro. It has been observed that caspases are activated
in a time-dependent manner in neutrophils undergoing
spontaneous apoptosis. However, in cells treated with
the potent neutrophil activator phorbol 12-myristate
13-acetate (PMA), caspase activity was only evident
after pharmacologic inhibition of the nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase.
Similarily, inhibition of the NADPH oxidase in consti-
tutive as well as Fas/APO-1-triggered apoptosis re-
sulted in increased rather than suppressed levels of
caspase activity, suggesting that ROS may prevent cas-
pases from functioning optimally in these cells. Thus,
caspases are an important component of constitutive
and Fas/APO-1-triggered neutrophil apoptosis. How-
ever, these redox-sensitive death-executing enzymes are
suppressed in activated neutrophils, and an alternate
oxidant-dependent pathway is used to mediate neu-
trophil clearance under these conditions (Fadeel et al.,
1998). Impairment of caspase-mediated death is also
observed under conditions of GSH deficiency (Boggs et
al., 1998). Other thiol blocking agents such as N-ethyl-
maleimide, or iodoacetamide has been shown to impair
caspase function as well (Mohr et al., 1997). Enzymatic
activity of caspase 3-like protease in cell lysates of
UVB-exposed cells was repressed in vitro by the pres-
ence of selenite via an oxidant-dependent mechanism.
Selenite also inhibited the in vitro activity of purified
recombinant caspase-3. The inhibitory action of selenite
on a recombinant active caspase-3 was reversed by
sulfhydryl reducing agents, such as dithiothreitol and
�-mercaptoethanol (Park et al., 2000).

The transmembrane Fas Ag is a member of the
tumor necrosis factor/nerve growth factor receptor

family, which can trigger apoptosis. Interaction be-
tween Fas–Fas ligand (FasL) transduces apoptotic sig-
nals in sensitive target cells. This pathway to induce
programmed cell death has been suggested to be of
potential use in cancer treatment. Treatment with anti-
Fas Ab has been shown to suppress the growth of Fas
bearing (Fas+ ) tumor cells (Shimizu et al., 1996).
Also, malignant glioma cells are susceptible to Fas
mediated apoptosis triggered by agonistic Ab (Roth et
al., 1997). The killing of myelogenous leukemia cells by
the Fas/FasL pathway has the remarkable potential of
serving as a novel and effective approach for leukemia
immunotherapy (Komada and Sakurai, 1997). Prolifer-
ation of vascular smooth muscle cells in response to
injury plays a central role in the pathogenesis of vascu-
lar disorders. FasL gene transfer to the wall of blood
vessel-induced apoptosis of Fas+ vascular smooth
muscle cells and inhibited neointima formation in in-
jured rat carotid artery (Sata et al., 1998). Thus, Fas-
mediated apoptosis is expected to have therapeutic
potential in certain disorders, especially cancer treat-
ment. ROS and RNS have been observed to confer
resistance to Fas-mediated apoptosis by inhibiting in-
ducible caspase 3 activity. Tumor cells are usually rich
in ROS and also resistant to oxidative damage.
Clement and Stamenkovic first observed that increased
intracellular superoxide anion concentration ([O2

�−]i)
can abrogate Fas-mediated apoptosis in cells that are
constitutively sensitive to Fas. Conversely, decreased
[O2

�−]i sensitized cells that are naturally resistant to Fas
signals (Clement and Stamenkovic, 1996). A similar
situation was evident in the study of virus-induced cell
death. Elevated [O2

�−]i served as a survival signal and
strategies to lower [O2

�−]i favored execution of death
(Lin et al., 1999). These observations led to the hypoth-
esis that manipulation of cellular redox state may serve
as a productive strategy to modulate caspase-mediated
death. It is thought that intracellular redox status may
either trigger or block the apoptotic death program,
depending on the severity of the oxidative stress
(Hampton and Orrenius, 1998). While excessive oxida-
tive stress is likely to trigger necrosis and levels of ROS
much lower than that required to inflict oxidative dam-
age may trigger death-signaling (Lieberthal et al., 1998;
Turner et al., 1998; Li et al., 1999; Olejnicka et al.,
1999; Kim et al., 2000), intermediary levels of ROS in a
cell interrupt programmed cell death by intercepting
caspase function.

S-nitrosylation (transfer of the NO group to a cys-
teine sulfhydryl {thiolate anion} to form an RS-NO;
further oxidation of critical thiols can possibly form
disulfide bonds) and oxidation of members of the cas-
pase family by RNS accounts for their anti-death prop-
erty (Haendeler et al., 1997; Mohr et al., 1997; Lipton,
1999; Stefanelli et al., 1999; Kolb, 2000; Li and Billiar,
2000). NO-mediated enzyme inhibition was fully re-
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versible upon the addition of dithiothreitol (Mohr et
al., 1997). NO supplied by exogenous NO donors serves
in vivo as an anti-apoptotic regulator of caspase activ-
ity via S-nitrosylation of the Cys-163 residue of cas-
pase-3 (Rossig et al., 1999). Inhaled NO, frequently
administered in combination with hyperoxic gas mix-
tures, has been shown to protect against the injurious
consequences of prolonged hyperoxia by impairing cas-
pase function (Howlett et al., 1999). Denitrosylation of
caspase 3 has been shown to be one mechanism that
mediates Fas-induced death. Decreased caspase-3 S-ni-
trosylation in Fas-activated cells was associated with an
increase in intracellular caspase activity (Mannick et al.,
1999).

3. Thiol-dependent facilitation of inducible caspase
activity

Given the central role of biological thiols in regulat-
ing numerous key cell regulatory processes, the focus
has been turned toward identifying clinically relevant
modulators of cellular thiol status (Sen, 1998, 2000; Sen
et al., 2000; Sen and Packer, 2002). Among the several
candidates that have emerged, N-acetyl-L-cysteine and
�-lipoic acid represent the two most potent agents (Sen,
1997). Because �-lipoic acid can be reduced by NADH-
and NADPH-dependent cellular enzymes, it has an
advantage over N-acetyl-L-cysteine (Sen, 1997; Sen and
Packer, 2000). Lipoic acid is present in trace amounts
in vegetables. When added to cells it is promptly taken
up by cells and reduced enzymatically to the corre-
sponding reduced form, dihydrolipoic acid. Dihy-
drolipoic acid is a potent stimulator of cellular GSH
synthesis and enhances overall cellular reduced thiol
status (Sen et al., 1997, 1999a,b). The lipoic/dihy-
drolipoic acid redox-couple has a strong reducing
power with −0.32 V as the reduction potential. Reduc-
tion potential of this redox couple is stronger than all
other endogenous redox couples such as GSH/GSSG or
NADH/NAD+ (Jocelyn, 1967). The ability of dihy-
drolipoic acid to reduce protein thiols, e.g. thioredoxin
has been evident (Packer et al., 1997).

Lipoic acid remarkably potentiated Fas mediated cell
death in leukemic Jurkat cells, but not in healthy
peripheral blood lymphocytes (Sen et al., 1999c). Previ-
ously chemotherapeutic agents such as doxorubicin,
vincristine, and the alkaloid taxol have been shown to
facilitate Fas-mediated cell death (Roth et al., 1997,
1998). Doxorubicin, vincristine and taxol are anti-tu-
mor drugs that are used for cancer therapy. At high
concentrations, these agents per se are toxic to cells. In
contrast, lipoic acid is a safe nutrient, mostly known for
its ability to bolster cellular glutathione levels, alter
intracellular redox state and help protect against dia-
betic complications (Packer et al., 1997; Khanna et al.,

1999a,b). This work presented first evidence showing
that a redox active agent, lipoic acid, may potentiate
Fas-mediated death in leukemic Jurkat cells. This ob-
servation is consistent with a previous report showing
that ROS such as superoxide anion function as a
natural inhibitor of Fas-mediated cell death (Clement
and Stamenkovic, 1996), since dihydrolipoic acid is
known to quench superoxide anions (Packer et al.,
1997).

Because the potentiating effect of lipoic acid treat-
ment on Fas-mediated apoptosis was observed in one
of the earliest markers of apoptosis (externalization of
membrane phosphatidyl serine), it was suspected that
lipoic acid regulates one or more early intracellular
events. Expression of the Fas receptor was not influ-
enced by lipoic acid treatment, suggesting that intracel-
lular events signaling for apoptosis may have been
influenced. An early event in Fas-mediated apoptosis
that was strikingly influenced by lipoic acid treatment
was the activation of the caspase 3. The potentiating
effect of lipoic acid treatment on Fas-mediated apopto-
sis of Jurkat cells was markedly decreased by a caspase
3 inhibitor, indicating that indeed increased caspase 3
activity in lipoic acid treated Fas-activated cells played
a significant role in potentiating cell death. As described
in a previous section, low concentration of hydrogen
peroxide inhibits caspase activity in Jurkat cells (Hamp-
ton and Orrenius, 1997). Consistently we observed that
the activity of purified caspase 3 protein was inhibited
by hydrogen peroxide. Our report provided first evi-
dence showing that indeed caspase 3 activity may be
also potentiated by intracellular reducing agents such as
dihydrolipoic acid demonstrating that inducible caspase
3 activity may be up-regulated pharmacologically. In a
later study, Baker et al. provided further support to the
contention that reductants may facilitate caspase 3 ac-
tivity (Baker et al., 2000). They examined the ability of
various recombinant human thioredoxins to activate
caspase 3. The EC50 for caspase 3 activation by reduced
thioredoxin-1 was 2.5 �M, by reduced glutathione 1.0
mM and by the bench-top reductant dithiothreitol 3.5
mM. A catalytic site redox-inactive mutant thiore-
doxin-1 was almost as active as thioredoxin-1 in acti-
vating caspase-3. Caspase activation was shown to
correlate with the number of reduced cysteine residues
in the thioredoxins. Reduced insulin and serum albu-
min were as effective on a molar basis as thioredoxin-1
in activating caspase-3 (Baker et al., 2000). Dithothrei-
tol has been observed to enhance the caspase-dependent
toxicity of As2O3. While the mechanism of such action
of the dithiol was not clearly delineated in the study,
the effect may be related to facilitation of inducible
caspase activity by the reductant (Gurr et al., 1999).

Oxidants may trigger, facilitate or even prevent death
depending on specific cellular conditions. Inducible cas-
pase activity is sensitive to the cellular redox state (Fig.
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1). The nature of this control is dependent on several
factors such as the amount of oxidant produced and the
kinetics of its generation. In addition to the well-estab-
lished fact that oxidants may have cytotoxic properties,
it is now clear that oxidants may prevent death by
inhibiting inducible caspase activity. Unwanted harmful
cells may be sensitized to inducible death by the use of
redox-active nutrients such as �-lipoic acid.

Acknowledgements

Supported by NIH GM 27345, the Surgery Wound
Healing Research Program and US Surgical, Tyco
Healthcare Group. The Laboratory of Molecular
Medicine is the research wing of the Center for Mini-
mally Invasive Surgery.

References

Ashkenazi, A., Dixit, V.M., 1998. Death receptors: signaling and
modulation. Science 281, 1305.

Baker, A., Santos, B.D., Powis, G., 2000. Redox control of caspase-3
activity by thioredoxin and other reduced proteins. Biochem.
Biophys. Res. Commun. 268, 78.

Boggs, S.E., McCormick, T.S., Lapetina, E.G., 1998. Glutathione
levels determine apoptosis in macrophages. Biochem. Biophys.
Res. Commun. 247, 229.

Clement, M.V., Stamenkovic, I., 1996. Superoxide anion is a natural
inhibitor of FAS-mediated cell death. Embo J. 15, 216.

Fadeel, B., Ahlin, A., Henter, J.I., Orrenius, S., Hampton, M.B.,
1998. Involvement of caspases in neutrophil apoptosis: regulation
by reactive oxygen species. Blood 92, 4808.

Fadeel, B., Orrenius, S., Zhivotovsky, B., 2000. The most unkindest
cut of all: on the multiple roles of mammalian caspases. Leukemia
14, 1514.

Fernandes-Alnemri, T., Litwack, G., Alnemri, E.S., 1994. CPP32, a
novel human apoptotic protein with homology to Caenorhabditis
elegans cell death protein Ced-3 and mammalian interleukin-1
beta-converting enzyme. J. Biol. Chem. 269, 30761.

Granville, D.J., Carthy, C.M., Hunt, D.W., McManus, B.M., 1998.
Apoptosis: molecular aspects of cell death and disease. Lab.
Invest. 78, 893.

Green, D.R., 1998. Apoptotic pathways: the roads to ruin. Cell 94,
695.

Gurr, J.R., Bau, D.T., Liu, F., Lynn, S., Jan, K.Y., 1999. Dithiothre-
itol enhances arsenic trioxide-induced apoptosis in NB4 cells.
Mol. Pharmacol. 56, 102.

Haendeler, J., Weiland, U., Zeiher, A.M., Dimmeler, S., 1997. Effects
of redox-related congeners of NO on apoptosis and caspase-3
activity. Nitric Oxide 1, 282.

Hampton, M.B., Orrenius, S., 1997. Dual regulation of caspase
activity by hydrogen peroxide: implications for apoptosis. FEBS
Lett. 414, 552.

Hampton, M.B., Orrenius, S., 1998. Redox regulation of apoptotic
cell death. Biofactors 8, 1.

Holzman, D., 1997. Researchers seek the role of antioxidants in
apoptosis [news]. J. Natl. Cancer Inst. 89, 413.

Howlett, C.E., Hutchison, J.S., Veinot, J.P., Chiu, A., Merchant, P.,
Fliss, H., 1999. Inhaled nitric oxide protects against hyperoxia-in-
duced apoptosis in rat lungs. Am. J. Physiol. 277, L596.

Irani, K., 2000. Oxidant signaling in vascular cell growth, death, and
survival: a review of the roles of reactive oxygen species in smooth
muscle and endothelial cell mitogenic and apoptotic signaling.
Circ. Res. 87, 179.

Jocelyn, P.C., 1967. The standard redox potential of cysteine-cystine
from the thiol-disulfide exchange reaction with glutathione and
lipoic acid. Eur. J. Biochem. 2, 327.

Khanna, S., Atalay, M., Laaksonen, D.E., Gul, M., Roy, S., Sen,
C.K., 1999a. Alpha-lipoic acid supplementation: tissue glu-
tathione homeostasis at rest and after exercise. J. Appl. Physiol.
86, 1191.

Khanna, S., Roy, S., Packer, L., Sen, C.K., 1999b. Cytokine-induced
glucose uptake in skeletal muscle: redox regulation and the role of
alpha-lipoic acid. Am. J. Physiol. 276, R1327.

Kim, D.K., Cho, E.S., Um, H.D., 2000. Caspase-dependent and
-independent events in apoptosis induced by hydrogen peroxide.
Exp. Cell Res. 257, 82.

Kolb, J.P., 2000. Mechanisms involved in the pro- and anti-apoptotic
role of NO in human leukemia. Leukemia 14, 1685.

Komada, Y., Sakurai, M., 1997. Fas receptor (CD95)-mediated apop-
tosis in leukemic cells. Leuk. Lymphoma 25, 9.

Lee, Y.J., Shacter, E., 1999. Oxidative stress inhibits apoptosis in
human lymphoma cells. J. Biol. Chem. 274, 19792.

Li, J., Billiar, T.R., 2000. The role of nitric oxide in apoptosis. Semin.
Perinatol. 24, 46.

Li, A.E., Ito, H., Rovira, I.I., Kim, K.S., Takeda, K., Yu, Z.Y.,
Ferrans, V.J., Finkel, T., 1999. A role for reactive oxygen species
in endothelial cell anoikis. Circ. Res. 85, 304.

Lieberthal, W., Triaca, V., Koh, J.S., Pagano, P.J., Levine, J.S., 1998.
Role of superoxide in apoptosis induced by growth factor with-
drawal. Am. J. Physiol. 275, F691.

Lin, K.I., Pasinelli, P., Brown, R.H., Hardwick, J.M., Ratan, R.R.,
1999. Decreased intracellular superoxide levels activate Sindbis
virus-induced apoptosis. J. Biol. Chem. 274, 13650.

Lipton, S.A., 1999. Neuronal protection and destruction by NO. Cell
Death Differ. 6, 943.

Mannick, J.B., Hausladen, A., Liu, L., Hess, D.T., Zeng, M., Miao,
Q.X., Kane, L.S., Gow, A.J., Stamler, J.S., 1999. Fas-induced
caspase denitrosylation. Science 284, 651.

Martinez-Lorenzo, M.J., Gamen, S., Etxeberria, J., Lasierra, P.,
Larrad, L., Pineiro, A., Anel, A., Naval, J., Alava, M.A., 1998.
Resistance to apoptosis correlates with a highly proliferative
phenotype and loss of Fas and CPP32 (caspase-3) expression in
human leukemia cells. Int. J. Cancer. 75, 473.

Mohr, S., Zech, B., Lapetina, E.G., Brune, B., 1997. Inhibition of
caspase-3 by S-nitrosation and oxidation caused by nitric oxide.
Biochem. Biophys. Res. Commun. 238, 387.

Olejnicka, B.T., Dalen, H., Brunk, U.T., 1999. Minute oxidative
stress is sufficient to induce apoptotic death of NIT-1 insulinoma
cells. APMIS 107, 747.

Packer, L., Roy, S., Sen, C.K., 1997. Alpha-lipoic acid: a metabolic
antioxidant and potential redox modulator of transcription. Adv.
Pharmacol. 38, 79.

Park, H.S., Huh, S.H., Kim, Y., Shim, J., Lee, S.H., Park, I.S., Jung,
Y.K., Kim, I.Y., Choi, E.J., 2000. Selenite negatively regulates
caspase-3 through a redox mechanism. J. Biol. Chem. 275, 8487.

Rossig, L., Fichtlscherer, B., Breitschopf, K., Haendeler, J., Zeiher,
A.M., Mulsch, A., Dimmeler, S., 1999. Nitric oxide inhibits
caspase-3 by S-nitrosation in vivo. J. Biol. Chem. 274, 6823.

Roth, W., Fontana, A., Trepel, M., Reed, J.C., Dichgans, J., Weller,
M., 1997. Immunochemotherapy of malignant glioma: synergistic
activity of CD95 ligand and chemotherapeutics. Cancer Immunol.
Immunother. 44, 55.

Roth, W., Wagenknecht, B., Grimmel, C., Dichgans, J., Weller, M.,
1998. Taxol-mediated augmentation of CD95 ligand-induced
apoptosis of human malignant glioma cells: association with bcl-2
phosphorylation but neither activation of p53 nor G2/M cell cycle
arrest. Br. J. Cancer 77, 404.



C.K. Sen, S. Roy / En�ironmental Toxicology and Pharmacology 10 (2001) 215–220220

Salvesen, G.S., Dixit, V.M., 1999. Caspase activation: the induced-
proximity model. Proc. Natl. Acad. Sci. USA 96, 10964.

Sata, M., Perlman, H., Muruve, D.A., Silver, M., Ikebe, M., Liber-
mann, T.A., Oettgen, P., Walsh, K., 1998. Fas ligand gene
transfer to the vessel wall inhibits neointima formation and over-
rides the adenovirus-mediated T cell response [In Process Cita-
tion]. Proc. Natl. Acad. Sci. USA 95, 1213.

Sen, C.K., 1997. Nutritional biochemistry of cellular glutathione. J.
Nutr. Biochem. 8, 660.

Sen, C.K., 1998. Redox signaling and the emerging therapeutic
potential of thiol antioxidants. Biochem. Pharmacol. 55, 1747.

Sen, C.K., 2000. Cellular thiols and redox-regulated signal transduc-
tion. Curr. Top. Cell Regul. 36, 1.

Sen, C.K., Packer, L., 1996. Antioxidant and redox regulation of
gene transcription [see comments]. FASEB J. 10, 709.

Sen, C.K., Packer, L., 2000. Thiol homeostasis and supplements in
physical exercise. Am. J. Clin. Nutr. 72, 653S.

Sen, C.K., Packer, L., 2002. Redox cell biology and genetics. In:
Abselson, J.N., Simon, M.I. (Eds.), Methods Enzymology, Aca-
demic Press, San Diego (in press).

Sen, C.K., Roy, S., Han, D., Packer, L., 1997. Regulation of cellular
thiols in human lymphocytes by alpha-lipoic acid: a flow cytomet-
ric analysis. Free Radic. Biol. Med. 22, 1241.

Sen, C.K., Roy, S., Khanna, S., Packer, L., 1999a. Determination of
oxidized and reduced lipoic acid using high-performance liquid
chromatography and coulometric detection. Methods Enzymol.
299, 239.

Sen, C.K., Roy, S., Packer, L., 1999b. Flow cytometric determination
of cellular thiols. Methods Enzymol. 299, 247.

Sen, C.K., Sashwati, R., Packer, L., 1999c. Fas mediated apoptosis of
human Jurkat T-cells: intracellular events and potentiation by
redox-active alpha-lipoic acid. Cell Death Differ. 6, 481.

Sen, C.K., Sies, H., Baeuerle, P.A., 2000. Antioxidant and Redox
Regulation of Genes. Academic Press, San Diego, p. 562.

Sen, C.K., Packer, L., Hanninen, O., 2001. Handbook of Oxidants
and Antioxidants in Exercise. Elsevier, Amsterdam, p. 1207.

Shimizu, M., Yoshimoto, T., Nagata, S., Matsuzawa, A., 1996. A
trial to kill tumor cells through Fas (CD95)-mediated apoptosis in
vivo. Biochem. Biophys. Res. Commun. 228, 375.

Shinoura, N., Muramatsu, Y., Yoshida, Y., Asai, A., Kirino, T.,
Hamada, H., 2000. Adenovirus-mediated transfer of caspase-3
with Fas ligand induces drastic apoptosis in U-373MG glioma
cells. Exp. Cell Res. 256, 423.

Slater, A.F., Nobel, C.S., Orrenius, S., 1995. The role of intracellular
oxidants in apoptosis. Biochim. Biophys. Acta 1271, 59.

Stefanelli, C., Pignatti, C., Tantini, B., Stanic, I., Bonavita, F.,
Muscari, C., Guarnieri, C., Clo, C., Caldarera, C.M., 1999. Nitric
oxide can function as either a killer molecule or an antiapoptotic
effector in cardiomyocytes. Biochim. Biophys. Acta 1450, 406.

Turner, N.A., Xia, F., Azhar, G., Zhang, X., Liu, L., Wei, J.Y., 1998.
Oxidative stress induces DNA fragmentation and caspase activa-
tion via the c-Jun NH2-terminal kinase pathway in H9c2 cardiac
muscle cells. J. Mol. Cell. Cardiol. 30, 1789.

Ueda, S., Nakamura, H., Masutani, H., Sasada, T., Yonehara, S.,
Takabayashi, A., Yamaoka, Y., Yodoi, J., 1998. Redox regula-
tion of caspase-3(-like) protease activity: regulatory roles of
thioredoxin and cytochrome c. J. Immunol. 161, 6689.

Yamabe, K., Shimizu, S., Ito, T., Yoshioka, Y., Nomura, M., Narita,
M., Saito, I., Kanegae, Y., Matsuda, H., 1999. Cancer gene
therapy using a pro-apoptotic gene, caspase-3. Gene Ther. 6,
1952.

Zeuner, A., Eramo, A., Peschle, C., De Maria, R., 1999. Caspase
activation without death. Cell Death Differ. 6, 1075.


