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The roles of oxygen and reactive oxygen intermediates in apoptosis are unclear at present. Although oxygen and reactive oxygen
intermediates are not required for the execution of apoptosis, oxygen may be involved in at least some forms of apoptosis. In this
study we show that dexamethasone (Dex)-induced apoptosis of immature mouse thymocytes is completely inhibited by hypoxic
culture. In contrast, anti-CD95 thymocyte apoptosis is unaffected by hypoxia, indicating the existence of two forms of thymocyte
apoptosis: an oxygen-dependent pathway (Dex induced) and an oxygen-independent pathway (anti-CD95 induced). Furthermore,
hypoxia inhibited mitochondrial permeability transition (PT) in Dex-treated, but not in anti-CD95-treated, thymocytes, suggesting
that the oxygen-sensitive step is upstream of mitochondria. Both Dex- and anti-CD95-induced PT and apoptosis were dependent
on activation of IL-converting enzyme-like protease, as PT and apoptosis were inhibited by preincubation with Cbz-Val-Ala-
Asp-fluoromethyl ketone, an irreversible inhibitor of IL-converting enzyme-like proteases. In addition, hypoxia inhibited the
activation by Dex of caspase-3 (CPP32)-like proteases. Our data show that the private signaling pathways of Dex (oxygen de-
pendent) and anti-CD95 (oxygen independent) both converge upstream of mitochondrial changes. The oxygen-dependent step in
Dex-induced apoptosis lies upstream of caspase-3-like protease activation. Our observations support a model of apoptosis signaling
in which independent pathways (oxygen dependent and oxygen independent) particular to each stimuli converge at a central point
in the apoptotic cascade. The Journal of Immunology,2000, 165: 4822—4830.

that is characterized by DNA condensation and fragmen-13). This was concluded after observing that apoptosis induced by

tation, early exposure of phosphatidylserine, and cellstaurosporine, anti-CD95/Fas Abs or IL-3 withdrawal was not pre-
shrinkage (1, 2). Although the morphologic appearance of apoptovented by culture under very low oxygen conditions (0.002% O
tic cells is well described, the signaling pathway or pathways lead{12). More recently, however, and in contrast to these observations
ing to it are not yet fully understood. Recently, oxidative stress wasvicLaughlin et al. showed that apoptosis after glucocorticoid,
proposed as a central mediator of apoptosis (3). This hypothesismMA/ionomycin, or staphylococcal enterotoxin B stimulation was
stemmed from several observations that linked oxidative stress tphibited in the absence of oxygen (14), leading to the possibility
apoptosis. These observations include the induction of oxidativghat some forms of apoptosis are oxygen dependent. However the
stress by apoptotic stimuli such as Th4, 5) and gamma and  point at which oxygen may be acting within the apoptotic pathway
UV irradiation (6); apoptosis inhibition by antioxidants such asis ynknown.
N-acetylcysteine (7, 8), catalase (8), spermine (9), and 3,3,5,5- kroemer et al. have recently proposed a signaling model for
tetramethylpyrrolineN-oxide (TMPOf (10); and the direct induc-  55qnt0sis in which several private pathways (receptor ligation,
tion of apoptosis by hydrogen peroxide,Bt) (11). However, this  p\A_damaging agents, ionizing radiation, etc.) converge in the
concept suffered a major setback when it was shown that 0xygepyiyochondria, inducing a permeability transition (PT) of its

membrane and a drop in mitochondrial membrane potential (2).
) o o This group has argued that this biochemical event could act as
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A poptosis is a morphologically distinct form of cell death was not required for the execution of some forms of apoptosis (12,
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In this paper we show that in immature mouse thymocytes gluused at 40 mM. Malonate (5 mM), an inhibitor of mitochondrial respiratory
cocorticoid-induced cell death is inhibited under hypoxic condi-complex II, was used as an inhibitor of oxidative metabolism. NDGA, an
tions. In contrast, anti-CD95-induced apoptosis of thymocytes iénhlbltor of lipoxygenase, was used at p®/l. Indomethacin, an inhibitor

o S of cyclo-oxygenase, was tested at 10M. NMMA, an inhibitor of NO
not prevented under low oxygen conditions, indicating that thy-qynthase was used at 100M. The above reagents were titrated at the

mocytes can respond to some apoptotic stimuli in hypoxia and tha&bllowing concentrations: TMPO, 1, 10, 20, 40, and 100 mM; malonate, 5
oxygen is not required for the execution of the final apoptoticand 10 mM; NDGA, 10, 30, 50, 100, 250, and 5@®!; indomethacin, 10,

program. Furthermore, we show that both glucocorticoid induced?: 100, and 20QM; and NMMA, 10, 50, 100, and 20QM. The above

. . . P . reagents were used in the apoptosis inhibition experiments at the highest
mitochondrial PT and caspase-3-like protease activation were Iz ncentration that did not enhance spontaneous thymocyte death.

hibited under low oxygen conditions, suggesting that the oxygen- T¢ inhibit ICE-like proteases, thymocytes were preincubated for 4 h
dependent step is upstream of these events. Rotenone, an inhibiteith either 50 uM Cbz-Val-Ala-Asp-fluoromethyl ketone (z-VAD-fmk;

of mitochondrial complex I, and TMPO, a nitrone spin trap, both I_Enzyme Systems Products, Dublin, CA), an irreversible inhibitor of ICE-
inhibited apoptosis and PT in glucocorticoid-treated thymocytes! ke Proteases; 5@M Cbz-Phe-Ala-fluoromethyl ketone (z-FA-fmk; En-

. o ) R .~ zyme Systems Products, Dublin, CA), a dipeptide, as a negative control; or
suggesting that inhibition of oxidant generation is the mechanismyeiym alone before treatment with Dex-, anti-CD95 Ab-, or isotype con-

for the inhibitory effect of hypoxia. Finally, activation of the trol Ab-coated beads. Thymocytes were cultured for either 3 b after
caspase protease cascade is required for both glucocorticoid ameeincubation at 37°C in aerobic conditions.

anti-CD95 apoptotic pathways, since all evidence of apoptosis,

including mitochondrial alterations, is prevented by ICE-like pro- Quantitation of death, mitochondrial permeability, and surface
tease inhibitors. These findings taken together indicate that durin§t&ining

glucocorticoid-induced apoptosis both the induction of mitochon-Thymocytes were harvested and resuspended in staining medium (biotin/
drial PT and caspase-3-like protease activation occur after the oxphenol red-deficient RPMI 1640, 3% FCS, and 0.05% NaReath was

ygen-dependent step. Our findings clearly show that some apopt@_uantified by staining with either fg/ml Hoechst 33342 (19) or 25 nM

. . Lo ) . . annexin V-FITC in staining medium for 20 min on ice. Mitochondrial PT
tic stimuli induce Q-dependent apoptosis and that this, O was assessed by measuring mitochondrial transmembrane pot&rtjg). (

requirement is an early event in the apoptosis signaling cascaderhymocyteAW,, was measured using 80 nM DiQ&for 15 min at 37°C
(20, 21). In some experiments thymocytes were also stained with surface
Materials and Methods markers_ anti-_CD4-PE (PharMingen) and ar_]ti-CD8-C_y5-PE _(PharMingen)
Reagents for 20 min on ice. Cells were washed three times and immediately analyzed
in a FACStar Cell Sorter (Becton Dickinson, Mountain View, CA) at the

Dexamethasone (Dex), rotenone, TMPO, desferioxamine, malonate, nostanford Shared FACS Facility. Data analysis was performed using Desk
dihydroguaiaretic acid (NDGA), and indomethacin were all purchasegsoftware (22). Cell counting was performed using a Coulter counter
from Sigma (St. Louis, MO)N®-monomethylt-arginine (NMMA) was (Coulter, Hlaleah, FI__). Absolute numbers of live and dead g:ells were cal-
obtained from Calbiochem (La Jolla, CA). Hoechst 33342 antidijgexy-  Cculated by multiplying the percentage of Hoechst-negative (live) and
loxacarbocyanine iodide (DiQ@) were purchased from Molecular Probes Hoechst-positive (dead) cells by the total number of cells in the culture.
(Eugene, OR). Annexin V was a gift from Jonathan Tait (University of Results are presented as the meaSE of three independent experiments.
Washington, Seattle, WA). Anti-CD95 mAbs ard-&cetyl)-DEVD-7 ami-

no-4-methylcoumarin (Ac-DEVD-AMC) were obtained from PharMingen DNA extraction and gel electrophoresis

(San Diego, CA). RPMI 1640 (Life Technologies, Gaithersburg, MD) and ) .

FCS (Life Technologies) contained0.03 and 0.3 endotoxin units/ml en-  1hymocytes (1.5< 10°) were washed once and resuspended in lysis buffer

dotoxin, respectively. (50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 0.5% sarcosyl, and 0.5 mg/ml
' of proteinase K) and incubatedrft h at50°C. After addition of 5ug of
Culture conditions RNase, each sample was incubated for another hour at 50°C. DNA was

electrophoresed in a 0.75% agarose gel at 100 V for 1 h. Gel was stained
Thymocytes obtained from male BALB/CN mice (4—6 wk old) were with ethidium bromide and visualized under UV light.
washed once in RPMI 1640 medium, passed through a nylon mesh, and
resuspended in complete medium (RPMI 1640 medium supplemented witiy\ A isolation and RT-PCR
10% heat-inactivated FCS, 2 mbMglutamine, 20 mM HEPES, and 10
U/ml penicillin/streptomycin). Thymocytes were cultured af/ifl in 24- Total RNA was extracted using TRIzol reagent (Life Technologies, Gaith-
well plates for either 2105 h at37°C in aerobic (20% ©and 5% CQ) or ersburg, MD) as recommended by the manufacturer. Briefly, after 3-h treat-
hypoxic conditions (90.0% N 5% CQ,, and 5% H) in the presence or the ment with Dex, thymocytes (X 107 cells) were harvested and resus
absence of Dex (M)- and anti-CD95 Ab-coated latex beads or isotype pended in 3 ml of TRIzol and incubated for 5 min at room temperature.
control Ab-coated beads. Latex beads (Interfacial Dynamics, Portland, ORAfter adding 0.6 ml of chloroform, samples were centrifuged at 12,000
10°/ml) were coated with anti-CD95 or isotype control mAb (PharMingen) g for 15 min at 4°C. The aqueous phase was recovered, and RNA was
at 5ug/ml in PBS fo 2 h at37°C. Coated beads were washed twice with precipitated with isopropanol (0.5 ml/1 ml of TRIzol used). The RNA
PBS, resuspended in complete medium, and incubated for 30 min at 37°Qellet was washed with ice-cold 70% ethanol once and resuspended in
Beads were centrifuged and resuspended in complete medium. Coateliethylpyrocarbonate-treated water (23). First-strand cDNA synthesis was
beads were mixed with thymocytes at a 1:1 ratio. For protein synthesigperformed using the Life Technologies Superscript first strand synthesis

inhibition experiments thymocytes were preincubated with 1 opgonl system. In brief, 1ug of RNA was incubated with 200 ng of random
cycloheximide (Sigma) fio2 h before the addition of Dex- or anti-CD95- hexamer primers in the presence of 500 nM dNTP, 1.25 mM MgQ
coated beads. mM DTT, 40 U of RNaseOUT (Life Technologies) recombinant ribonu-

Hypoxic cultures were performed in an integrated hypoxic hood andclease inhibitor, and 50 U of Superscript Il RT ixxIRT buffer (20 mM
incubator (Bactron Anaerobic Chambers, Sheldon Mfg., Cornelius, OR) inTris-HCI (pH 8.4) and 50 mM KCI). Reactions were incubated at 25°C for
an atmosphere of 90% JN5% CO, and 5% H. Oxygen levels were 10 min, then at 42°C for 50 min, and were terminated at 70°C for 15 min.
constantly monitored with an oxygen sensor (Cole Palmer, Chicago, IL)PCR was performed onj2l of cDNA in 1X PCR buffer (20 mM Tris-HCI
Oxygen was maintained below 0.02% for all experiments. Before intro-(pH 8.4) and 50 mM KCI), 20uM dNTP, 2 mM MgCl, 1 uM of each
ducing any reagents into the hypoxic hood, they were deoxygenated at leagtimer, al 1 U of Taq DNA polymerase (Life Technologies). The final
six times by extracting air and exchanging it with a mixture of 90%3% volume was 25ul. Samples were denatured at 94°C for 1 min and then
CO,, and 5% H in a pressurized pass chamber. Complete culture mediunwere incubated at 94°C for 40 s, at 61°C for 40 s, and at 72°C for 40 s for
and 24-well polystyrene plates were allowed to equilibrate in the hypoxic22 cycles GILZ) or 16 cycles g-actin). Primer pairs used f@ILZ were
hood for at least 24 h before experiments. Thymocytes were pelleted, in5'-GAA CAC CGA AAT GTA TCA GAC-3' and 3-GGG GCT TGC
troduced in the hypoxic hood, and resuspended in the hypoxic medium.CAG CGT CTT CAG-3 (expected PCR product, 309 bases); those used

To inhibit superoxide generation thymocytes were treated with rotenondor B-actin were 5>TGG GTC AGA AGG ACT CCT ATG-3and B3-ACC
(500 nM), an inhibitor of mitochondrial respiratory complex I. At the same AGA CAG CAC TGT GTT GGC-3 (expected PCR product, 765 bases).
time thymocytes were treated with either Dex- or anti-CD95-coated latexXPCR products were electrophoresed at 75 V1fd in a 1%agarose gel in
beads or were left untreated. TMPO, a nitrone-based spin trap (10), waSAE (40 mM Tris-acetate, 1 mM EDTA, pH 8.0) buffer. Gels were stained
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with ethidium bromide and then visualized and quantitated under UV using A)

the Gel Doc 2000 system (Bio-Rad, Hercules, CA). 2

Caspase-3-like protease activation
100 {§
Caspase-3-like protease activation following Dex treatment was measured E
in thymocytes cultured under normal or hypoxic conditions. Caspase-3-like 10+
protease activation was measured in cellular extracts with a protease assay
that uses Ac-DEVD-AMC (PharMingen) as a substrate (24). Briefly, 2 il 3
10° cells were lysed in cell lysis buffer (10 mM HEPES/KOH (pH 7.4), 2 o ' 20 | a0 o 20 | a0
mM EDTA, 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate, 5 mM DTT, 1 mM PMSF, 1@.g/ml pepstatin A, 20ug/ml
leupeptin, and 1Qug/ml aprotinin). Cell extracts were then centrifuged at
14,000 rpm for 10 min, supernatants were transferred to new tubes, and
protein concentration was measured by the Bradford assay (Bio-Rad). The
protease assay was performed in a 96-well plate (Maxisorb, Nunc, Copen-
hagen, Denmark). Thirty microliters of protein extract was assayed in 200
wl of protease assay buffer: 20M Ac-DEVD-AMC, 20 mM HEPES (pH
7.5), 10% glycerol, and 2 mM DTT. Plates were incubated at 37°C for 0.5,
1, 1.5, 2, and 2.5 h and then read at 460 nm with a Victor multicolor reader
(Wallac, Turku, Finland).

1

Results B)

Hypoxia inhibits Dex-induced, but not anti-CD95-induced, Time 0 + - - -

apoptosis of immature mouse thymocytes Media2h - + - -
: : . . Dex 2h - - + +

To determine whether redox chemistry played a role in Dex-in- Aerobic - 3 5 =

duced apoptosis in immature mouse thymocytes, we treated freshly Hypoxic - - -+

isolated thymocytes with Dex under both aerobic (20%) é&nd
anaerobic €0.02% Q) conditions. As shown in Fig.A, Dex, a
synthetic glucocorticoid, was an efficient inducer of apoptosis. At
5h, 47.1+ 2.9% (meant SE of three independent experiments;
n = 3) of thymocytes had undergone apoptosis after treatment with
Dex in aerobic conditions. However, Dex was unable to signal
apoptosis in the absence of oxygen (28:32.9% apoptosis in
untreated vs 28.4 2.7% in Dex-treated cultures;= 3). Hypoxia
also inhibited DNA fragmentation induced by Dex treatment (Fig. FIGURE 1. Dex-induced apoptosis of immature mouse thymocytes is
1B) and enhanced the survival of thymocytes in Dex-treated culinhibited in hypoxiaA, Thymocytes from BALB/CN (4- to 6-wk-old) male
tures (data not shown). Following 5-h culture, absolute cell num-mice were cultured either unstimulatealgndc) or stimulated with Dex (1
bers did not differ between untreated and Dex- or anti-«M) under aerobicd andb) or hypoxic € andd) conditions fa 5 h at37C.
CD95-treated cultures (data not shown). Hypoxia increased thé&poptosis was quantified by staining thymocytes with Hoechst 33342. The
spontaneous death of thymocytes in 5-h cultures (28.2.9% percentage of a_poptot_ic cells is shown in tigper ri_ght corner A repre-
spontaneous apoptosis in hypoxia vs 18:33.0% spontaneous sentative experlme_nt is shown of e}t least three mdependent experiments

S . P performed.B, Dex-induced apoptosis DNA fragmentation of mouse thy-
apoptosis in aerobic cultures;= 3; Fig. 1A). In contrast to Dex,

. . . mocytes is inhibited under hypoxic conditions. Cells were cultured for 5 h
ant|.-CD95-|nduce(.:i apoptosis of thymocytgs was unaffecteq by hyg, the presence or the absence ofu Dex under aerobic or hypoxic
poxic culture. Anti-CD95 was capable of inducing death in both congitions. FSC, Forward light scatter.
aerobic (40.6= 5.5% anti-CD95 treated vs 239 0.4% isotype
control treatedn = 3) and hypoxic conditions (54.1 8.5% anti-

CD95 treated vs 30.8& 2.1% isotype control treated; = 3; data

not shown and Fig. 2). Hypoxia-induced spontaneous thymocytéhat the level ofGILZ up-regulation by Dex was similar in aerobic
death did not exhibit DNA fragmentation (data not shown). Apo-and hypoxic cultures, thus confirming that glucocorticoids can sig-
ptosis measured using annexin V staining and flow cytometrynal under hypoxia (Fig. 4).

showed similar results (data not shown). Inhibition of protein syn- The above findings show that Dex is unable to induce apoptosis
thesis by cycloheximide resulted in inhibition of Dex-induced ap-under hypoxia, suggesting at least two forms of apoptosis: an ox-
optosis and enhanced CD95-induced apoptosis of thymocytes (Fiygen-dependent pathway (Dex-induced death) and an oxygen-in-
3). Therefore, the inhibition of Dex-induced apoptosis under hy-dependent pathway (anti-CD95-induced apoptosis).

poxic conditions was not the result of a hypoxia-mediated general o ) ) . .

inhibition of protein synthesis, as Fas-induced thymocyte apoptotYPoxia inhibits mitochondrial permeability transition in Dex-

sis was not enhanced under hypoxia. Therefore, thymocytes af@duced apoptosis, but not in anti-CD95-induced apoptosis
capable of responding to some apoptotic stimuli under low oxygerMitochondria have been proposed to play a central role in the
conditions, confirming that oxygen is not required for the execu-regulation of apoptosis by coordinating different apoptotic signals
tion of apoptosis in thymocytes. into one common effector pathway. The mitochondrial PT has

It was possible that the protection rendered by hypoxia in Dex-been proposed as the biochemical event indicating mitochondrial
treated thymocytes was due to an inhibition of glucocorticoid sig-involvement in apoptosis (2). Although disruption of mitochon-
naling rather than the apoptotic cascade. Therefore, to approaahrial membrane potentiah ) is an indirect correlate of apo
this question, we studied the transcription ®fLZ, a gene in  ptosis, its central role in apoptosis and its early kinetics (26) permit
mouse thymocytes that is significantly up-regulated by glucocorstudy of the temporal sequence of early events during apoptosis
ticoids (25). Using RT-PCR, we found that Dex treatment for 3 hsignaling. We examined the effect of aerobic and hypoxic condi-
induces the up-regulation GILZ approximately 3- to 4-fold, and tions on PT. Fig. 2 shows PT in both Dex- and anti-CD95-induced
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a) b)

FIGURE 2. Hypoxia inhibits mito- 1</ 5% 1%, %
chondrial PT and apoptosis in Dex-treated, 100+ 100
but not anti-CD95-treated, thymocytes.
Thymocytes either unstimulated &nde)

or stimulated with Dex i{ and f), anti- 14
CD95-coated latex beadsgndg), or iso- i
type-coated beadsl @nd h) were cul-

tured fa 2 h at37°C in either aerobic

104

(a—d) or hypoxic e—-h conditions. Mi- e) ) h)
tochondrial PT was measured by stain- EES) 1% 1< 4% 10 3%
ing DIOCg3. Apoptosis was quantified 100-] 100} 100

by staining with Hoechst 33342. The
percentage of cells undergoing PT is
shown in thelower left corner A repre-
sentative experiment is shown of three
independent experiments performed.

HO342 10]

apoptosis. After 2 h of aerobic culture 231 1.1% of DEX-  checkpoint was upstream of the mitochondrial changes. PT in-
treated cells and 47.& 5.5% of anti-CD95-treated cells = 3) duced by anti-CD95 treatment was unaffected by low oxygen con-
had decreased retention of Dig&; indicating loss of their mito-  ditions, as similar proportions of cells underwent PT after anti-
chondrial membrane potentiaA¥,,) in aerobic conditions. In  CD95 stimulation under aerobic and hypoxic conditions (4%.9
contrast, only 11.2+ 1.8% of cells in untreated cultures had de- 5.5 vs 46.1+ 11.5%, respectively; Fig. 2).

creased DIiO@3 retention. In both forms of apoptosis, thymocytes ) o

underwent PT before demonstrating other changes associated wiftPtenone, a complex | mitochondrial inhibitor, and TMPO, a
apoptosis, including exposure of phosphatidylserine (measured Hjirone spin trap, inhibit Dex-induced, but not anti-

annexin V), DNA condensation and plasma membrane integrit/-P95-induced, PT and apoptosis

loss (measured by Hoechst 33432 and 7-actinomycin D), drop irSince not only oxidant generation but also oxidative metabolism
reduced glutathione (measured by monochlorobimane), and scattere inhibited in the absence of oxygen (28), it was possible that
changes (drop in forward scatter and increase in side scatter; data

not shown). Previous work suggested that superoxide anion gen-

eration occurred after the permeability transition (27), raising the A

possibility that the protection rendered by hypoxia occurred after )

the mitochondrial changes had occurred. To test this possibility,

retention of DIOG3, was measured after DEX and anti-CD95 Dexamethasone: -t -t -t - F
treatment in aerobic and hypoxic culture conditions. Culture in Hypoxia: ot -oh
hypoxia completely inhibited permeability transition in Dex-

treated cells while not affecting anti-CD95-treated thymocytes

(Fig. 2). After 2 h of culture, 23.2+ 1.1% of Dex-treated cells in (] ™~

aerobic conditions had decreased retention of DR®Cback- f E

ground in aerobic cultures, 118 1.8%;n = 3), while only 4.3+ Vs syt oo gy
0.8% of Dex-treated cells in hypoxia had undergone PT (back-

P -
ground level in hypoxia, 4.3 0.5%), suggesting that the hypoxic
80
60 B)
% Apoptosis
40 200
20 150
Arbitrary O B-acti
0! . B-actin
Unit
Dexamethasone 1pM: - - - + + + - - - s 100 N GILZ
Anti-CD95: - - - - - - + + +
Cycloheximide Tpg/ml: - + - - + - - + - 50
Cycloheximide 10pg/ml: - - + - - + - - +
FIGURE 3. Protein synthesis inhibition abrogates Dex-induced thymo- 0
cyte apoptosis and enhances CD95-induced thymocyte apoptosis. Thymo- De““‘;;‘;:;‘;’;:f : + : :

cytes were preincubated with 1 or 1@/ml cycloheximide (CHX) for 2 h
before treatment with Dex- or anti-CD95-coated latex beads. Cells were inFIGURE 4. The Dex-induced transcription is not inhibited by hypoxia.
cubated for 5 h, and apoptosis was quantified using Hoechst 33342. A repré, GILZ transcription is induced by 3-h Dex treatment of thymocy®s.
sentative experiment is shown of two independent experiments perfdried. Arbitrary density units shown for the above gel. A representative experi-
Untreated cellsill, Dex-treated cell#, anti-CD95-treated cells. ment of three performed is shown.
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Table I. Effect of inhibitors of metabolism, cytoplasmic oxidant generating sites, and electron spin trap on Dex-induced apoptosis

% Thymocyte Apoptosis

Inhibitor Site of Inhibition Media Media+ inhibitor Dex Dex+ inhibitor
Rotenone Complex | 14523 11.7+ 0.8 53.4+ 3.1 217+ 2.1
Malonate Complex I 127+ 1.4 134+ 3.1 50.0% 4.2 453+ 3.7
NMMA NO synthase 17.4- 4.8 21+ 7.6 46.2+ 3.6 45.0+= 7.4
NDGA Lipoxygenase 13 0.3 45+ 7.7 48.9+ 3.4 36.8+ 1.3
Indomethacin Cyclooxygenase 12£72.1 18.6+ 2.3 49.8+ 4.2 48.9+ 2.1
TMPO Spin trap 197+ 11 20.3x 1.2 61.8+ 0.7 223+ 1.2
2Mean = SE.

hypoxia was exerting its effect by inhibiting metabolism. To ex- these inhibitors on mitochondrial PT afth of culture. Rotenone
amine this possibility we tested the effects of several inhibitors ofcompletely inhibited PT in Dex-treated thymocytes after 2 h of
the mitochondrial respiratory chain and their effects on Dex-in-culture (22.5+ 0.5% Dex treated vs 7.2 0.8% rotenone plus
duced apoptosis in aerobic conditions. Rotenone, an inhibitor oDex treatedn = 3; Fig. 5). As with hypoxia, rotenone decreased
complex | of the mitochondrial respiratory chain, partially inhib- the spontaneous background from €.9.5 to 5.4+ 0.6% of cells.
ited Dex-induced apoptosis aftd h of culture (53.4+ 3.1% Dex  TMPO also inhibited Dex-induced PT (22460.5 vs 12.5+ 3.4%
treated vs 21.7= 2.0% Dex plus rotenone treated; Table 1), while for Dex alone and Dex plus TMPO, respectively; Fig. 5), suggest-
not affecting anti-CD95-induced apoptosis (data not shown). How4ing inhibition of oxidants rather than lack of oxidative metabolism
ever, malonate, a complex Il inhibitor, did not block Dex-induced as the explanation for the protective effect of hypoxia on both
apoptosis after 5 h of culture (Table I). These observations sugbex-induced apoptosis and PT. Neither rotenone nor TMPO in-
gested that rotenone’s effect was due to the inhibition of oxidantibited anti-CD95-induced PT or apoptosis (data not shown).
generation at mitochondrial complex |, rather than to a generallaken together, these data suggest that the inhibitory effect of hyp-
inhibition of metabolism. To further explore this possibility we oxia is due to the inhibition of mitochondrial oxidant generation.
examined the effect of TMPO, a nitrone spin trap, in Dex-induced, ) o
apoptosis. Afte 5 h of culture, TMPO partially inhibited Dex- Inhibition of IC_:E-Ilke proteases blocks PT and apoptosis in both
induced apoptosis (61.8 0.7% apoptosis in Dex-treated thymo- DEX- and anti-CD95-treated thymocytes
cytes vs 22.3+ 1.2% apoptosis in Dex- plus TMPO-treated cul- To determine whether anti-CD95-induced and Dex-induced PT
tures;n = 3; Table 1), suggesting that oxidant generation waswere regulated by ICE protease activation, we preincubated thy-
required for Dex-induced death. Since the production of mitochonmocytes for 4 h in the presence of z-VAD-fmk, an irreversible
drial oxidants might be involved in Dex-induced apoptosis of thy-inhibitor of ICE-like proteases; medium alone; or z-FA-fmk, a
mocytes, we explored whether some of the other intracytoplasmidipeptide negative control. Two hours after adding the apoptotic
oxidant production sites were involved. Afté h of culture, in-  stimuli, Dex and anti-CD95 treatments induced mitochondrial PT
hibitors of lipoxygenase (NDGA), cyclo-oxygenase (indometha-in 18.0 = 2.2 and 48.6+ 6.3%, respectively (background, 613
cin), and NO synthase (NMMA) did not block Dex-induced apo- 0.7%), of thymocytes pretreated in culture medium alone (Fig. 6).
ptosis, suggesting that the required oxidants are produced bkt this time point there was no difference in the amount of dead
mitochondria (Table 1). In addition, desferioxamine, an iron che-cells (19.1* 3.4% in medium alone, 21.3 5.2% in Dex treated,
lator, did not block Dex-induced apoptosis (data not shown). and 22.1+ 3.6% in anti-CD95 treated). In contrast, Dex- and
To explore whether the rotenone and TMPO effects were kinetanti-CD95-induced PT was inhibited in z-VAD-fmk-pretreated
ically situated at the same level as hypoxia, we tested the effects dhymocytes; 9.6- 1.6 and 14.5+ 7.5% of z-VAD-fmk-pretreated

:§<\9/ 5% 2@1/)/ 5% ‘_@\va 5%

100 100

FIGURE 5. Rotenone and TMPO inhibit PT in
Dex-induced apoptosis. Thymocytes were cultured for
2 h at 37°C in aerobic conditions in medium aloag (
medium plus rotenoneb), medium plus 40 mM
TMPO (c), 1 uM Dex (d), 1 uM Dex plus 500 nM
rotenone €), or 1 uM Dex plus 40 mM TMPO ).
Mitochondrial PT was measured using DigBC Ap-
optosis was quantified by staining with Hoechst
33342. The percentage of cells undergoing PT is
shown in thelower left corner A representative ex- 100
periment is shown of three independent experiment$10342
performed.
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FIGURE 6. z-VAD-fmk, an irreversible inhibitor E
of ICE-like proteases, blocks PT in both Dex- and anti-
CD95-induced apoptosis. Thymocytes were preincu-

bated fo 4 h at37°C in aerobic conditions in medium 9 A

alone 6-0), 50 uM z-VAD-fmk (d—f), or z-FA-fmk, a 100 -]

dipeptide negative controbi). After preincubation, ;

cells were either left unstimulated, (d, andg) or were 10 -

stimulated with 1uM Dex (b, e, andh) or anti-CD95- 87%
coated latex beads,(f, andi) for 2 h at37°C under . 1‘_70

aerobic conditions. Mitochondrial PT was measured
using DIOG3. Apoptosis was quantified by staining
with Hoechst 33342. The percentage of cells under- 2)
going PT is shown in théower left corner A repre- 3
sentative experiment is shown of three independent
experiments performed.

100

HO342 4]
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thymocytes stimulated fo2 h with Dex and anti-CD95, respec- and hypoxic conditions. Caspase-3-like activity was completely
tively, had undergone PT, indicating that mitochondrial changesnhibited by hypoxia in both 2- and 5-h Dex-treated thymocytes
were ICE dependent and downstream of ICE-like protease activa¥ig. 8). Untreated thymocytes showed no caspase-3-like activity
tion (Fig. 6). The inhibition was specific, as the thymocytes pre-under either aerobic or hypoxic cultures.
treated with z-FA-fmk showed no inhibition of Dex- and anti-
CD95-induced PT. z-VAD-fmk pretreatment also inhibited Discussion
apoptosis and DNA fragmentation in both Dex- and anti-CD95-In this study we have provided evidence for the existence of an
treated thymocytes aft& h of culture (data not shown and Fig. 7). early oxygen-sensitive pathway in the induction of Dex-induced
These findings suggest that ICE-like proteases are involved in thapoptosis in immature mouse thymocytes. We showed that Dex-
Dex- and anti-CD95-induced apoptotic cascade upstream of thgeated thymocytes cultured in hypoxic conditions do not undergo
mitochondria. typical apoptotic changes such as early mitochondrial permeability
To further explore whether the effect of hypoxia was upstreamtransition, phosphatidylserine surface exposure, cell shrinkage,
of caspase activation, we measured caspase-3-like activity in pr&dNA condensation, and fragmentation. This effect was not due to
tein extracts prepared from Dex-treated thymocytes under aerobige cell’'s inability to respond to apoptotic stimuli in hypoxia, as
anti-CD95-induced thymocyte apoptosis was unaffected by hyp-
oxia, or to inhibition of the glucocorticoid signaling pathway, as

Preincubation media + + - - the up-regulation of transcription @ILZ, a glucocorticoid-regu-
VAD - -t - lated gene, was not inhibited. Our observations suggest that inhi-
FA - - -t bition of oxidant generation might be responsible for the inhibitory
Incubation media + -+ - -
Dex
2 hours 5 hours
6000
5000
4000
Fluorescence
Units 3000
2000
1000
FIGURE 7. z-VAD-fmk inhibits DNA fragmentation in Dex-treated 0 I | - [
thymocytes. Thymocytes were preincubated 4oh at 37°C in aerobic Hypoxia: .+ o4 4+ o%
conditions in medium alone, 50M z-VAD-fmk, or z-FA-fmk, a dipeptide Dexamethasone 1uM: S+ -+ -+ -+

negative control. After preincubation, cells were culturedsid at37°C in

either the presence or the absence @M Dex under aerobic conditions. FIGURE 8. Dex-induced caspase-3-like activity in thymocytes is inhib-
A representative experiment is shown of two independent experimentted by hypoxia. Thymocytes treated for 2dah h are shown. A represen-
performed. tative experiment of two experiments performed is shown.
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effect of hypoxia, since rotenone, an inhibitor of mitochondrial events before ICE activation, but it is clearly not required for the
complex | that blocks the production o£,0, and TMPO, a nitrone  effector phase of apoptosis.
spin trap that can neutralize,O, both blocked Dex-induced ap We found that hypoxia induced spontaneous thymocyte death in
optosis. Since @ can lead through Fenton chemistry to the-pro 5-h cultures. This raises the question of whether hypoxia alone can
duction of hydroxyl radicals ©QH) in the presence of iron, it was induce apoptosis in thymocytes. The nature of this hypoxic death
possible thatOH and not @~ was involved in glucocorticoid- is not clear at present; however, it does not appear to be apoptotic,
induced apoptosis. However, we excluded this possibility byas no DNA fragmentation or caspase-3-like activity was observed
showing that iron chelators did not affect Dex-induced apoptosisin these cells. Whether this death is necrosis induced by hypoxia or
The above findings show that,O generated at the mitochen an effect of reoxygenation during harvesting of these cells remains
dria is involved in Dex-induced apoptosis. The production of suchto be determined. In addition, the spontaneous thymocyte death
O, at the mitochondria could be important in opening redox-induced by hypoxia may be interfering with Dex-induced apopto-
sensitive mitochondrial pores by directly oxidizing glutathione sis under hypoxia. Our data suggest that this is not the case, since
(15, 16). The opening of these pores could lead to mitochondriaR-h hypoxia alone induced no mitochondrial PT, while mitochon-
PT and the release of cytochromand/or apoptosis-inducing fac- drial PT induced by 2-h Dex treatment was completely inhibited
tor from mitochondria into the cytoplasm, two mitochondrial pro- by hypoxia. Furthermore, Fas-induced apoptosis still proceeded in
teins that have been implicated in apoptosis (17, 18, 29, 30). Howthe presence of hypoxic death. These observations, we believe,
ever, such a direct induction of PT by,Oduring Dex-induced make it unlikely that the hypoxia-induced spontaneous death in-
apoptosis would not be consistent with our observations. ICE interferes with Dex-induced apoptosis under hypoxia. However, we
hibitors blocked PT and apoptosis in both Dex- and anti-CD95-cannot exclude at present that a stress or adaptive response to
treated thymocytes, showing that ICE activation precedes PThypoxia of thymocytes undergoing a slow nonapoptotic death may
Since caspase-3-like protease activity was inhibited by hypoxia, ibe playing a role in the inhibition of Dex-induced, but not CD95-
is possible that the ©dependent step during Dex-induced apo induced, apoptosis. Spontaneous thymocyte death under aerobic
ptosis lies upstream of caspase activation in general. Caspase-&nditions, on the other hand, exhibited DNA fragmentation and
like activity is observed within 90 min of Dex treatment of thy- could be inhibited with the ICE inhibitor z-VAD-fmk, suggesting
mocytes (31), and this is in agreement with our findings. Althoughthat it is apoptotic in nature. It should be noted, however, that
these findings suggest that caspase-3 activity is an early event, tlraspase-3-like activity could not be demonstrated in these cells.
exact temporal relationship between caspase-3-like protease acti- Hypoxia may be inhibiting Dex-induced apoptosis by inhibiting
vation and mitochondrial PT during Dex-induced thymocyte apo-protein synthesis or even inducing anti-apoptotic proteins, such as
ptosis has not yet been established. Therefore, our data supporBzl-2, and thus inhibiting Dex-induced apoptosis by an indirect
role for G, in the Dex signaling cascade, which is independent ofmechanism. Recent studies have indicated that protein synthesis
mitochondrial PT and may be placed at a level before both PT anthhibition in neurons can up-regulate Bcl-2 and antioxidant path-
caspase-3-like protease activation. ways, resulting in protection from oxidative insults (32). For such
Our observations can be explained in the model proposed by neuroprotective effect to occur, however, cells had to be prein-
Kroemer et al. in which several private pathways converge at a&ubated with protein synthesis inhibitors. It is unlikely that protein
central effector pathway (2). The two independent pathways dissynthesis is inhibited substantially in our 5-h experiments, since
tinguished by hypoxic culture (oxygen dependent and oxygen inCD95-induced thymocyte apoptosis is hot enhanced in hypoxia, and
dependent) could represent the private pathways of Dex (oxygewe have shown here that cycloheximide treatment of thymocytes en-
dependent) and Fas (oxygen independent), respectively. The daances CD95-induced apoptosis significantly. The possibility still re-
pendence of both these pathways on activation of the ICE proteanains, however, that hypoxia inhibits protein synthesis specifically in
lytic cascade suggests that they converge at this point. Our dafaex-treated thymocytes, but not in CD95-treated cells. Whether hyp-
show that this activation of ICE-like proteases is upstream of mi-oxia up-regulates Bcl-2 is not known at present, but such Bcl-2 up-
tochondrial PT for both Dex- and Fas-induced apoptosis, sinceegulation would inhibit Dex-induced, but not Fas-induced, thymo-
mitochondrial PT can be inhibited by z-VAD-fmk in both. Re- cyte apoptosis (33, 34) and would be consistent with our findings.
cently, it was shown that activation of ICE family proteases duringAlthough we cannot exclude such a mechanism being involved in the
Fas- and ceramide-induced apoptosis occurs both upstream airthibitory effect of hypoxia on Dex-induced apoptosis, our findings,
downstream of mitochondrial PT (24). These complex interactionshowing inhibition of Dex-induced mitochondrial PT at 2 h, would
most likely will also be the case for Dex-induced apoptosis. Ourrequire that Bcl-2 up-regulation occurg B h of hypoxia. Given that
data, however, show that the oxygen-dependent step in Dex-inn our experiments Dex is added immediately after thymocytes are
duced apoptosis is upstream of PT and caspase-3-like proteapéaced in hypoxia, such an up-regulation of Bcl-2 must be very rapid.
activation. At present we cannot exclude that other members of the Cytochromec release from the mitochondria and ATP are both
caspase family may be acting upstream of thisd®pendent step; required for the formation of the Apaf-l/caspase 9 complex,
our data, however, clearly show that this step is at least upstreanvhich, in turn, initiates a caspase cascade during apoptosis (35).
of caspase-3-like proteases and raises the possibility theeO  This is particularly important for our studies, as Apaf-1 and
pendent step is upstream of caspase activation in general. Theredaspase 9 are both required for Dex-induced, but not CD95-in-
evidence that Dex-induced apoptosis is not the only oxygen-deduced, thymocyte apoptosis (36—38). Furthermore, ATP depletion
pendent pathway. McLaughlin et al. reported that superantigeninhibits Dex-induced thymocyte apoptosis, but does not affect
and PMA/ionomycin-induced apoptosis are both inhibited in low CD95-induced apoptosis of the Jurkat T cell line and hepatocytes
oxygen conditions (14). In preliminary experiments we also found(39—41). In our studies hypoxia inhibited Dex-induced, but not
that activation-induced cell death of human PBMC is inhibited in CD95/Fas-induced, apoptosis, suggesting that hypoxia may be act-
hypoxia (J. F. Torres-Roca, D. R. Greenwald, and P. D. Katsikisjng by affecting the Apaf-1/capase 9 complex formation. The ATP
unpublished observations). These observations should explain whequirement for Apaf-1/caspase 9 complex formation raises the
antioxidants can affect some, but not all, forms of apoptosis. Oxpossibility that a reduction of ATP levels during hypoxia may be
ygen, therefore, is required by some stimuli in the early signalingresponsible for the inhibition of Dex-induced thymocyte apoptosis.
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The kinetics of hypoxia-induced ATP reduction in resting thymo- of mitochondrial PT, the earliest evidence of thymocyte irrevers-
cytes are, however, not known. Chemical anoxia of rat thymocyteéble death. Both Dex and anti-CD95 apoptosis were dependent on
induced by oligomycin or antimycin A treatment reduces ATP the activation of ICE-like proteases, suggesting that these inde-
levels by about 70—80% withi2 h (39). Similar results have been pendent pathways converge at this point. Hypoxia also inhibited
shown for rat fibroblasts treated with antimycin A (42). In hy- caspase-3-like protease activity in Dex-treated thymocytes, sug-
poxia-exposed human embryonic kidney cells, on the other handjesting that the events regulated by hypoxia are upstream of the
ATP levels are not reduced before 12 h (43). Our studies show thataspase-3-like proteases. Further studies should concentrate on
hypoxia inhibits AW, , by 2 h and apoptosis by 5 h. Rotenone identifying the biochemical events sensitive to hypoxia during O
reduces ATP levels in rat thymocytes rapidly within 2 h, and ourdependent signaling of apoptosis.

data that show that rotenone inhibits Dex-induced apoptosis could

be interpreted by the effect rotenone has on ATP levels. TakeReferences

together, the above could make a case for hypoxia’s inhibitory ;
effect on Dex-induced apoptosis being attributed to ATP depletion 2.
under hypoxia. Our observations, however, showing that TMPO,
an electron spin trap, inhibits Dex-induced apoptosis argue against’
this. We cannot, however, at present exclude that hypoxia’s inhib-4.
itory effect on thymocyte apoptosis is mediated through a drop in
the level of ATP that limits formation of the Apaf-1/caspase 9 s
complex.

Finally, hypoxia may be affecting Dex-induced apoptosis by in-
ducing intracellular acidification. The role of intracellular pH in 7
apoptosis is unclear at present, with data suggesting that both acid-
ification and alkalinization promote apoptosis (44, 45). Caspase8
activation by cytochrome is maximal in acidic cytoplasmic pH
(45). Since Dex-induced apoptosis is dependent on Apaf-1/cyto-
chromec (36-38), and hypoxia induces a rapid drop in pH, hyp- o
oxia should enhance Dex-induced apoptosis and not inhibit it aso.
we observed. Alkalinization, on the other hand, has been reported
to enhance apoptosis by inducing conformational changes and thg
translocation of Bax to the mitochondria (44). Acidification can
inhibit this translocation of Bax and apoptosis (44). Since thymo-
cytes undergo cytosolic alkalinization during glucocorticoid-in-
duced apoptosis (46, 47), hypoxia may be inhibiting Dex-induced.3.
apoptosis by counteracting this alkalinization. Although this could
be a plausible explanation for how hypoxia inhibits Dex-inducedq,
apoptosis, it is irreconcilable with the fact that Bax is not required
for glucocorticoid-induced thymocyte apoptosis (48). Further stud-°>:
ies examining cytosolic pH changes induced by hypoxia and their
role in Dex-induced apoptosis are required to address thess.
questions.

O,-dependent apoptosis could play an important role in human.
disease. Ischemia reperfusion injury has been proposed as a major
mechanism of cellular injury in myocardial postischemic injury (6, 18,
49, 50). In addition, @dependent apoptosis may be involved in
tumor development (51) and neurological degenerative disorders

6.

such as amyotropic lateral sclerosis (52, 53). Elucidating the O 19.
dependent signaling of apoptosis may prove useful in understand-
ing the pathophysiology of these conditions and designing novel
therapeutics. Finally, @dependent apoptosis may be important
during thymocyte development, since glucocorticoids may be in-
volved in the elimination of unselected thymocytes in the thymus?-
(54). Recent studies have shown that glucocorticoids set the
threshold for thymocyte selection and that diminished glucocorti-22.
coid signaling in the thymus results in holes in the peripheral T
cells repertoire (55, 56). This raises the possibility that hypoxia,s.
which inhibits at least part of the outcome of Dex signaling, i.e.,
apoptosis, may also interfere with the antagonizing effect qu-24'
cocorticoids have on TCR-mediated signaling and thus also affect
thymic selection. These observation raise intriguing questions o#5.
how hypoxia and @ generation affect the immune system.

In conclusion, we have presented evidence for the existence of
two independent apoptosis pathways that are distinguished by hy6-
poxic culture (oxygen dependent and oxygen independent). The
events affected by hypoxia in Dex-treated thymocytes are upstream
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