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Role of Oxidants in NF-kB Activation and TNF-a Gene
Transcription Induced by Hypoxia and Endotoxin*

Navdeep S. Chandef, Wendy C. Trzyna, David S. McClintock, and Paul T. Schumacker

The transcription factor NF- kB stimulates the transcription of proinflammatory cytokines including TNF-a. LPS (endotoxin) and
hypoxia both induce NF«B activation and TNF-a gene transcription. Furthermore, hypoxia augments LPS induction of TNFe
mMRNA. Previous reports have indicated that antioxidants abolish NF«B activation in response to LPS or hypoxia, which suggests
that reactive oxygen species (ROS) are involved in NkB activation. This study tested whether mitochondrial ROS are required
for both NF- kB activation and the increase in TNFa mRNA levels during hypoxia and LPS. Our results indicate that hypoxia
(1.5% O,) stimulates NF+B and TNF-« gene transcription and increases ROS generation as measured by the oxidant sensitive
dye 2,7'-dichlorofluorescein diacetate in murine macrophage J774.1 cells. The antioxidant$-acetylcysteine and pyrrolidinedi-
thiocarbamic acid abolished the hypoxic activation of NFkB, TNF-« gene transcription, and increases in ROS levels. Rotenone,
an inhibitor of mitochondrial complex I, abolished the increase in ROS signal, the activation of NRB, and TNF-a gene tran-
scription during hypoxia. LPS stimulated NF-«B and TNF-a gene transcription but not ROS generation in J774.1 cells. Rotenone,
pyrrolidinedithiocarbamic acid, and N-acetylcysteine had no effect on the LPS stimulation of Ni=B and TNF-« gene transcrip-
tion, indicating that LPS activates NF«B and TNF-« gene transcription through a ROS-independent mechanism. These results
indicate that mitochondrial ROS are required for the hypoxic activation of NF-kB and TNF-« gene transcription, but not for the
LPS activation of NF-kB. The Journal of Immunology,2000, 165: 1013-1021.
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cause of mortality in medical and surgical intensive can exacerbate the LPS-induced release of TN\&nd result in

care units (1). A salient feature of MOSF is the inap- worsening of the sepsis syndrome (12-14).
propriate regulation of inflammatory cytokines and the failure of The transcription factor NixB mediates the LPS-induced re-
systemic host defense (2). A leading cause of MOSF is systemitease of TNFe at the cellular level (15). Hypoxia also stimulates
sepsis, which is associated with cardiovascular dysfunctioNF-«B activation and TNFx gene transcription (16—20). The ac-
through its effects on the myocardium, endothelium, and vasculativated form of NF«xB is a heterodimer, which usually consists of
smooth muscle (3). Sepsis-induced MOSF can be initiated by cirtwo proteins, a p65 subunit and a pS0 subunit (21). Both subunit
culating LPS (3) derived from the outer membrane of Gram-neg-of NF-«B are members of the NkB/Rel family of transcription
ative bacteria (4, 5). LPS activates the transcription and subsequef@ctors, which also includes c-Rel, RelB, and p52. The activity of
release of cytokines, including TN&-through a receptor- medi- NF-«B is regulated by an inhibitorxB«, which forms a complex
ated signaling pathway (6, 7). TNé&-under physiological condi- with NF-«B in the cytoplasm and inhibits the nuclear localization
tions has an important role in maintaining hemodynamics, hos@f the dimer (22). When cells receive signals that activatexBF-
defense, and repair of tissue injury (8). However, during a systemi¢«Be is phosphorylated and degraded through an ubiquitin pro-
inflammatory response to LPS, the unregulated release of & NF-teasome pathway (23). The degradation«dd triggers the trans-
into the circulation results in circulatory dysfunction, increased!ocation of NF«B from the cytoplasm to the nucleus and activates
endothelial permeability, and inflammation in multiple organs, in-the transcription of specific target genes. However, it is still un-

cluding the lung (9—11). Lung gas exchange failure and circulatonf!ear how diverse stimuli regulat&Ba phosphorylation and sub-
sequent degradation resulting in MB- activation. One common
mechanism for the activation of NkB proposes a requirement for
an increase in reactive oxygen species (ROS). Hydrogen peroxide
exposure can rapidly activate N&B, and the thiol reductant pyr-
rolidinedithiocarbamic acid (PDTC), an effective antioxidant, can
block NF«B activation in response to LPS, TNE-and active
The costs of publication of this article were defrayed in part by the payment of pag .ho.rbOI esterin a number of difierent cell I_|ne§ (24’ 25)' The an-
charges. This article must therefore be hereby magdkrtisemenin accordance tioxidant N-actylcysteine (NAC) blocks activation of NkB by
with 18 U.S.C. Section 1734 solely to indicate this fact. hypoxia (26). However, these previous reports did not measure
* This work was supported by Grants HL32646 and HL 35440. N.S.C was supporte&@ndogenous ROS production or describe the source of ROS gen-
by an American Lung Association Research Fellowship grant. eration required for the activation of NEB by hypoxia or LPS
of Pulmonary and Crioal Medicine, Department of Medicine, Nortwestern Univer- 2/)- Recently, mitochondria have been described as a major
sity, Tarry Building 14-707, 300 East Superior Street, Chicago, IL 60611-3010. E-Source of ROS in response to specific stimuli that include hypoxia
mail address: nav@nwu.edu (28). In the present study, we tested whether ROS generated by the
ZAEItJre\;Iiations u;‘-edEiJnC t,?'j Bipe% ,MinIF, mfrltiple qrg%r} Systtetm fgill:llrze: (IJDEIZ 2 mitochondrial electron transport chain are required for the hypoxic
(oL OrOTLOTESCEIN: “o f -cieorofuoresan diacerate, Srs GO and LPS activation of NRB and for the induction of TNFe

ethidium; ROS, reactive oxygen species; NARsacetylcysteine; PDTC, pyrro- ; . -
lidinedithiocarbamic acid; tcRNA, total cellular RNA; DPI, diphenyleneidonium. ~ MRNA in the J774.1 murine macrophage cell line.
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1014 HYPOXIC ACTIVATION OF NF«xB REQUIRES ROS

Materials and Methods
Cell culture and measurement of ROS

>

J774.1 cells were cultured on glass coverslips, 35-mm petri dishes, or T-7
flasks to 70—90% confluence in RPMI with penicillin (100 U/ml), strep- 110+ LPS (1ug/ml)
tomycin (100ug/ml), and 5% heat-inactivated FCS (Life Technologies,
Gaithersburg, MD). Hypoxic conditions were achieved by as previously
described (28). ROS generation was assessed using the oxidant-sensiti
probes 2,7'-dichlorofluorescein diacetate (DCFH-DA, 1M, Molecular
Probes, Eugene, OR) or dihydroethidium (DHE, LM, Molecular
Probes) (28).

105+

100 @ @~—~—~———

Electrophoretic mobility shift assay (29)

DCF Fluorescence (%of time =0)
&

Nuclear extracts were prepared from cells by lysing them in a hypotonic

Subsequently, the gels were dried and autoradiographed.

solution (10 mM KCI, 10 mM HEPES, protease cocktail inhibitors (Boehr- 90 T T T T y 1
inger Mannheim, Indianapolis, IN), 1 mM PMSF, freshly added) and cen- 0 2 9 60 80 100
trifuged at 14,000 rpm. Subsequently, the pellet was suspended in a solt Time (minutes)
tion containing 400 mM KCI, 20 mM HEPES, 25% (v/v) glycerol, 0.2 mM
EDTA, and 1.5 mM MgCJ pH 7.8. The solution was centrifuged to pellet
the nuclei debris, and the proteins in the supernatant were used to perfor B
Western blot analysis. To perform electrophoretic mobility shift assays, the
supernatant was diluted with 2 volumes of a solution containing 20 mM
HEPES, 25% glycerol (v/v), 0.2 mM EDTA, and 1.5 mM MgQpH 7.8. g 120+ CJehr
The DNA binding reactions were performed at room temperature in buffer 1 12hr
containing 20 mM HEPES, 100 mM KCI, 1 mM EDTA, dg calf thymus g 109+ 24 18hr ;
DNA, 50,000 dpm labeled probe, 10% glycerol, angld nuclearextracts 804 ; /
in a volume of 25ul at pH 7.8. The oligonucleotide probe used in the binding / /
reactions consisted of the sequenceA&GCTTCAGAGGGGACTTTC » 604 / /
CGAGAGG-3; 3'- AGTCTCCCCTGAAAGGCTCTCCAGCT-5 £8 ? /

The probe wasabeled with f->2PJdGTP (800 Ci/mol) andd-*2P]dCTP § g 40- % 2
(800 Ci/mol) by Klenow polymerase. The specificity of NB-DNA binding 1 / ?
activity was determined by supershift analysis with p65 Abs. All reaction g 20+ / /
mixtures were electrophoresed on 4% nondenaturing polyacrylamide ge £ //

g ° =
0.01 0.1 0.25

05 1.0
Northern analysis

LPS (ug/ml)

Total cellular RNA (tcRNA) was isolated from J774.1 cells using the RNA .
isolation kit (Qiagen, Chatsworth, CA) according to the manufacturer’sFlGURE 1. A DCF quoresgence in J774.1 cells exposed to LPﬁEI’l
protocol. Equal aliquots (10g) of each tcRNA sample were denatured and MI)- J774.1 cells were placed in a flowthrough chamber, and-at0 min
electrophoresed on a 1.2% agarose-formaldehyde gel. In preparation f&PS was added to the perfusae.DCF fluorescence in J774.1 cells as a
transfer, the gel was soaked in 0.2 M NaOH for 15 min followed by 45 min function of time and different concentrations of LPS.
in solution containing 1.5 M sodium chloride and 0.15 M sodium citrate.
The gel was blotted by capillary transfer to Hybond-N nylon membrane
(Amersham Pharmacia Biotech, Piscataway, NJ) for 24-36 h. After the
transfer, RNA was cross-linked to the membrane under UV light. Prehy-Resu|tS
bridization of the blots was conducted in prehybridization solution (Life ROS generation during LPS is dependent on the production of
Technologies), for 2-4 h at 65°C. Blots were then transferred to hybrid-rnE.,
ization solution (1.0 M sodium chloride, 0.1 M sodium citrate, 0.01 M
EDTA, pH 8.0; 5< Denhardt's solution; 0.5% SDS; 1Q@g/ml sheared,  LPS has been shown to cause an increase in cellular oxidative
Iiir:a?gg?jNIS:aln;?:bzpeg ;’;‘2\& Lgebig?haﬂ_%'gg'easgv a?lr;d gc?r;gtﬁpﬁgieed stress (31). However, whether this increase in ROS reflects a direq

@ Wi . Hybridization w. W " - . O
overnight (16—24 h) at 65°C. After hybridization, membranes were Washeéesponse to ITPS oran Indlrect response to LPS-induced Cyt.oklng_
twice for 5 min at room temperature (0.3 M sodium chloride, 0.03 M release remains controversial (31). To assess whether LPS direct
sodium citrate, 0.1% SDS), twice for 20 min at 65°C (0.015 M sodium induces generation of ROS, murine macrophage J774.1 cells werg
chloride, 0.0015 M sodium citrate, 0.1% SDS), once for 15 min at roomplaced in a flowthrough chamber on an inverted microscope under
temperature (0.015 M sodium chloride, 0.0015 M sodium citrate, 0'1%normoxic conditions (15% ©) in the presence of LPS (kg/ml)

SDS), and once for 10 min at room temperature (0.3 M sodium chloride, .
and 0.03 M sodium citrate). Northern blots were analyzed byand DCFH-DA (10uM) for 90 min. The DCFH-DA dye can be
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autoradiography. oxidized to the fluorescent compound72dichlorofluorescein
(DCF) by hydrogen peroxide within cells (32). LPS failed to in-
Preparation of*?P-labeled TNFea probe crease the oxidation of the DCFH dye during 90 min, indicating no

The probe for TNFe was obtained by RT-PCR. The following primer 'ncrease_ in ROS (Fig.A). To assess whether prOIOnged exposure_
sequences were extracted from the cDNA sequence for murine af NF- tc_’ LPS |ndu_ces ROS, 3_774-1 cells were placed in 35_-mm_ petri
(30): 5GAGCAGCTGGAGTGGCTGCTGAG Zsense), and'5TAGAC dishes and incubated with LPS at different concentrations in the
_CTIGC(J(?GGASISCC(%% 337“?)%59)- éjsj'?%qese”p”merf, and thRNA presence of DCFH-DA. At various time points, the medium was

isolated from ng/ml)-treate .1 cells as the template, ; ; )
379-bp fragment was amplified. For Northern hybridizations, the PCR%s.plra;ed’ an(; thhe (;Iells were Iysgd ﬁnd centrifuged to remove ded
product was gel purified, and 25-50 ng wéfe-labeled by random primer ~ PI1S- Afterward, the fluorescence in the supernatant was measured.
labeling using DNA Labeling Beads (dCTP) (Amersham PharmacialLPS increased oxidation of DCFH during 6-18 h in a dose-de-

Biotech). pendent manner (Fig.B). The increase in DCF fluorescence was
o abolished in the presence of the antioxidants NAC (a00 and
Cytokine immunoassays PDTC (10uM) (Fig. 2A). Both antioxidants maintain reduced lev-

TNF-o was measured in supernatants of J774.1 cells by ELISA, as de€ls of glutathione, thereby enhancing the scavenging of hydrogen
scribed by manufacturer’s directions (R&D Systems, Minneapolis, MN). peroxide. To determine whether the LPS induction of ROS by LPS
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FIGURE 2. A, DCF fluorescence in J774.1 cells exposed to LP&d/L
ml) for 18 h in the presence of NAC (500M), PDTC (10 uM), cyclo-
heximide (CHX, 25ug/ml), and a TNFa-neutralizing Ab (TNFe Ab). B,
TNF-a release from J774.1 macrophages exposed to LR&/rl) for 6,
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required de novo protein synthesis, J774.1 cells were incubated for
18 h in the presence of cycloheximide, a protein synthesis inhib-
itor. The LPS-induced increase in DCF fluorescence was attenu-
ated in the presence of cycloheximide (2§/ml), indicating that
LPS generation of ROS requires de novo protein synthesis (Fig.
2A). Previous studies have shown that TMNRAcreases generation

of ROS (33). Indeed, TN production progressively increased
during 18 h (Fig. B), and the LPS increase in DCF fluorescence
was attenuated in the presence of Thireutralizing Ab. These
data indicate that LPS does not increase ROS acutely (within 90
min), but LPS does induce ROS generation during 6-18 h by
stimulating the secretion of TNE-that acts in an autocrine fashion
on the cell surface receptors.

Intracellular generation of ROS can originate from a number of
potential sources, including NADPH oxidase and complex I
within the mitochondrial electron transport chain (34). Diphenyle-
neidonium (DPI) is an inhibitor of a wide range of flavoproteins,
including NADPH oxidase and complex | within the mitochondrial
electron transport chain (35). DPI (M) attenuated the increase
in DCF fluorescence in response to LPS (Fi@).2Apocynin (300
M), a NADPH oxidase inhibitor, did not abolish the increase in
DCF fluorescence in response to prolonged exposure to LPS (Fi
2C). Rotenone (1uwg/ml), an inhibitor of electron transport that
acts at complex |, abolished the increase in DCF fluorescence i
response to LPS (FigQ. By contrast, antimycin A (lug/ml), an
inhibitor of electron transport at the downstream end of complexs
Ill, did not alter the increase in DCF fluorescence. These resultg
indicate that the site of mitochondrial ROS generation during pro-5
longed exposure is between complex | and complex lIl.

9 wouy papeojumog

Aadmy/:d

j

nwiwj

Hypoxia increases mitochondrial ROS generation
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DCF fluorescence in response to hypoxia (1.5%®ig. 3A). The
antioxidants NAC or PDTC and DPI abolished the increase in
DCF signal in response to hypoxia (FigB)3 Previous studies in
Hep3B cells showed that hypoxia increases superoxide generati
as a result of electron flux through mitochondrial complex 111 (28).
In J774.1 cells, rotenone abolished the increase in DCF sign
observed during hypoxia. (FigB3. By contrast, antimycin A fur-
ther augmented the hypoxia-induced increase in DCF fluorescen
(Fig. 3B). The NADPH oxidase inhibitor apocynin did not abolish
the hypoxic increase in DCF signal (FigB3 To further demon-
strate that hypoxia stimulates mitochondrial ROS production,®
J774.1 cells were incubated with DHE in the presence of hypoxia
and various inhibitors. DHE undergoes oxidation to fluorescent
ethidium in the presence of superoxide (36). Fig. shows that
hypoxia increases ethidium fluorescence, indicating an increase in
superoxide generation. The hydrogen peroxide-scavenging anti-
oxidants NAC and PDTC did not affect the hypoxic increase in
ethidium fluorescence. By contrast, rotenone abolished the in-
crease in superoxide generation. Collectively, these results dem-
onstrate that hypoxia directly induces mitochondrial ROS in
J774.1 cells.
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LPS and hypoxia increase NEB DNA binding activity

12, or 18 h (1 = 4). C, DCF fluorescence in J774.1 cells exposed to LPS independent of de novo protein synthesis

(1 pg/ml) in the presence of apocynin (3@d), DPI (10 M), rotenone
(2.0 pg/ml), and antimycin A (1.Qug/ml) for 18 h.

LPS and hypoxia independently have been shown to activate
NF-kB DNA binding (17). To demonstrate this in J774.1 cells,

NF-kB DNA-binding activity was assessed using an electro-
phoretic mobility shift assay. Nuclear extracts prepared from
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FIGURE 3. A, DCF fluorescence in J774.1 cells exposed to hypoxia

(1.5% O,). B, DCF fluorescence in J774.1 cells exposed to hypoxia (1.5%d

0O,) for 2 h in thepresence of NAC (50@M), PDTC (10 M), rotenone
(ROT, 1.0 ng/ml), DPI (10 uM), antimycin A (ANTI, 1.0 pg/ml), and
apocynin (APO, 30QuM). C, Oxidation of DHE in J774.1 cells exposed to
hypoxia (1.5% Q) for 2 h in thepresence of NAC (50@.M), PDTC (10
uM), rotenone (1.0ug/ml), DPI (10 M), antimycin A (1.0 ng/ml), and
apocynin (300uM).

HYPOXIC ACTIVATION OF NF«xB REQUIRES ROS

»n
1.5% Oz LPS o,
+
é 2 o) a O O
° 4 2 2
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= | ¢85 I § ¢ 2 2
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@

FIGURE 4. NF-«B DNA-binding activity in nuclear extracts from
J774.1 cells exposed to hypoxia (1.5%)@r to LPS (100 ng/ml) in the
presence of cycloheximide (CHX, 2&g/ml) for 2 h. An Ab against p65
subunit of NFxB was added to demonstrate specificity.

J774.1 cells exposed to either LPS (100 ng/ml) or hypoxia (1.5%2
0,) for 2 h contained a protein complex capable of binding a DNA €
probe containing a NixB binding site (Fig. 4). LPS and hypoxia
both demonstrated bands containing the p65 subunit in the proteig
complex as demonstrated by supershift analysis (Fig. 4). Neithef
the hypoxia nor the LPS-induced N&B DNA-binding activity &
was abolished in the presence of cycloheximide g2%ml) (Fig.
4). The hypoxia-induced NkB DNA binding activity was less
evident than the LPS-induced Né&B DNA-binding activity. Hyp-
oxia did not augment the LPS-induced NB- DNA-binding ac-
tivity. These results indicate that both hypoxia and LPS indepen-
dently stimulate NR<B DNA binding activity without de novo
protein synthesis.
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ROS-independent induction of NdB DNA binding and TNk
mRNA during LPS

LPS activation of NFkB DNA-binding activity has been sug-
gested to require an increase in ROS (37, 38). These reports relied
on the observation that antioxidants such as PDTC or NAC abol-
ished the LPS activation of NkB DNA-binding activity. How-
ever, our current observations indicated that LPS does not directly
increase ROS generation. To clarify the role of ROS in LPS in-
uction of NFxB DNA-binding activity, J774.1 cells were ex-
posed to LPS (100 ng/ml) fo2 h atvarious concentrations of
PDTC. Fig. 5a shows that 5Q0M PDTC was required to abolish
NF-kB DNA-binding activity. Yet PDTC is an effective antioxi-
dant at concentrations of 10M. To clarify the role of ROS in
LPS-induced transcription, NkB DNA-binding activity and



The Journal of Immunology 1017

LPS

A

r
v
(2]

Antimycin A
Rotenone
p65 Ab

£
<

(8]
ERE

10uM PDTC
1000uM PDTC

21% 02

o
-
o
a
=
3
]

100uM PDTC
500uM PDTC

p65 Ab

NF-kB—

LPS

21% O2
Apocynin
Antimycin A
DPI
Rotenone

TNF—

FIGURE 5. A, NF-«kB DNA-binding activity in nuclear extracts from J774.1 cells exposed h of LPS(100 ng/ml) during normoxia in the presence
of different concentrations of PDTC for 2 B, NF-kB DNA-binding activity in nuclear extracts from J774.1 cells exposed to LPS (100 ng/ml) in the
presence of NAC (50@M), PDTC (10uM), apocynin (300wM), antimycin A (1 wg/ml), rotenone (lug/ml), and DPI (10uM) for 2 h. C, Northern blot
analysis of TNFe mRNA levels from J774.1 cells exposed to LPS (100 ng/ml) in the presence of NAGW8POPDTC (10uM), apocynin (300uM),
antimycin A (1 ng/ml); rotenone (Iug/ml), and DPI (10uM) for 6 h.
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TNF-a mRNA levels were examined in J774.1 cells. The antioxi- indicate that LPS activates NEB DNA-binding activity indepen-
dants NAC (50QwM) and PDTC (10uM) failed to abolish NFxB dently of an increase in ROS.

DNA binding activity and TNFe mRNA levels in response to o . o

LPS (Fig. 5,8 andC). The mitochondrial inhibitors rotenone and HYPoxia induction of NF<B DNA binding and TNFe mRNA
antimycin A did not affect NF<B DNA-binding activity or TNFe ~ '€0Uires an increase in ROS

mMRNA levels in response to LPS (Fig. B,andC). Apocynin, a  Previous studies have shown that NAC abolishes hypoxia-induced
NADPH oxidase inhibitor, and DPI, an inhibitor of a wide range of NF-kB DNA-binding activity (26). In the present study, the anti-
flavoproteins, also did not alter LPS-induced NB-DNA-binding oxidants NAC (500uM) and PDTC (10uM) abolished NFxkB
activity and TNFee mRNA levels (Fig. 5B andC). These results DNA-binding activity and TNFe mRNA levels in J774.1 cells
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FIGURE 7. A, TNF-a release from J774.1 macrophages exposed to
hypoxia (1.5% Q) and LPS (1ug/ml) for 18 h in the presence of NAC
(500 uM) and PDTC (10uM); n = 4. B, Northern blot analysis of RNA
isolated from J774.1 cells exposed to normoxia (212 Bypoxia (1.5%
O,), LPS (100 ng/ml), and LPS hypoxia for 6 h.C, Northern blot anal
ysis of RNA isolated from J774.1 cells exposed to LPS (100 ng/ml)
hypoxia (1.5% Q) in the presence of NAC (500M), PDTC (10 uM),
apocynin (30QuM), antimycin A (1g/ml), DPI (10M), and rotenone (1
rg/ml) for 6 h. Note: exposures for LPS Northern blots were for a shorter
duration than for the hypoxia Northern blots (Fid3)6

FIGURE 6. A, NF-«B DNA-binding activity in nuclear extracts from
J774.1 cells exposed to hypoxia (1.5%) @ the presence of the antiexi
dants NAC (50QuM) and PDTC (10uM), apocynin (300uM), antimycin

(1 pg/ml), DPI (10M) and rotenone (Jug/ml), for 2 h.B, Northern blot
analysis of TNFe mRNA levels from J774.1 cells exposed to hypoxia
(1.5% Q) in the presence of the antioxidants NAC (5aM) and PDTC
(10 uM), apocynin (300uM), antimycin (1 wg/ml), DPI (10 wM), and
rotenone (lug/ml) for 6 h.

exposed to hypoxia (Fig. 6). To determine the dependence of the

hypoxic response on mitochondrial ROS production, J774.1 cellsistent with rotenone decreasing the hypoxic increase in ROS gen-
were exposed to hypoxia in the presence of rotenone or antimyciaration by limiting electron flux into complex lll, the site of mi-

A. Rotenone abolished NkB DNA-binding activity in response tochondrial ROS generation. Antimycin A also inhibits electron
to hypoxia, whereas antimycin A maintained the hypoxic inductiontransport, but at a site downstream of the location of ROS gener-
of NF-«kB DNA binding activity (Fig. 6). These results are con- ation, thereby augmenting ROS generation. DPI abolishedBIF-
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involvement in the activation of NikB is based on three obser-
vations: 1) antioxidants such as PDTC and NAC abolish LPS-
induced activation of NRB (37, 38, 34); 2) in vitro administra-
tion of H,0, to cells stimulates activation of NkB (43); 3) NAC
blocks activation of NRB in animal models of ARDS and has
been reported to improve lung function in patients with adult re-
spiratory distress syndrome (44—-46). One concern regarding these
TNFa studies is that unusually high concentrations of NAELQ mM)
antibody and PDTC &100 uM) were required to abolish NkB activation.
Moreover, there was no direct evidence that LPS leads to an in-
crease in ROS generation over the time period required to observe
NF-«B activation. In the present study, we examined the relation-

Active NFkB

l

PDTC/NAC \——ROS

secretion
TNFa

ship between cellular oxidative stress and RB-activation in re-
»Z sponse to LPS. The data indicate that LPS does not require an
TNFa increase in ROS generation for N@B activation and the subse-
Receptor quent expression of TNE-mRNA. There was no observable in-
HYPOXIA crease in ROS generation over the time period required to observg

NF-«B activation. The antioxidant PDTC abolished LPS-induced £
FIGURE 8. Effects of LPS and hypoxic activation of NéB and TNF« NF-kB activity at 500uM. However, PDTC is an effective ROS §
mRNA. LPS activates NiB and TNFe mRNA expression. Subse- scavenger at the minimal concentration of did. Thus, at higher
quently, TNFe increases mitochondrial ROS through an autocrine effectgpses it is likely that PDTC is interfering in NkB DNA-binding
of TNF-a on a cell membrane receptor. Hypoxia directly induces mito- ocjyity in response to LPS rather than through the attenuation o
chondrle_ll ROS, which subsequently activate NB-and TNFee mRNA ROS generation. PDTC may target kinase activation. Many ki-Z
expression. nases contain cysteine residues that are likely to be redox sensiti

to a thiol reductant such as PDTC. The antioxidant NAC also did

not affect LPS activation of NixB or subsequent TNle-expres-
DNA-binding activity and TNFe mRNA levels in response to sion at an antioxidant dose (5QMM) that was effective in abol-
hypoxia. By contrast, apocynin had no effect on the hypoxic in-ishing the oxidant signaling during hypoxia as indicated by the
duction of NFxB DNA-binding activity and TNFe mRNA lev- DCFH dye. Moreover, LPS-induced NEB activity and TNFe
els. These results indicate that the hypoxic induction of K- mRNA expression were not altered in the presence of specifi
DNA-binding activity and TNFe mRNA levels requires mito- inhibitors of NADPH oxidase and mitochondrial electron trans- g
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chondrial ROS generation. port, which suggests that key ROS-generating systems did not pa%
ticipate in the signaling pathway. %
Hypoxia augments LPS induction of TNF- Previous studies have indicated that macrophages challenges

TNF-ae mMRNA levels and TNFa release were measured in J774.1 with LPS exhibit an increase in oxidative stress (47). This effects
. could have been mediated by release of T&Br nitric oxide.

cells exposed to hypoxia, LPS, and LPS plus hypoxia. Hypoxia . : . N . .
stimulated TNFee mMRNA levels and TNFx release from J774.1 Because LPS did not show an increase in oxidative signalin
cells but~10-fold less than LPS (Fig.Aj. Interestingly, hypoxia during the acute period (2 h) required to elicit NBa(?tivation, .
augmented LPS induction of TNE-mRNA levels and TNFx we teste_d whether prolonged exposure of LPS would increase ROE
release (Fig. B). NAC and PDTC abolished both the response to 9€neration. The ROS measurements in response to LPS during 231
hypoxia alone and the augmentation of LPS-induced FNF- were done in a flowthrough chamber; therefore, any released cyg
MRNA levels and TNFx release from J774.1 cells by hypoxia tokines would have been carried away rather_than aII_owed t_o _ac%
(Fig. 7, A andB). Rotenone and DPI both abolished the hypoxic cumulate. Longer exposure to LPS (12-18 h) in a static petri disft
augmentation of LPS-induced TNEMRNA levels. Antimycin A did elicit ar_w increase in ROS generation. This response was due t&
and apocynin did not alter the hypoxic augmentation of LPS-in-the autocrine effect of TNfe-on the cell membrane receptor be- §
duced TNFa mRNA levels. These results are consistent with thecause the ROS increase was abolished in the presence obTNF-
hypothesis that the hypoxic signaling pathway requires an increaggéutralizing Ab. Furthermore, mitochondrial complex | inhibitors
in mitochondrial ROS. abolished the LPS induced increase in ROS during 18 h. Previous
reports have indicated that TNFincreases ROS at complex Il of

. . the mitochondrial electron transport chain (48). Thus, LPS does
Discussion not directly induce ROS, but over time LPS induces ROS through
TNF-a acts as a signaling element in the pathophysiology of thede novo synthesis of TNE-acting on complex Il within mito-
systemic inflammatory response in critically ill patients. LPS is chondrial electron transport chain (Fig. 8).
thought to be the principal causative agent for the regulated release Lung gas exchange failure and cardiovascular dysfunction dur-
of cytokines associated with sepsis and is derived from the outelng sepsis can lead to tissue hypoxia. Hypoxia alone has been
membrane of Gram-negative bacteria. LPS released from bacterghown to activate NkB and release of cytokines including
in blood or tissues interacts with serum factors, such as LPS-bindFNF-a. In the present study, we demonstrate that hypoxia in-
ing protein, which interacts with the membrane receptor CD14 orcreases NiB DNA-binding activity and TNFe mRNA levels.
cells. Binding to CD14 leads to the activation of kinases that resuliThe hypoxic activation of NkeB and subsequent TN&-mRNA
in NF-«B activation (39, 40). How does CD14 binding lead to gene transcription require increases in mitochondrial ROS gener-
kinase activation? One suggestion has been that a burst of intration. Previous studies have reported that mitochondrial complex
cellular ROS is generated, leading to the activation of kinases antll can function as an important site of superoxide generation dur-
thus NF«B (41, 42). The evidence for cellular oxidative signaling ing hypoxia (28). Evidence for mitochondrial ROS regulation of

c1oifBoreLt
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NF-«B during hypoxia rests on the following observations. Hyp- 6.
oxia increased NB DNA-binding activity and ROS generation

in the presence of cycloheximide, indicating that hypoxia does not7.
require de novo factors such as TNFThe antioxidants NAC and
PDTC abolished the hypoxic increase in DCF fluorescencexBIF-
DNA-binding activity, and TNFe mRNA levels. The specific mi-
tochondrial complex | inhibitor rotenone abolished the increase in
DCF fluorescence, NkB DNA-binding activity and TNFe
mRNA levels during hypoxia. By contrast, the mitochondrial com-
plex Ill inhibitor antimycin A did not abolish the increase in ROS
signaling, NFxB DNA-binding activity, and TNFe mRNA levels
during hypoxia. The observation that rotenone abolished ROS sigl-
naling, NF«B activation, and TNFe mRNA expression during

8.

9.

hypoxia whereas antimycin A preserved these responses during-

hypoxia indicates that mitochondrial ATP is not required for the
response, because both inhibitors block electron transport antb.
abolish oxidative phosphorylation. These results indicate that mi-
tochondrial ROS are required for the activation of NB-DNA-
binding activity and TNFe mRNA levels during hypoxia (Fig. 8).

Under physiological conditions, low levels of cytokines have
important roles in maintaining vascular function, in host defensese.
and in controlling the repair of tissue injury. However, during sys-
temic sepsis or in response to experimental LPS challenge, thg.
uncontrolled release of cytokines into the circulation contributes to
the circulatory dysfunction and may precipitate the development of 5
organ injury in multiple organs. Why is the activation of MB-by
hypoxia potentially important in this scheme? The activation of
NF-kB by hypoxia and the subsequent local cytokine release igg.
part of the normal repair of local tissue injury and thus an adaptive
function. For example, localized tissue hypoxia may contribute to,,
the activation of NF«B and local cytokine release, which could be
important in controlling the infectious process and enhancin
wound healing. By contrast, during systemic inflammatory states,
associated with sepsis, hypoxia could augment the excessive re-
lease of cytokines that are already stimulated by LPS. Our dat
support this hypothesis by demonstrating that LPS stimulates
TNF-a release 10-fold more than hypoxia alone in macrophages?4-
However, hypoxia significantly augments the LPS-induced release
of TNF-a. Antioxidants attenuated the hypoxic augmentation of 25.
LPS-induced release of TN&- as did inhibitors of the proximal
regions of the mitochondrial electron transport chain. Interestingly,
hypoxia did not augment LPS-induced MNB- DNA-binding ac-
tivity, although hypoxia did augment TN&-mRNA expression.
This suggests that hypoxia may activate transcription factors othess.
than NF«B that play a role in the hypoxic amplification of LPS
induction of TNFee mRNA levels. Collectively, these studies re- ,g.
veal that hypoxic amplification of LPS gene transcription relies on
signaling pathways that involve mitochondrial ROS.

7
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