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Abstract
Reductions in alveolar oxygenation during lung hypoxia/reoxygenation (H/R) injury are common
after gram-negative endotoxemia. However, the effects of H/R on endotoxin-stimulated cytokine
production by alveolar macrophages are unclear and may depend upon thresholds for hypoxic
oxyradical generation in situ. Here TNF-α and IL-β production were determined in rat alveolar
macrophages stimulated with E. coli lipopolysaccharide (LPS, serotype O55:B5) while exposed to
either normoxia for up to 24 h, to brief normocarbic hypoxia (1.5 h at an atmospheric PO2 = 10 ± 2
mm Hg), or to combined H/R. LPS-induced TNF-α and IL-β were reduced at the peak of hypoxia
and by reoxygenation in LPS + H/R cells (P < 0.01) compared with normoxic controls despite no
changes in reduced glutathione (GSH) or in PGE2 production. Both TNF-α mRNA and NF-κB
activation were reduced by hypoxia that suppressed superoxide anion generation. Thus, dynamic
reductions in the ambient PO2 of alveolar macrophages that do not deplete GSH suppress LPS-
induced TNF-α expression, IL-β production, and NF-κB activation even as oxyradical production is
decreased.
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1. Introduction
Cellular hypoxia is a potent physiological signal with diverse biochemical, genomic, and
proteomic effects on mammalian cells of the monocyte-macrophage lineage (Elbarghati et al.,
2008; Hempel et al., 1994; Hockel & Vaupel, 2001; Leeper-Woodford & Detmer, 1999; Lewis
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et al., 1999; Ndengele et al. 2005; Nizet & Johnson, 2009; VanOtteren et al., 1995). Notable
among these effects is the activation of hypoxia-inducible factors (HIFs) that subsequently
accumulate in the nucleus, bind to hypoxia-responsive genetic elements, and thereafter regulate
pathways influencing metabolism, vascular tone, apoptosis, angiogenesis, and inflammation
(Elbarghati et al., 2008, Nizet & Johnson, 2009). Within the lungs, severe and/or prolonged
hypoxia and subsequent reoxygenation (H/R) also elicit increased de novo oxyradical
generation which can potently modulate signaling pathways of inflammation (Madjpour et al.,
2003; Vuichard et al., 2005), culminating in the activation of the transcription factor NF-κ and
the canonical cytokine genes TNF-α and IL-β (Leeper-Woodford & Detmer, 1999; Vuichard
et al., 2005; Kunz et al., 2002). The interdependency of hypoxic and innate immune responses
(Nizet & Johnson, 2009) is underscored by the fact that activation of NF-κB upregulates the
hypoxiainducible factor 1A (HIF1A) gene (Frede et al., 2006). In vivo, pathophysiological
reductions in O2 availability to lung cellular populations will vary along a continuum of
temporal and spatial heterogeneity as well as severity in the distal airspaces, especially during
acute lung injury (Gattinoni et al., 2006; Otto et al., 2008).

Alveolar macrophages orchestrate acute immune and inflammatory cytokine responses in the
lungs to gram-negative microbial products, as typified by endotoxin from pneumonia or
hematogenous pulmonary infection (Ndengele et al., 2005). Alveolar macrophages may
encounter hypoxic stress as well as reoxygenation early after their exposure to endotoxin due
to fluctuations in O2 availability caused by pulmonary edema, atelectasis, and other factors
(Gattinoni et al., 2006; Otto et al., 2008). Despite the strategic location of alveolar macrophages
at the air:blood interface, the effects on them of hypoxia/reoxygenation (H/R) are incompletely
understood for several reasons. These include varying experimental levels of hypoxia, differing
durations of reoxygenation (Koga et al., 1992; Leeper-Woodford & Detmer, 1999; Lewis et
al., 1999; VanOtteren et al., 1995; Guida & Stewart, 1998) and even the pre-existing cellular
oxidant tone (Hempel et al., 1994, 1996). Indeed, experimental hypoxia has rarely been coupled
to antecedent inflammatory stimuli such as gram-negative bacterial endotoxin, or to differing
doses and microbial origins of LPS (Leeper-Woodford & Detmer, 1999; Hempel et al.,
1996). In certain reports, molecular cross-talk between LPS and secondary H/R sometimes
increased TNF-α and IL-β production by alveolar macrophages (Leeper-Woodford & Detmer,
1999). Such results were attributed to enhanced oxyradical generation causing translocation
and augmented nuclear binding of NF-κ and of activator-protein (AP)-1 to their respective
cytokine promoter binding sites. Thus, human or rat alveolar macrophages stimulated by LPS
before 2 – 24 h of hypoxia secreted more TNF-α and IL-β and showed increased NF-κ activation
(LeeperWoodford & Detmer, 1999). Other studies found that secondary hypoxia decreased
PGE2 production by LPS-stimulated alveolar macrophages, augmenting their cytokine
production (Hempel et al., 1996). Brief, intermittent, or mild hypoxia may influence only some
immunomodulatory responses of LPS-stimulated alveolar macrophages, without reducing
O2-limited electron transport or stimulating robust inflammatory cytokine responses (Lewis et
al., 1999).

In this context, we previously reported a novel suppressive effect of sequential co-stimulation
by LPS + H/R on IL-β gene expression in murine macrophage RAW 264.7 cells, in which
cytokine downregulation rather than upregulation occurred at the transcriptional level
(Ndengele et al., 2000, 2006). These results raised the possibility that hypoxia modulates LPS-
stimulated cytokine production by monocytes and macrophages bimodally, depending on the
duration and severity of hypoxic exposure. It is conceivable that co-stimulation by LPS and
hypoxia may affect cytokine gene expression differently among transformed cell lines vs.
normal populations of monocytes and macrophages. Consequently we determined here the
effects of a similar 1.5 h of secondary hypoxia, and of combined H/R, on TNF-α and IL-β
production by rat alveolar macrophages stimulated by E. coli serotype O55:B5 LPS. We
hypothesized that this brief hypoxic exposure would again suppress rather than enhance LPS-
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induced cytokine production, compared with levels in normoxic LPS controls. We
simultaneously assessed intracellular levels of reduced glutathione (GSH) as an index of
oxidative stress, and measured de novo production of PGE2 and superoxide anion, while
determining in cell lysates the levels of NF-κ and AP-1 activation and DNA binding. We found
that brief post-endotoxic hypoxia did not deplete GSH, nor did it kill alveolar macrophages or
increase their PGE2 production. Even so, this hypoxia suppressed LPS-stimulated expression
of canonical cytokines in these cells, likely via diminished transcription factor DNA binding
and reduced oxyradical produc?gtion. These data underscore a hitherto unrecognized plasticity
of alveolar macrophage responses to secondary moderate H/R in which the effects of their LPS
co-stimulation are phenotypically attenuated rather than amplified.

2. Materials and Methods
2.1.Reagents

Purified LPS from E. coli serotype O55:B5, phenylmethylsulfonyl fluoride, leupeptin,
aprotinin, proteinase K, and other tissue culture-grade chemicals were from Sigma (St. Louis,
MO). Molecular biology-grade reagents (Sigma) were used for nuclear isolation,
electrophoretic mobility shift assay (EMSA), and supershift assay procedures (Matuschak et
al., 2004; Ndengele et al., 2005). The 32P labeled radiolabeled nucleotides were from Promega
(Madison, WI). The PGE2 parameter assay kit was purchased from R&D Systems
(Minneapolis, MN).

2.2. Cell culture and experimental protocol
Mycoplasma-free rat alveolar macrophages (ATCC# CL-2192) NR8383 Sprague-Dawley
strain (Hempel et al., 1994; McCourtie et al., 2008; Ofek et al., 2001) were obtained by whole
lung lavage and cultured in the presence of gerbil lung cell-conditioned medium, and cultured
at 37°C to 50-70% confluence (1 × 106 cells/well) in 24-well plates in Ham's F12K medium
supplemented with 10% fetal bovine serum (FBS; 37°, 24 h). Culture medium was replaced
with fresh Ham's F12K medium containing FBS at 300μL/well, and E. coli LPS serotype
O55:B5 at 100 ng/mL or 1.0 μg/mL was added to stimulate adherent macrophages. As negative
controls, isovolumetric Ham's F12K medium without LPS was added to 4 wells for baseline
t = 0 values. Normoxic control cultures consisted of one of two 24-well plates of LPS stimulated
cells continuously incubated in a 21% O2/5% CO2/74% N2 atmosphere for up to 24 h. Hypoxic
stress was induced in concurrent cultures by switching to 0.3% O2/95% N2/5% CO2 incubating
gas mixture within a controlled atmosphere chamber (Billups-Rothenberg, Delmar, CA) for
1.5 h starting immediately after LPS addition. Previous studies (Ndengele et al., 2000) showed
that use of this gas mixture for 1.5 h in the apparatus chamber maintained a true steady-state
hypoxic, rather than anoxic, atmospheric and liquid media conditions (see below). Non-LPS
stimulated cells treated with vehicle (Ham's F12K medium) and subjected to hypoxia or to
combined H/R, exhibited no significant cytokine production vs. normoxic vehicle-treated cells.
Therefore, two major LPS-stimulated experimental groups were studied in quadruplicate
cultures averaged over at least three experimental runs on different days: 1) LPS normoxic
controls; and 2) LPS + hypoxia with a reoxygenation phase (LPS + H/R) that began at t = 1.5
h after completing hypoxic exposure and lasted for up to 24 h. As reported previously
(Ndengele et al., 2000), the severity of hypoxic exposure was confirmed by measuring PO2 of
the ambient gas phases during each experimental run (Instrumentation Labs-1600 Blood Gas
Analyzer, Lexington, MA). These gas-phase PO2's averaged 10 ± 2 mm Hg (mean ± SD) at
peak hypoxia, equivalent to a steady-state fractional oxygen concentration (FO2) = 0.0142 at
37°C and 100% relative humidity and the ambient barometric pressure of 753 mm Hg in St.
Louis, MO. Corresponding PO2 values in the media during hypoxic intervals averaged 35± 6
mm Hg (FO2 = 0.05). Gas-phase and liquid-phase PO2's were all significantly less than
normoxic control cells (P < 0.001). Hypoxic cultures were re-oxygenated by rapidly switching
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back to 21% O2/5% CO2/74% N2. Samples from these cultures for assays described below
were obtained at: baseline before adding LPS (t = 0); at the peak of hypoxia (t = 1.5 h); 1 h
after commencing reoxygenation (t = 2.5 h); after 4.5 h of reoxygenation (t = 6 h); and after
22.5 h of reoxygenation (t = 24 h).

2.3. Cytokine analyses
Immunoreactive TNF-α levels in cell culture supernatants and in alveolar macrophage cell
lysates were determined in duplicate by ELISA (BioSource International, Camarillo, CA) as
previously described (Ndengele et al., 2000, 2005). Reactions used a monoclonal anti-TNF-
α capture antibody and a biotinylated polyclonal anti-murine TNF-α antibody, developed with
streptavidin-horseradish peroxidase and absorbance measured at 450 nm. For cell-associated
cytokine concentrations, lysates were chilled to 0°C for 20 min, centrifuged (14,000 g for 15
min), and diluted 1:50 in phosphate-buffered 0.9% NaCl (PBS). Total protein concentrations
were measured in these lysates by the bicinchoninic method (Pierce, Rockford, IL) and
expressed as ng TNF-α/mg cellular protein. Supernatant and lysate concentrations of
immunoreactive IL-β were similarly determined in duplicate by solid-phase ELISA (Ndengele
et al., 2000) sensitive to murine IL-β over a range of 50-3,200 pg/ml using a rabbit anti-murine
anti-IL-β and a goat anti-rabbit IgG linked to horseradish peroxidase, followed by analysis at
450 nm (Bio-Tek EL-311, Winooski, VT). Recombinant murine TNF-α and the primary and
secondary antibodies were obtained from Genzyme (Cambridge, MA). Inter-assay coefficients
of variation for TNF-αand IL-α determinations were 1.4% and 8.0%, respectively. To confirm
these results for immunoreactive TNF-α, bioactive [TNF] was measured in duplicate by the
L929 cell cytotoxicity assay (Loftis et al., 2000) in selected samples of the same specimens for
which immunoreactive cytokine concentrations were assayed.

2.4. Lactate dehydrogenase (LDH) assay
In addition to using trypan blue dye exclusion to assess the viability of normoxic LPS and LPS
+ H/R cell cultures, supernatant [LDH] were determined at each time point to confirm that cell
membrane structural integrity was maintained throughout hypoxia with and without
reoxygenation (Ndengele et al., 2000). Supernatants were evaluated for their LDH
concentration with a standard kit assay (procedure 228-UV, Promega).

2.5. Intracellular [GSH]
Cellular [GSH], a sensitive indicator of induced oxidative stress, was measured in cell lysates
over the 6 h from onset of hypoxia through 4.5h of reoxygenation (t = 6 h) using a modified
Tietze assay as previously described (Ndengele et al., 2000; Matuschak et al., 2004; Loftis et
al., 2000). Results are expressed as μmol GSH/mg cellular protein.

2.6. Isolation of RNA
Total RNA from 1 × 107 cells (Ndengele et al., 2000, 2006) was obtained by lysing them with
Tri reagent (Sigma), followed by precipitation with isopropanol and washing with 75% ethanol.
Precipitates were washed with 100% ethanol, resuspended in DEPC H2O, after which RNA
was quantified by densitometry. Samples were analyzed for TNF-α and IL-β by the GEArray
(Superarray, Inc.) using the manufacturer's instructions. Results were normalized to
contemporaneous glyceraldehyde 3-phosphate dehydrogenase (GAPDH) activity.

2.7.1 Electrophoretic Gel Mobility Shift Assay for NF-κB and AP-1
Nuclear protein concentrations were determined by the bicinchoninic acid assay (Pierce) with
BSA as standard. Samples of nuclear protein (10 µg) were incubated as previously described
(Loftis et al., 2000; Matuschak et al., 2004) in binding buffer (10 mM Tris, pH 7.5, 1 mM
EDTA, 5 mM MgCl2, 25 mM NaCl, 5% glycerol, 5% sucrose, and 0.01% Nonidet P-40) for
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10 min at 37°C. Poly(dIdC; 3 μg; Pharmacia, Piscataway, NJ) was added to samples before
adding oligonucleotide probe. Double-stranded consensus oligonucleotides for NF-κ (5′-
AGTTGAGGGACTTTCCCAGGC-3′) and for AP-1 (5′-
CGCTTGATGAGTCAGCCGGAA-3′) (Promega) were end-labeled with [γ-32P]ATP using
T4 polynucleotide kinase, and ~1 × 105 counts/min were added to reaction mixtures. For
competition studies, a 100-fold excess was added of unlabeled NF-κB or AP-1 oligonucleotide
or of a noncompetitive mutant oligonucleotide [5′-AGTTGAGGCGACTTTCCCAGGC-3′
(NF-κB mutant) and 5′-CGCTGATATTGGCGGAA-3′ (AP-1 mutant)] before adding
radiolabeled probe. For supershift analyses of NF-κB, a 100-fold excess of antibodies cross-
reactive to the rat p65 subunit of NF-κB was added to the reaction mixture. After addition of
1 μL of 10x gel loading buffer to the reaction mixture, samples were run through a 4%
acrylamide-bis gel in 1x running buffer (0.025 M Tris and 0.2 M glycine) at 250 V for 3 – 4 h
in a 4°C room. Gels were vacuum-dried and exposed to x-ray film (Hyperfilm, Amersham) for
24 – 72 h at −70°C before autoradiographs were developed. Individual bands were quantitated
densitometrically over a linear range (Molecular Dynamics, Sunnyvale, CA), normalized to
recombinant p50 (1 μL of a 0.135 gel shift units/μL solution, Promega) that was concomitantly
loaded on each gel an as internal loading control, and averaged for subsequent analysis.

2.8. PGE2 Assay
PGE2 was determined in duplicate in culture supernatants and in cellular lysates by a specific
immunoassay according to the manufacturer's instructions. PGE2 concentrations in
supernatants are expressed as pg/mL, and in lysates as ng/mg cellular protein.

2.9. Superoxide anion generation
De novo superoxide anion production was assessed in quadruplicate at each designated time
point by a luminol based assay (Calbiochem, San Diego, CA) modified to a 96-well microtiter
plate format; the chemiluminescence of 5 × 106 cells was assessed according to the
manufacturer's instructions. In additional experiments, the stimulatory effects of phorbol-12
myristate-13 acetate (PMA; 200 nmol) were determined on the time course of superoxide
generation by LPS stimulated normoxic and hypoxic alveolar macrophages.

2.10. Statistical analyses
Data are means ± SD, with differences among results in normoxia and H/R evaluated by
ANOVA or paired Student's t-test as appropriate. Significance was accepted for P values <
0.05.

3. Results
3.1. Hypoxia and combined H/R suppress LPS-induced TNF-α and IL-1β protein levels

We initially assessed the time course of immunoreactive TNF-α and IL-1β release into culture
supernatants from normoxic rat alveolar macrophages stimulated with 100 ng/mL of E. coli
serotype O55:B5 LPS at t = 0. We compared those results with supernatant cytokine
concentrations from time-matched macrophage cultures in which sequential treatments with
LPS + hypoxia, or with LPS + combined H/R were performed. Compared to normoxic LPS
control cells, exposing cultured macrophages to 90 min of acute hypoxia that began
immediately after the start of LPS stimulation consistently reduced their secretion of TNF-α
protein into culture supernatants, as typified by results at peak hypoxia (P < 0.01 vs. time-
matched normoxic LPS controls at t = 1.5 h). This suppression of soluble [TNF-α] in
supernatants by one 1.5 h episode of hypoxia persisted even after 60 min of reoxygenation (t
= 2.5 h) and through at least t = 6 h (P < 0.05), but resolved by 24 h, when immunoreactive
[TNF-α]'s between LPS normoxic controls and LPS + H/R cultures were indistinguishable
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(Figure 1A). Results for immunoreactive supernatant TNF-α were confirmed by the L929
cytotoxicity assay for bioactive [TNF] secreted by alveolar macrophages into culture
supernatants in normoxic LPS controls vs. LPS + hypoxia or vs. LPS + combined H/R cultures.
Thus, bioactive [TNF] in LPS normoxic controls at t = 1.5 h averaged 5,273 ± 1128 U/mL,
vs. time-matched values of 579 ± 153 U/mL in LPS + hypoxia treated cells (P < 0.05). Likewise,
LPS-induced supernatant bioactive [TNF] showed > 50% suppression by prior hypoxia during
early reoxygenation at t = 2.5 h (8,686 ± 3,424 U/mL vs. 18,113 ± 6,057 U/mL in normoxic
controls; P < 0.05). This disparity for bioactive [TNF] between normoxic LPS and time-
matched LPS + H/R values was still evident at t = 6 h, being 65,815 ± 25,213 U/mL for
normoxic LPS vs. 37,240 ± 6,480 U/mL in LPS + H/R treated cells.

Cell-associated immunoreative [TNF-α] in culture lysates increased from baseline due to LPS
stimulation, peaking at 16,040 ± 4,850 ng/mL by t = 1.5 h in normoxic controls. In contrast to
the hypoxia-induced effects on supernatant [TNF-α], the immunoreactive [TNF-α] in cell
lysates did not differ at any time point between normoxic LPS-stimulated control cultures
vs. macrophages exposed to LPS + secondary hypoxia, or to LPS + combined H/R.

The effects of acute secondary hypoxia on LPS-stimulated IL-1β secretion by rat NR8383
alveolar macrophages were opposite to those for TNF-α; supernatant [IL-1β] did not differ
among normoxic LPS controls, LPS + hypoxia, or LPS + H/R treated cells. Also in contrast to
TNF-α, the [IL-1β] in cell lysates from LPS + hypoxia and LPS + H/R treatments were
significantly lower than for time-matched normoxic LPS controls, notably at both peak hypoxia
and during early reoxygenation at t = 2.5 h (P< 0.01; Figure 1B). By t = 6 h and thereafter, no
intergroup differences in cell lysate IL-1β levels were present.

Throughout these studies, we found no evidence of hypoxia- or H/R-mediated cell damage as
assessed by trypan blue exclusion, with > 95 % viability among cells obtained from normoxic
LPS controls as well as cells cultured in LPS + hypoxia or in LPS + combined H/R. Moreover,
supernatant [LDH] at each time point for normoxic LPS controls did not differ from LPS +
hypoxia or LPS + combined H/R (not shown).

3.2. Hypoxia suppresses LPS-induced cytokine gene expression
Having established that brief hypoxia suppresses LPS-induced TNF-α protein levels in the
supernatants of alveolar macrophages, and [IL-1β] in cell lysates, we next determined the time
course of comparative cytokine gene expression in normoxic LPS controls and in time-matched
LPS + hypoxia or LPS + combined H/R. Using a highly specific assay system, we confirmed
that secondary hypoxia maximally suppresses the number of LPS-induced TNF-α transcripts
(Figure 2) at peak hypoxia (t = 1.5 h; P < 0.05). Subsequently, TNF-α [mRNA] was equivalent
in LPS + H/R cells during the first hour of reoxygenation (at t = 2.5 h) and thereafter vs. time-
matched normoxic LPS control macrophages. With respect to IL-1β [mRNA], the impressive
LPS-induced increases in transcript levels in normoxic controls at t = 1.5 h appeared less in
time-matched samples at peak hypoxia (Figure 3), but differences were not significant.
Similarly to TNF-α, steady-state IL-1β [mRNA] did not increase during early reoxygenation
at t = 2.5 h and thereafter, but remained unchanged vs. time-matched normoxic LPS control
values.

3.3. Hypoxia suppresses LPS-induced NF-κB activation and DNA binding
We next performed EMSA analyses for NF-κB to establish whether hypoxic suppressions of
LPS-induced cytokine expression were associated with upstream reductions in the activation
of early-acting redox-sensitive DNA binding proteins with multiple binding sites in the TNF-
α and IL-1β promoters. As seen in Figure 4, the sequence of E. coli serotype O55:B5 LPS
stimulation (1 μg/mL) followed by secondary brief hypoxia led to diminished rather than
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augmented activation and DNA binding of NF-κB. Supershift studies of an LPS + p65 antibody
and an LPS + p50 antibody confirmed the heterodimeric nature of NF-κB in these experiments
(Figure 4C.). Parallel AP-1 EMSA studies showed that neither LPS + hypoxia, nor LPS + H/
R amplified the activation and binding of this redox-sensitive transcription factor vs. time-
matched normoxic LPS controls. Signals for AP-1 were lower at peak hypoxia (t = 1.5 h) in
LPS stimulated alveolar macrophages vs. normoxic LPS control signals but were not significant
(Figure 5).

3.4. Hypoxia does not augment LPS-induced PGE2 production
Supernatant [PGE2] from macrophage cultures at t = 0 was < 39 pg/mL (the assay's lower limit
of detection). Supernatant [PGE2] was similarly undetectable in normoxic LPS-stimulated
cultures at t = 1.5 h or at 2.5 h, nor at peak hypoxia (t = 1.5 h) or early reoxygenation (t = 2.5
h) in hypoxic co-stimulated cultures. Cell lysate [PGE2] at t = 0 averaged 550 ± 472 ng/mg
cell protein, and no significant changes occurred in lysates of LPS normoxic controls at t = 1.5
or 2.5 h, or in the co-stimulated cultures at peak hypoxia (706 ± 520 ng/mg cell protein) or at
early reoxygenation (757 ± 621 ng/mg cell protein) (P = ns for all).

3.5. Hypoxia suppresses LPS-induced de novo oxyradical generation
We monitored the time course of de novo superoxide anion generation to assess whether
hypoxic suppression of LPS-induced TNF-α and IL-1β production and NF-κB activation in rat
alveolar macrophages results from altered oxyradical generation in this setting. We found that
combining LPS stimulation with brief, non-lethal hypoxia significantly reduced early
superoxide anion production at t = 30 min vs. time-matched normoxic LPS controls (Figure
6A).

To determine whether LPS-treated alveolar macrophages could be stimulated by other agonists
to generate superoxide anion despite prevailing hypoxia, PMA was added to cultures and
samples were obtained for chemiluminescence studies. As depicted in Figure 6B, PMA did
not alter the maximal hypoxic suppression of LPS-stimulated superoxide generation at t = 30
min (P < 0.05). Furthermore, cell lysate [GSH] as the principal intracellular antioxidant showed
no inter-group differences through 6 h (Table 1), supporting the lack of significant de novo
superoxide anion generation in LPS + hypoxia or LPS + combined H/R cells.

4. Discussion
In these studies, we have found that brief and otherwise well-tolerated hypoxia suppresses
LPS-induced secretion of TNF-α and the cellular synthesis of IL-1β in rat alveolar macrophages
during hypoxia as well as early after their reoxygenation (Figure 1). Using the E. coli LPS dose
and the modest magnitude and duration of hypoxia employed in this model system, we also
showed that TNF-α transcripts were reduced at peak hypoxia (Figure 2), and that activation
and binding of NF-κB to DNA were diminished. Considering the redox-sensitivity of NF-κB
(Lewis et al., 1999;Ndengele et al., 2005;Kunz et al., 2002) and the documented role of
oxyradical signaling in its activation (Hockel & Vaupel, 2001), this latter result supports our
finding of reduced de novo superoxide generation in LPS + hypoxia cultures (Figure 6).
Reconciling our results with previous studies of enhanced cytokine production by alveolar
macrophages under more stringent conditions of LPS and hypoxic co-stimulation (Koga et al.,
1992;Leeper-Woodford and Detmer, 1999;Madjpour et al., 2003;Vuichard et al., 2005;Hempel
et al., 1996), it appears that LPS-induced TNF-α and IL-1β production vary dynamically and
bidirectionally according to the prevailing degree of oxygen limitation.

Hypoxic exposure of mammalian cells derived from monocyte-macrophage lineages elicits
diverse immunological responses that are perhaps simplistically viewed as pro-inflammatory
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and thus predisposing to lung injury. However, significant heterogeneity exists among these
reports as to compartmental origins of the mononuclear phagocytes, the severity and duration
of hypoxia, variable reoxygenation paradigms, and LPS dosage as co-stimulatory signal. There
has also been great variation in characterizing cellular redox status, O2-sensing mechanisms,
and presumptive sources of oxyradicals such as mitochondrial NADH/NADPH. Thus,
exposing human peripheral blood mononuclear phagocytes to a PO2 = 14 mm Hg for 9 h
followed by normoxic reoxygenation for 6 – 9 h augmented their synthesis and release of
bioactive IL-1 within ~ 3 h of reoxygenation, whereas neither TNF secretion nor IL-1 transcript
numbers increased (Koga et al., 1992). Notably, the H/R-mediated enhancement of IL-1
secretion in that study was abrogated by allopurinol or oxyradical scavengers and amplified
by H2O2 or the xanthine/xanthine oxidase oxyradical generating system. However, Hempel
and colleagues reported that hypoxic exposure of human alveolar macrophages for 24 h
(ambient PO2 < 1 mm Hg without reoxygenation) suppressed the PGH synthase-2 transcription
induced by E. coli serotype 026:B6 LPS in normoxia (Hempel et al., 1994). Moreover, such
co-stimulation with 1 μg/mL of LPS and hypoxia increased secretion of IL-1β by 30% above
time-matched values in supernatants of normoxic LPS controls (Hempel et al., 1996). Even
so, LPS + hypoxia co-stimulation did not alter intracellular IL-1β protein or IL-1β [mRNA],
although both TNF-α protein and mRNA were increased in LPS + hypoxia cultures. Those
authors further determined that hypoxia-mediated increases in LPS-induced TNF-α expression
and IL-1β secretion were critically dependent on reduced synthesis of PGE2 as a tonic inhibitor
of cytokine production, all being consequent to hypoxic downregulation of PGH-2 synthase
(Hempel et al., 1996). In contrast to these findings, co-stimulation of rat alveolar macrophages
with 1 μg/mL of LPS from Pseudomonas aeruginosa plus 2 h of acute hypoxia (1.8% O2
without reoxygenation) led to increased TNF bioactivity in culture supernatants as well as NF-
κB activation and increased cytokine transcripts (TNF-α, IL-1α, IL-1β) in cell lysates (Leeper-
Woodford & Detmer, 1999). That these LPS-induced cytokines and chemokines are
differentially affected by H/R agrees with Bosco et al. (2004), who reported that 18 h of 1%
O2 suppressed monocyte chemoattractant protein (MCP)-1 expression by murine ANA-1
macrophages, despite their co-stimulation by interferon-γ. Such hypoxic inhibition resulted
from reduced MCP-1 gene transcription as well as reduced mRNA stability. Furthermore,
MCP-1 release by hypoxic cell cultures co-stimulated with 10 μg/mL LPS (E. coli serotype
O11:B4) was decreased by 68% vs. normoxic LPS controls and was subsequently reversed by
12 h of reoxygenation (Bosco et al., 2004).

In light of such conflicting results, we previously noted hypoxic suppression of E. coli serotype
O55:B5 LPS-induced IL-1β production in murine RAW 264.7 macrophages in which 1.5 h of
hypoxic co-stimulation immediately followed the onset of LPS challenge (Ndengele et al.,
2000). In that study we found that IL-1β but not TNF-α synthesis was downregulated at both
protein and mRNA levels despite no change in cellular viability or redox status as measured
by [GSH]. Our nuclear runoff analysis showed that downregulation of IL-1β was
transcriptional, suggesting that the consequences of dynamic hypoxic cellular exposures may
differ from a pro-inflammatory phenotype observed with more severe cellular O2 deprivation.
Of special note, neither xanthine oxidase inhibition nor catalase treatment affected hypoxic
modulation of IL-1β expression (Ndengele et al., 2000). In parallel studies, we found that
activation and DNA binding profiles of NF-κB and AP-1 were similarly reduced by hypoxia
in LPS-stimulated RAW cells vs. normoxic LPS controls. Our transfection studies with reporter
vectors for NF-κB and AP-1 confirmed attenuated luciferase activity in LPS + hypoxia-treated
RAW cell cultures (Ndengele et al., 2006). We also noted that LPS + hypoxia suppressed early
activation of hypoxia-inducible factor (HIF)-1α vs. normoxic LPS or non-LPS hypoxia
controls, respectively. In that study, de novo superoxide generation was reduced by LPS +
hypoxia co-stimulation; hypoxic suppression of LPS-induced transcription factor:DNA
binding was not reversed by allopurinol or catalase co-treatments, by inhibiting superoxide
dismutase, or by pretreating with the antioxidant N-acetylcysteine (Ndengele et al., 2006).
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Extending these results, Lahat and colleagues recently confirmed in RAW 264.7 cells that 24
h of hypoxic exposure following stimulation by 1 μg/mL of E. coli LPS serotype O55:B5
reduced intracellular [TNF-α] 3-fold despite unchanged TNF-α mRNA levels and lack of cell
apoptosis, due to enhanced TNF-α degradation in lysosomes and inhibited secretion via
secretory lysosomes (Lahat et al., 2008). In addition to post-translational modulation by
hypoxia of LPS-induced TNF-α secretion, increased binding of supernatant TNF-α by soluble
receptor TNF-RII was also noted (Lahat et al., 2008).

Our results here on brief hypoxic co-stimulation of LPS-challenged rat alveolar macrophages
agree with our previous work in murine RAW 264.7 cells. Even so, the differential responses
of LPS-induced soluble vs. cell-associated TNF-α and IL-1β to modulation by hypoxia and H/
R are worth noting. Considering that LPS-induced cell-associated [TNF-α] was not reduced
by hypoxic stress even though TNF-α mRNA levels were decreased at peak hypoxia, we
postulate that post-translational reductions in soluble [TNF-α] (Figure 1A) resulted from
protein binding to co-secreted sTNF-RII receptors. This would have occurred even as inhibition
of secretory lysosomal TNF-α trafficking and secretion prevented overall reductions in cell-
associated cytokine concentrations (Lahat et al., 2008). Alternatively, the membrane activity
of TNF-α cleaving enzyme (TACE) may have been diminished by the brief hypoxic stress used
herein. These proposed mechanisms help to explain why the suppressive effects of hypoxia on
LPS-induced TNF-α extended beyond the suppressive effect on TNF-α mRNA (Figure 2). We
have extended that work here to confirm that the boundary conditions of superimposed oxygen
limitation of LPS-stimulated alveolar cells here (atmospheric PO2 = 10 mm Hg and a liquid
medium PO2 near that of mixed venous blood = 35 mm Hg) increased neither NF-κB or AP-1
activation (Figures 4 and 5), PGE2 production, nor de novo generation of superoxide anion
(Figure 6A). These results also agree with our finding in a different model of brief post-
endotoxic oxygen limitation at the whole organ level using perfused rat livers, in which post-
bacteremic H/R after intraportal infection with E. coli serotype O55:B5 led to downregulated
TNF-α, IL-1α, and IL-1β expression without altering intrahepatic GSH redox balance (Loftis
et al., 2000; Matuschak et al., 2004). Our finding here of suppressed LPS-induced TNF-α
production in alveolar macrophages at the protein and mRNA levels by brief, well-tolerated
hypoxic exposure is especially supported by a correlative in vivo rat model of acute brief
hypoxia following co-stimulation by hematogenous infection with 5 × 109 live E. coli serotype
O55:B5 (Matuschak et al., 2005). Specifically, a 1.6-fold decreased expression was found for
the TNF-α gene in the lungs of E. coli + hypoxia animals vs. normoxic E. coli controls by
microarray analysis of 31,042 mRNA transcripts (Affymetrix Gene Chip rat genome 230 2.0
array) and subsequent Northern blot hybridization.

To what mechanism(s) can suppressed LPS-induced cytokine gene expression by brief, well-
tolerated hypoxia in alveolar macrophages be ascribed that culminates in a modest hypoxia-
dependent anti-inflammatory phenotype? Under the experimental conditions in this report, LPS
stimulation had a “preconditioning” effect on thiol-rich, GSH-replete cells to subsequent brief
hypoxic exposure. That effect led to reductions in spontaneous and PMA-induced oxyradical
generation, NF-κB transactivation, TNF-α cytokine expression, and IL-1β production in cell
lysates. Considerable evidence identifies oxyradicals as key signal transduction messengers in
the redox regulation of LPS-induced cytokine expression and NF-κB transactivation in a
variety of model systems (Hockel and Vaupel, 2001; Lewis et al. 1999, Hwang et al. 2003;
Weir et al., 2005). However, the concomitant cellular redox status that presumably calibrates
the threshold for such responses has not been consistently defined, while the PO2's in the liquid
media phase remain poorly characterized.

At present, our data and those of others are most consistent with the concept of a bimodal
relationship between the duration of hypoxia and severity in LPS-challenged cells on the one
hand, and cellular redox status on the other. Thus, brief limitations of oxygen availability that

Matuschak et al. Page 9

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



do not perturb the threshold intracellular GSH:GSSG redox equilibrium appear to attenuate
cytokine production by a non-PGE2-mediated mechanism. That attenuation occurs in
conjunction with depressed superoxide anion generation that is then relatively insensitive to
co-stimulation by the protein kinase C activator, PMA (Figure 6B). Presumably under a
condition of more severe hypoxia, or when more oxyradicals are produced by higher doses of
LPS, there may develop an altered intracellular thiol balance that augments redox-sensitive
transactivation and cytokine expression. In support of this thesis, when we extended the
duration of constant-flow hypoxia to 2 h in E. coli- infected, fasting perfused rat livers, indeed
we found augmented rather than suppressed TNF-α production (Matuschak, personal
observation). Moreover, novel mechanisms of tolerance to hypoxia have recently been
described. These include selective inactivation of aminoacyl-tRNA synthetases (Anderson et
al., 2009) and carbon monoxide-induced stabilization of HIF-1α, which in turn augment the
expression of the anti-inflammatory cytokine transforming growth factor-β (Chin et al.,
2007; Yu et al., 1998). Collectively these observations offer insight into the unexpected
complexity of LPS-stimulated cytokine production at one end of the biological spectrum of
reduced cellular oxygen availability. Our studies were not designed to evaluate these or other
possible explanations, which will require further investigation.
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Figure 1.
A. Brief hypoxia significantly suppresses soluble immunoreactive TNF-α secretion induced
by E. coli serotype O55:B5 LPS (100 ng/mL) into supernatants of NR8383 rat alveolar
macrophages. B. Time course of IL-1β production in E. coli LPS-stimulated cell lysates assayed
by IL-1β-specific ELISA for total protein at time points shown after adding 100 ng LPS/mL.
Values in both panels are means ± SD of quadruplicate determinations from at least three
experiments per time point. Supernatants contained only trace amounts of IL-1β protein, while
cell lysates contained only trace amounts of immunoreactive TNF-α protein. Open squares,
LPS + hypoxia or LPS + combined hypoxia/reoxygenation (H/R) time-matched values. Filled
squares, normoxic LPS control values; * P < 0.01 vs. time-matched normoxic LPS control
value.
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Figure 2.
Top: Steady-state levels of TNF-α mRNA induced by E. coli serotype O55:B5 LPS were
reduced by brief hypoxia. Total cellular RNA was loaded and run on agarose gels, blotted, and
hybridized with murine 32P-labeled specific cDNA probes at the designated time points shown.
+, presence; −, absence. Bottom: Densitometry of TNF-α signals was obtained from triplicate
samples and normalized to those for glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
* P < 0.05 vs. time-matched normoxic LPS control value
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Figure 3.
Top: Steady-state levels of IL-1β mRNA induced by E. coli serotype O55:B5 LPS were reduced
by brief hypoxia. Total cellular RNA was loaded and run on agarose gels, blotted, and
hybridized with murine 32P-labeled specific cDNA probes at the designated time points shown.
+, presence; −, absence. Bottom: A mean densitometry of IL-1β signals was obtained from
triplicate samples and then normalized to a similar mean densitometry value for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
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Figure 4.
A. Representative EMSA specific for NF-κB transactivation in rat alveolar macrophages
showing the effects of hypoxic co-stimulation on E. coli serotype O55:B5 LPS-induced NF-
κB DNA-binding activity. Bands of the NF-κB p65/p50 heterodimeric complex and of p50/
p50 homodimers are depicted. Compared with normoxic LPS controls (90NL), 90 min of
hypoxia (H) starting after LPS treatment at t = 0 (1.5 h) suppressed heterodimeric NF-κB
activity as well as p50/p50 homodimeric signal. Lane 1, t = 0 baseline control without LPS or
hypoxic co-stimulation; lane 2, signal from normoxic LPS control obtained 1.5 h after E.
coli LPS stimulation (see Materials and Methods); lane 3, time-matched signal for LPS + H
at peak hypoxia; lane 4, normoxic LPS control signal at 2.5 h; lane 5, time-matched signal for
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LPS + H/R cells at 2.5 h; lane 6, normoxic LPS control 6.0 h after initial LPS stimulation; lane
7, time-matched LPS + H/R at 6.0 h ; lane 8, (LPS + comp), competition of an LPS sample
with excess unlabeled NF-κB oligonucleotide. B. Group-specific densitometric data (means ±
SE) from the EMSA shown in panel A above, representing at least three separate experiments
for each time point. * P < 0.05 vs. time-matched 1.5 h LPS normoxic LPS control. C.
Representative EMSA depicting the results of supershift analyses for the NF-κB heterodimeric
complex. Lane 1, signal from normoxic LPS control lysates obtained 1.5 h after E. coli LPS
stimulation; lane 2, time-matched signal from LPS + hypoxia cell lysates at t = 1.5 h; lane 3,
effects of anti-p65 antibody (Ab) treatment on normoxic LPS signal at t = 1.5 h; lane 4, effects
of anti-p65 Ab treatment on LPS + 1.5 h hypoxia lysates; lane 5, effects of anti-p50 Ab
treatment on normoxic LPS lysates at t = 1.5 h; lane 6, signal from t = 2.5 h normoxic LPS
controls; lane 7, competition with excess unlabeled NF-κB oligonucleotide.

Matuschak et al. Page 16

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
A. Representative EMSA specific for activator protein (AP)-1 transactivation in rat alveolar
cells showing the effects of hypoxic co-stimulation on E. coli serotype O55:B5 LPS-induced
AP-1 DNA-binding activity. Lane 1, t = 0 baseline control without LPS or hypoxic co-
stimulation; lane 2, signal from normoxic LPS control obtained 1.5 h after E. coli LPS
stimulation (see Materials and Methods); lane 3, time-matched signal for LPS + H at peak
hypoxia; lane 4, normoxic LPS control signal at 2.5 h; lane 5, time-matched signal for LPS +
H/R cells at 2.5 h; lane 6, normoxic LPS control 6.0 h after initial LPS stimulation; lane 7,
time-matched LPS + H/R at 6.0 h; lane 8, (LPS + comp), competition of an LPS sample with
excess unlabeled AP-1 oligonucleotide. B. Group-specific densitometric data (means ± SE)
from EMSA (A.) representing at least three separate experiments for each time point.
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Figure 6.
A. Time course of de novo superoxide anion generation from E. coli serotype O55:B5 LPS-
stimulated rat alveolar macrophages with and without concurrent co-stimulation by hypoxia
as assessed by chemiluminescence, indicating decreased de novo superoxide generation in LPS
+ hypoxia treated cells at t = 30 min that subsequently rebounds at t = 45 min. Open squares,
LPS + hypoxia treated cells; filled squares, normoxic LPS controls; open circles, non-LPS
treated hypoxic controls. * P < 0.05 vs. time-matched normoxic LPS control
B. Time course of phorbol myristate acetate (PMA) - induced chemiluminescence in LPS-
stimulated rat alveolar macrophages with and without concurrent co-stimulation by hypoxia.
Open squares, LPS + hypoxia treated cells; filled squares, normoxic LPS controls; open
circles, non-LPS treated hypoxic controls. * P < 0.05 vs. time-matched normoxic LPS control
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Table 1

GSH Levels Are Unchanged over 6 h in E. coli LPS-Stimulated Alveolar Macrophages with and without Hypoxia
and H/R

Treatment and Time GSH (nmol/mg cell protein)

Baseline pre-LPS, t = 0 3.10 ± 0.8

Normoxic LPS, t = 1.5 h 6.96 ± 3.9

LPS + Hypoxia, t = 1.5 h 6.32 ± 4.6

Normoxic LPS, t = 2.5 h 6.24 ± 2.9

LPS + H/R, t = 2.5 h 5.64 ± 3.3

Normoxic LPS, t = 6 h 8.36 ± 4.6

LPS + H/R, t = 6 h 6.14 ± 3.6

Abbreviations: GSH, reduced glutathione; H/R, hypoxia/reoxygenation.

Data are means ± SD of duplicate determinations from at least 3 experiments at each time point.
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