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Abstract

Lung injury induced by acute endotoxemia is associated with increased generation of

inflammatory mediators such as nitric oxide and eicosanoids, which have been implicated in the

pathophysiological process. Although production of these mediators by alveolar macrophages

(AM) has been characterized, the response of type II cells is unknown and was assessed in the

present studies. Acute endotoxemia caused a rapid (within 1 h) and prolonged (up to 48 h)

induction of nitric oxide synthase-2 (NOS-2) in type II cells but a delayed response in AM (12–24

h). In both cell types, this was associated with increased nitric oxide production. Although type II

cells, and to a lesser extent AM, constitutively expressed cyclooxygenase-2, acute endotoxemia

did not alter this activity. Endotoxin administration had no effect on mitogen-activated protein

kinase or protein kinase B-α (PKB-α) expression. However, increases in phosphoinositide 3-

kinase and phospho-PKB-α were observed in type II cells. The finding that this was delayed for

12–24 h suggests that these proteins do not play a significant role in the regulation of NOS-2 in

this model. After endotoxin administration to rats, a rapid (within 1–2 h) activation of nuclear

factor-κB was observed. This response was transient in type II cells but was sustained in AM.

Interferon regulatory factor-1 (IRF-1) was also activated rapidly in type II cells. In contrast, IRF-1

activation was delayed in AM. These data demonstrate that type II cells, like AM, are highly

responsive during acute endotoxemia and may contribute to pulmonary inflammation.
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Exposure of humans and animals to excessive amounts of bacterially derived endotoxin is

known to elicit an inflammatory reaction and can cause severe damage to various organs,

including the lung and liver (14). Alveolar macrophages are known to play a central role in

initiating and regulating endotoxin-induced inflammatory responses in the lung. This is
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accomplished through the release of a variety of mediators, including cytokines, reactive

oxygen intermediates, reactive nitrogen intermediates, and eicosanoids by these cells (28,

49). Type II alveolar epithelial cells are important in maintaining the functional and

structural integrity of the alveolus. These cells not only synthesize and secrete surfactant but

also act as progenitors for injured type I epithelial cells (1, 19). A number of studies have

suggested that type II cells also have the capacity to participate in inflammatory processes.

Thus, in response to cytokines, type II cells, like alveolar macrophages, release tumor

necrosis factor-α, interleukin-8, monocyte chemotactic protein, macrophage inflammatory

protein-2, nitric oxide, hydrogen peroxide, and prostaglandins (13, 23, 31, 32, 39, 40, 43, 56,

57). The functional and biochemical responses of type II cells during acute endotoxemia are

largely unknown, and an analysis of their activity when compared with alveolar

macrophages represents the focus of the present studies. We found that administration of

endotoxin to rats resulted in induction of nitric oxide synthase-2 (NOS-2) protein and

increased nitric oxide production in both cell types. Nuclear factor-κB (NF-κB) and

interferon regulatory factor-1 (IRF-1), two key transcription factors known to activate genes

that generate inflammatory mediators, were also induced in type II cells and alveolar

macrophages by endotoxin; however, the kinetics of their responses were different. The

results of our studies provide support for the concept that type II cells, like alveolar

macrophages, participate in pulmonary inflammatory responses to irritants although their

actions may be distinct.

MATERIALS AND METHODS

Animals and treatment

Female specific pathogen-free Sprague-Dawley rats (200–225 g, 6–8 wk) were purchased

from Taconic (Germantown, NY). Animals were housed in microisolator cages and

maintained on sterile food and pyrogen-free water ad libitum. Acute endotoxemia was

induced by intravenous injection of rats with 5 mg/kg Escherichia coli lipopolysaccharide

(LPS, serotype 0128:B12; Sigma Chemical, St. Louis, MO).

Cell isolation

Rats were killed by intraperitoneal injection of Nembutal (125 mg/kg). The lungs were

perfused with 50 ml of warm (37°C) Ca2+/Mg2+-free Hanks’ balanced salt solution (HBSS)

(pH 7.4) containing 2.5 M HEPES, 0.5 M EGTA, and 4.4 M NaHCO3 at a rate of 22 ml/min

followed by perfusion with 50 ml HBSS without EGTA. Lungs were then lavaged five to six

times with HBSS to collect alveolar macrophages. Cells were washed three to four times

with HBSS containing 2% FCS. Cell viability was 98%, as determined by trypan blue dye

exclusion, and cell purity was >97%, as determined morphologically after Giemsa staining.

Type II cells were isolated from lavaged lungs as previously described (17, 40). After being

washed two times with 10 ml of buffer (in mM: 140 NaCl, 5 KCl, 2.5 Na2HPO4, 10 HEPES,

1.3 MgSO4·7H2O, pH 7.4, and 2 CaCl2), 30 ml of elastase (4.2 U/ml; Worthington

Biochemicals) were infused in the lungs using a 60-ml syringe. The tissue was then

incubated at 37°C for 20 min, the trachea and major bronchi were removed, and the lungs

were minced in the presence of 4 ml DNase (1 μg/ml) and then digested for 5 min at 37°C
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with 10 ml of elastase. The reaction was stopped by the addition of 5 ml FCS. The tissue

was then sequentially filtered through 220, 60, 30, and 15 μm nylon mesh. Cells were

collected, washed, and purified by negative selection (1 h, 37°C) on IgG-coated plates.

Nonadherent cells were collected and washed with DMEM containing 10% FCS. Cell

purity, assessed by modified Papinicolou staining, was 95%, and viability, determined by

trypan blue dye exclusion, was >98%.

Measurement of nitric oxide production

Alveolar macrophages (2 × 105 cells/well) and type II cells (3 × 105 cells/well) were

inoculated in 96-well dishes in phenol red-free DMEM containing 10% FCS and inteferon-γ
(IFN-γ; 10 U/ml), LPS (10 ng/ml), IFN-γ plus LPS, or medium control with and without

0.5–5 μM pyrrolidine dithiocarbamate (PDTC). Nitric oxide was quantified 24 h later by

nitrite accumulation in the culture medium using a procedure based on the Greiss reaction

with sodium nitrite as the standard (22). For nitrate determinations, samples were treated

with nitrate reductase and NADPH for 2 h before analysis using a nitrate/nitrite colorimetric

assay kit (Cayman Chemical, Ann Arbor, MI). We found that, in medium from cells treated

for 24 h with LPS and IFN-γ, the ratio of nitrate to nitrite was 2:1 for alveolar macrophages

and 2.5:1 for type II cells, and this ratio did not change after endotoxin administration.

Preparation of cytoplasmic and nuclear extracts

Cytoplasmic extracts for Western blotting and nuclear extracts for the electrophoretic

mobility shift assays (EMSA) were prepared as previously described (10). Briefly, either

freshly isolated cells or cells cultured in six-well plates (2 × 106 cells/well) for 24 h in the

presence or absence of LPS (10 ng/ml) plus IFN-γ (10 U/ml) with and without PDTC (1.0

or 2.5 μM) were lysed in buffer (in mM: 10 HEPES, pH 7.4, 10 KCl, 2 MgCl2, and 2

EDTA) on ice for 10 min with intermittent mixing. Nonidet P-40 was added to give a final

concentration of 10%. After 5 min on ice, the cells were centrifuged (4°C, 16,000 g, 5 min),

and supernatants containing cytoplasmic extracts were collected. To prepare nuclear

extracts, pellets were resuspended in extraction buffer (50 mM HEPES, pH 7.4, 50 mM KCl,

300 mM NaCl, 0.1 mM EDTA, and 10% glycerol) and incubated on ice for 20 min with

periodic mixing. The cells were then centrifuged (4°C, 16,000 g, 5 min), and supernatants

containing nuclear extracts were collected. Aliquots of cytoplasmic and nuclear extracts

were frozen at −70°C until analysis. Protein determinations were performed using the BCA

Protein Assay kit (Pierce, Rockford, IL) with BSA as the standard.

Western blot analysis

Cytoplasmic proteins were fractionated on SDS-PAGE (7.5–15%). The proteins were then

transferred to nitrocellulose paper. Nonspecific binding was blocked by incubation of the

blot for 30 min at room temperature with 5% nonfat dry milk in enhanced

chemiluminescence (ECL) buffer (Amersham Life Sciences, Arlington Heights, IL). This

was followed by incubation for 16–24 h at 4°C with primary antibody (Transduction

Laboratories, San Diego, CA, or New England Biolabs, Beverly, MA). After extensive

washing with ECL buffer, the blot was incubated with a 1:4,000 dilution of horseradish

peroxidase-conjugated secondary antibody at room temperature for 1 h. Proteins were
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detected using an ECL detection system. The dilutions of primary antibodies and amounts of

protein analyzed per lane were as follows: p38 mitogen-activated protein kinase (MAPK)

and p44/42 MAPK, 1:500, 5 μg; phospho-protein kinase B (PKB)-α, 1:500, 8 μg;

cyclooxygenase-2 (Cox-2) and phosphoinositide 3-kinase (PI 3-kinase, p85 subunit), 1:250,

10 μg; PKB-α, 1:200, 20 μg; phospho-p38 MAPK, 1:100, 10 μg; NOS-2, 1:100, 20 μg; and

phospho-p44/42 MAPK, 1:50, 20μg.

EMSA

EMSA were performed as described previously (10) with some modifications. Binding

reactions were carried out at room temperature for 30 min in a total volume of 15 μl

containing 2–5 μg of nuclear extracts, 5 μl of 5× gel shift binding buffer (20% glycerol, 5

mM MgCl2, 2.5 mM EDTA, 2.5 mM dithiothreitol, 250 mM NaCl, and 50 mM Tris·HCl,

pH 7.5), 2 μg poly(dI-dC) and 3 × 104 counts·min−1·μl−1 [γ-32P]ATP (3,000 Ci/mmol at 10

mCi/ml)-labeled NF-κB (5′-AGT TGA GGG GAC TTT CCC AGG C-3′; Promega Gel

Shift Assay Systems, Madison, WI), or IRF-1 (5′-GGA AGC GAA AAT GAA ATT GAC

T-3′; Santa Cruz Biotechnology, Santa Cruz, CA) consensus oligonucleotides. Protein-DNA

complexes were separated on 5 or 7% nondenaturing polyacrylamide gels run at 250 V in

0.5× TBE (45 mM Tris-borate and 1 mM EDTA, pH 8.0), visualized after the gels were

dried, and autoradiographed. For supershift reactions, 1 μg of antibodies to NF-κB subunits

(p50 and p65) or IRF-1 (Santa Cruz Biotechnology) was added to the reaction mixtures and

incubated on ice for 15 min before the addition of labeled oligonucleotide. For competitor

reactions, 40-fold excess of the respective unlabeled oligonucleotide was added to the

mixture before the addition of the labeled probe.

RESULTS

Effects of acute endotoxemia on NOS-2 expression and nitric oxide production

In initial studies, we analyzed the effects of endotoxin treatment of rats on expression of

NOS-2, the enzyme mediating the generation of nitric oxide in type II cells and alveolar

macrophages (31, 33, 38, 40). NOS-2 protein was not detectable in freshly isolated type II

cells or alveolar macrophages from control animals (Fig. 1). Endotoxin administration

resulted in a time-dependent induction of NOS-2 in both cell types. However, the kinetics of

their responses were distinct. Thus, although in type II cells NOS-2 protein was expressed as

early as 1 h after endotoxin administration and persisted for at least 48 h, in alveolar

macrophages this response was delayed. Moreover, in these cells NOS-2 protein declined to

control levels after 24 h (Fig. 1).

We also analyzed the effects of acute endotoxemia on nitric oxide production by cultured

cells. In the absence of stimulation, type II cells and alveolar macrophages from control

animals produced negligible quantities of nitric oxide. Although IFN-γ either alone or in

combination with LPS caused a small increase in nitric oxide production by type II cells,

LPS by itself had no major effect on this response (Fig. 2). In contrast, although alveolar

macrophages from control animals were unresponsive to IFN-γ or LPS alone, the

combination of these mediators was synergistic in inducing nitric oxide production (Fig. 2).

Alveolar macrophages were found to produce two to three times more nitric oxide than type
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II cells. Induction of acute endotoxemia resulted in a significant increase in nitric oxide

production by both cell types. This was evident in unstimulated and IFN-γ- and/or LPS-

treated cells and was maximum 24 h after endotoxin administration in type II cells and 12 h

posttreatment in alveolar macrophages (Fig. 2). Cells from endotoxin-treated rats were

significantly more sensitive to IFN-γ and/or LPS than were cells from control animals.

Production of nitric oxide by both type II cells and alveolar macrophages in response to

IFN-γ and LPS was correlated with an increase in NOS-2 protein expression (Fig. 3). As

observed with nitric oxide production, treatment of rats with endotoxin resulted in an

increase in the sensitivity of the cells to IFN-γ and LPS in terms of NOS-2 induction. Type

II cells from endotoxin-treated rats were more responsive to these mediators than alveolar

macrophages (Fig. 3).

Effects of acute endotoxemia on Cox-2 expression

In our next series of studies, we determined if type II cells and alveolar macrophages were

activated after endotoxin administration to express increased amounts of Cox-2, the enzyme

mediating inducible prostaglandin biosynthesis (36, 47). Freshly isolated type II cells from

control animals were found to constitutively express Cox-2 protein (Fig. 1). Two protein

bands were detected in the blots, with the lower band most likely reflecting a Cox-2

breakdown product. Although similar results were observed in alveolar macrophages,

significantly greater quantities of Cox-2 protein were identified in type II cells. In contrast to

its effects on NOS-2, induction of acute endotoxemia had no major effects on Cox-2

expression in either cell type (Fig. 1).

Biochemical activation of type II cells and alveolar macrophages during acute
endotoxemia

In further studies, we determined if acute endotoxemia was associated with biochemical

activation of the cells. Initially, we analyzed expression of p38 and p44/42 MAPK, which

are thought to be involved in the regulation of both NOS-2 and Cox-2 (8, 11, 20). Freshly

isolated type II cells from control animals were found to constitutively express both total

and phosphorylated p38 and p44/42 MAPK (Fig. 4). Endotoxin administration had no major

effect on expression of these proteins. Similarly, freshly isolated alveolar macrophages from

control animals were found to constitutively express total p38 and p44/42 MAPK, as well as

phospho-p38 MAPK but not phospho-p44/42 MAPK. Moreover, endotoxin administration

had no effect on expression of MAPK proteins in alveolar macrophages (Fig. 4).

PI 3-kinase and its downstream target PKB-α have been implicated in functional activation

of epithelial cells and macrophages (15, 24, 52, 55), and expression of these proteins was

analyzed next. Both type II cells and alveolar macrophages from control animals were found

to constitutively express PI 3-kinase and PKB-α (Fig. 4). Induction of acute endotoxemia

resulted in a time-related increase in expression of PI 3-kinase in both cell types, which was

evident 12–48 h after treatment of the animals. In contrast, endotoxin administration to the

animals did not significantly alter levels of PKB-α in the cells (Fig. 4). In general, type II

cells expressed greater quantities of both PI 3-kinase and PKB-α compared with alveolar

macrophages. Type II cells, but not alveolar macrophages from control animals, also
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constitutively expressed activated phospho-PKB-α (Fig. 4). Although endotoxin

administration to the rats resulted in increased phospho-PKB-α expression in type II cells,

there was no effect in alveolar macrophages.

Effects of acute endotoxemia on NF-κB and IRF-1 nuclear binding activity

The transcription factors NF-κB and IRF-1 are known to regulate the expression of

numerous inflammatory genes, including NOS-2 and Cox-2 (6, 9, 20). We next determined

if acute endotoxemia was associated with altered nuclear binding activity of these

transcription factors. NF-κB nuclear binding activity was not detectable in freshly isolated

type II cells from control rats (Fig. 5, left). Treatment of the animals with endotoxin resulted

in a rapid (within 1 h) and transient increase in NF-κB binding activity. Two NF-κB

complexes (I and II) were detected in the cells. Antibodies to p50 and p65 were found to

alter the migration of these complexes (Fig. 5, middle). Binding was eliminated by an excess

of unlabeled NF-κB, demonstrating the specificity of the probe. As observed with NF-κB,

IRF-1 binding activity was not detected in freshly isolated type II cells from control animals

(Fig. 6, left). Treatment of animals with endotoxin resulted in a rapid (within 2 h) and

prolonged induction of IRF-1 nuclear binding activity in these cells. Binding was decreased

in the presence of anti-IRF-1 antibody and excess unlabeled IRF-1 (Fig. 6, middle).

The effects of acute endotoxemia on NF-κB and IRF-1 nuclear binding activity in alveolar

macrophages were also analyzed. Freshly isolated alveolar macrophages from control

animals exhibited low levels of NF-κB and IRF-1 nuclear binding activity (Figs. 5, right,

and 6, right). Endotoxin administration to the animals resulted in a rapid (within 1 h) and

prolonged activation of NF-κB. In contrast, IRF-1 activation in alveolar macrophages was

not observed until 24 h posttreatment. As observed in type II cells, antibodies to both p50

and p65 were found to alter the migration of both NF-κB complexes (Fig. 5, middle).

Moreover, binding was decreased in the presence of excess unlabeled competitor NF-κB

probe. Similarly, binding of IRF-1 was decreased in the presence of anti-IRF-1 antibody and

excess unlabeled IRF-1 (Fig. 6, middle).

Effects of inhibiting NF-κB on NOS-2 expression and nitric oxide production

To analyze the potential role of NF-κB in NOS-2 expression and nitric oxide production, we

used PDTC, which has been reported to block NF-κB nuclear binding activity (7, 51).

PDTC was found to cause a dose-related inhibition of NOS-2 protein expression in the cells,

with maximum effects at 2.5 μM (Fig. 3). Type II cells and alveolar macrophages from

endotoxin-treated rats were less sensitive to the inhibitory effects of PDTC on NOS-2

protein expression than were cells from control animals. We also found that PDTC treatment

caused a dose-dependent inhibition of nitric oxide production by both type II cells and

alveolar macrophages, reaching a maximum with 2.5 μM (Fig. 7). At this concentration,

PDTC had no effect on cell viability (data not shown). Alveolar macrophages from

endotoxin-treated rats were less sensitive to the inhibitory effects of PDTC on nitric oxide

production than were cells from control animals. To exclude the possibility that PDTC was

acting as a nitrite scavenger (44), we quantified nitrite levels in a standard solution

containing increasing concentrations of sodium nitrite (5–35 μM) in the presence and

absence of 5 μM PDTC. We found that PDTC had no effect on nitrite levels in the solution
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(data not shown). Moreover, EMSA showed that PDTC was effective in blocking NF-κB

nuclear binding activity in type II cells and alveolar macrophages (data not shown).

DISCUSSION

The role of type II cells in inflammatory responses of the lung has received relatively limited

attention. The fact that these cells release cytokines and reactive oxidants suggests that their

participation in these responses may be significant. In this regard, recent studies have

demonstrated that type II cells are activated to produce increased quantities of nitric oxide,

hydrogen peroxide, and superoxide anion after exposure of animals to pulmonary irritants

such as ozone or particulate matter (29, 40, 46). The present studies demonstrate that a

number of functional and biochemical activities are upregulated or induced in type II cells

after endotoxin administration to rats. In fact, these cells appear to be more responsive to

endotoxin than alveolar macrophages. These findings are similar to our studies on interstitial

macrophages (53, 54) and suggest that close association with the endothelium increases the

sensitivity of cells to intravenously administered endotoxin.

Nitric oxide is a highly reactive molecule produced in type II cells and alveolar

macrophages by the NADPH-dependent enzyme NOS-2 (31, 33, 38, 40). We found that

acute endotoxemia caused a rapid- and time-dependent induction of NOS-2 in type II cells,

suggesting that these cells are highly responsive to in vivo endotoxin. This is supported by

our findings that type II cells from endotoxemic animals are sensitized to produce more

nitric oxide and express greater amounts of NOS-2 after treatment with IFN-γ plus LPS,

compared with cells from control animals. Our data are consistent with previous findings of

increased NOS-2 in type II cells after ozone inhalation (40) and support the idea that these

cells are an important part of the inflammatory response to pulmonary irritants. The

relatively delayed production of nitric oxide in vitro by type II cells after endotoxin

administration, compared with alveolar macrophages, suggests that they may need to be

activated or primed for mediator production. As described previously (53), alveolar

macrophages were also found to produce more nitric oxide in response to inflammatory

mediators after endotoxin administration to rats. However, the response of these cells was

more rapid compared with type II cells (12 vs. 24 h). This is consistent with a primary role

of alveolar macrophages in the pulmonary inflammatory response (21, 26, 58).

Prostaglandins are highly reactive lipid mediators released during inflammatory responses

from arachidonic acid via the enzyme Cox-2 (36, 47). We found that Cox-2 was

constitutively expressed in type II cells and alveolar macrophages from control rats. This is

in accord with previous studies examining rat and mouse lung macrophages (18, 50). These

findings suggest that Cox-2 may be important in maintaining homeostatic pulmonary

activity. In this regard, Cox-2-dependent pathways have been implicated in the regulation of

lung vascular tone, alveolar epithelial permeability, surfactant homeostasis, and lung

development (4, 16, 25, 30, 41, 48). Endotoxin administration to the animals had no

significant effect on expression of Cox-2 in type II cells or alveolar macrophages. This

indicates that Cox-2 expression in these cells does not limit prostaglandin production in the

lung during endotoxin-induced inflammation.
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MAPK signaling pathways are known to play a central role in the regulation of a number of

inflammatory responses, including NOS-2 and Cox-2 expression (8, 11, 20). Our studies

revealed that both p38 and p44/42 MAPK were constitutively expressed in type II cells from

control animals, which may explain constitutive expression of Cox-2 in these cells.

Endotoxin administration had no effect on expression of either total MAPK or phospho-

MAPK. These findings are consistent with the lack of effects of endotoxin on Cox-2. It

should be noted, however, that it is not known if the MAPK are functionally active in type II

cells. Additional studies are required to determine the precise role of MAPK in these cells.

Constitutive p38 MAPK and phospho-p38 MAPK were also detected in alveolar

macrophages, and, as observed in type II cells, these proteins were unaffected by endotoxin

administration. These results, together with the observation that alveolar macrophages did

not express phospho-p44/42 MAPK in response to endotoxin, suggest that activation of

these proteins may not be required for NOS-2 expression in these lung cells. This idea is

supported by recent studies in mouse macrophage and epithelial cell lines demonstrating that

activation of p44/42 MAPK is not essential for LPS-induced NOS-2 expression (27).

Constitutive expression of PI 3-kinase, PKB-α, and phospho-PKB-α was also observed in

type II cells from control animals. It has been suggested that PI 3-kinase is involved in the

regulation of MAPK and Cox-2 (34). Our findings that expression of PI 3-kinase and

phospho-PKB-α increased after endotoxin administration to the animals provides additional

support for the concept that type II cells are activated during acute endotoxemia. The

observation that PI 3-kinase and phospho-PKB-α expression is induced in type II cells

during acute endotoxemia is novel. At the present time, the functions of these proteins in

type II cell activation are unknown. Although they may be involved in constitutive Cox-2

expression, PI 3-kinase and PKB-α may also contribute to type II cell survival, proliferation,

protein synthesis, and/or glucose transport, and this remains to be determined (3, 37, 45).

Alveolar macrophages from control animals also constitutively expressed PI 3-kinase and

PKB-α, but not phospho-PKB-α. Although endotoxin treatment of the animals induced PI

3-kinase, it had no effect on either PKB-α or phospho-PKB-α expression. This suggests

distinct functions for PKB-α in type II cells and alveolar macrophages during endotoxin-

induced lung injury.

The promoter regions of both the NOS-2 and Cox-2 genes contain consensus sequences for

the transcription factors NF-κB and IRF-1, which presumably regulate the activity of these

genes (6, 9, 20). We found that the time course of induction of NOS-2 in type II cells after

endotoxin administration correlated with activation of NF-κB and IRF-1 nuclear binding

activity. Of interest is our finding that NF-κB activation in type II cells after endotoxin

administration was transient, whereas IRF-1 activity was prolonged. This suggests that the

combined actions of these transcription factors may be required for prolonged expression of

NOS-2 in type II cells during acute endotoxemia. In this regard, recent studies have

demonstrated that multiple transcription factors are involved in regulating NOS-2 gene

activity (35). The fact that constitutive NF-κB and IRF-1 were not evident in type II cells

indicates that other pathways control Cox-2 and MAPK expression. Our observation that

NF-κB activity is increased after endotoxin administration is in accord with previous studies

demonstrating activation of this transcription factor in type II cells and alveolar

macrophages after exposure of animals to ozone, particulate matter, or asbestos (29, 42) and
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suggests that upregulation of transcription factors may be a general response to pulmonary

injury (12).

Alveolar macrophages from control animals exhibited low levels of constitutive NF-κB

binding activity. Endotoxin administration caused a rapid and prolonged activation of NF-

κB in these cells, which is also consistent with increased NOS-2 expression and nitric oxide

production. Our findings that blocking NF-κB with PDTC inhibited nitric oxide production

and NOS-2 expression in both type II cells and alveolar macrophages provide additional

support for an involvement of this transcription factor in the regulation of NOS-2 in these

cells. Our results are consistent with previous reports showing activation of NF-κB in

alveolar macrophages after endotoxin treatment of animals and during sepsis (2, 5). The

observation that IRF-1 activation was delayed in alveolar macrophages after endotoxin

administration suggests that this transcription factor does not play a major role in induction

of NOS-2 in these cells. In alveolar macrophages, constitutive IRF-1 activity was correlated

with expression of MAPK, PKB-α, and PI 3-kinase. One can speculate that this

transcription factor may regulate signaling pathways mediated by these proteins under

homeostatic conditions (6, 20).

The present studies demonstrate that endotoxin administration to rats activates type II cells

and alveolar macrophages for increased nitric oxide production. However, distinct signaling

molecules appear to be involved in the regulation of NOS-2 in these two cell types during

acute endotoxemia, and this may be attributed to differences in their origin and function.

Thus, although type II cells are epithelial in origin, alveolar macrophages are derived from

myeloid precursors. Type II cells also have a more limited life span compared with alveolar

macrophages, which are relatively long-lived cells and can persist within inflammatory

lesions. Further studies are needed to determine the precise signaling pathways activated in

each cell type during acute endotoxemia and their relative contributions to pulmonary

inflammation.
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Fig. 1.
Effects of acute endotoxemia on nitric oxide synthase (NOS)-2 and cyclooxygenase (Cox)-2

protein expression. Type II cells (T II) and alveolar macrophages (AM) were isolated from

control animals (C) or 1–48 h after endotoxin administration. Cytoplasmic extracts were

prepared from the cells immediately after isolation, and equal amounts were analyzed by

Western blotting. One representative gel from three separate experiments is shown. The

bands on the NOS-2 gel were scanned using Scanalytics (CSPI, Fairfax, VA). The relative

densities for type II cells were as follows: C, 0.06; 1 h endotoxin (ETX), 6.47; 2 h ETX,

3.60; 12 h ETX, 4.44; 24 h ETX, 2.63; 48 h ETX, 6.53. The densities for AM were as

follows: C, 0; 1 h ETX, 0; 2 h ETX, 0; 12 h ETX, 6.98; 24 h ETX, 3.59; 48 h ETX, 0.
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Fig. 2.
Effects of acute endotoxemia on nitric oxide production by type II cells (A) and alveolar

macrophages (B). Cells isolated from control animals or 12, 24, or 48 h after endotoxin

administration were incubated with medium, 100 ng/ml lipopolysaccharide (LPS), 10 U/ml

inteferon (IFN)-γ, or 10 U/ml IFN-γ + 100 ng/ml LPS. Nitrite was quantified in culture

supernatants 24 h later. Each point represents the mean ± SE of 3 experiments.

*Significantly different (P < 0.01) from cells treated with medium, LPS, or IFN-γ.
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Fig. 3.
NOS-2 protein expression in type II cells and alveolar macrophages. Cells isolated from

control animals (lanes 1, 3, 5, and 7) or 24 h after endotoxin administration (lanes 2, 4, 6,

and 8) were treated with medium (lanes 1 and 2) or LPS + IFN-γ (lanes 3–8) in the absence

(lanes 1, 2, 7, and 8) or presence of 1 μM (lanes 5 and 6) or 2.5 μM (lanes 3 and 4)

pyrrolidine dithiocarbamate (PDTC). Cytoplasmic extracts were prepared 24 h later, and

equal amounts of protein were analyzed by Western blotting. One representative gel from 3

separate experiments is shown. The bands on the gel were scanned using Scanalytics. The

relative densities for type II cells were as follows: lane 1, 0.34; lane 2, 1.02; lane 3, 0.47;

lane 4, 1.23; lane 5, 1.48; lane 6, 3.68; lane 7, 1.27; lane 8, 11.80. The densities for AM

were as follows: lane 1, 0.13; lane 2, 0.56; lane 3, 0.05; lane 4, 1.39; lane 5, 0.88; lane 6,

3.22; lane 7, 2.41; lane 8, 3.92.
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Fig. 4.
Western blot analysis of type II cells and alveolar macrophages. Cells were isolated from

control animals or 1–48 h after endotoxin administration. Cytoplasmic extracts were

prepared immediately after isolation, and equal amounts were analyzed by Western blotting.

One representative gel from 3 separate experiments is shown. PI 3-kinase, phosphoinositide

3-kinase; PKB, protein kinase B.
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Fig. 5.
Effects of acute endotoxemia on nuclear factor (NF)-κB nuclear binding activity. Type II

cells and alveolar macrophages were isolated from control animals or 1–48 h after endotoxin

administration. Nuclear extracts were prepared immediately after isolation, and equal

amounts were analyzed for NF-κB binding activity by electrophoretic mobility shift assay

(EMSA). Center: extracts prepared from cells collected 2 h after endotoxin administration

(lane 1) were preincubated with antibodies to p50 (lane 2), p65 (lane 3), or 40-fold excess

unlabeled NF-κB competitor probe (lane 4). One representative gel from 3 separate

experiments is shown.
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Fig. 6.
Effects of acute endotoxemia on interferon regulatory factor (IRF)-1 nuclear binding

activity. Type II cells and alveolar macrophages were isolated from control animals or 1–48

h after endotoxin administration. Nuclear extracts were prepared immediately after isolation,

and equal amounts were analyzed for IRF-1 binding activity by EMSA. Center: extracts

prepared from cells collected 24 h after endotoxin administration (lane 1) were preincubated

with antibody to IRF-1 (lane 2) or 40-fold excess unlabeled IRF-1 oligonucleotide (lane 3).

One representative gel from 3 separate experiments is shown.
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Fig. 7.
Dose-dependent inhibition of nitric oxide production by PDTC. Type II cells (A) and

alveolar macrophages (B) isolated from control animals or 24 h after endotoxin (ETX)

administration were cultured with LPS + IFN-γ with and without PDTC. Nitrite release was

quantified in culture supernatants 24 h later. Each point represents the mean ± SE of 3

experiments.
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