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Alveolar type II cells may be exposed to nitric oxide (-NO)
from external sources, and these cells can also generate -NO.
Therefore we studied the effects of altering -NO levels on
various type II cell metabolic processes. Incubation of cells
with the NO generator, S-nitrosc-N-acetylpenicillamine
(SNAP; 1 mM), leads to reductions of 60—T70% in the synthesis
of disaturated phosphatidylcholines ({DSPC) and cell ATP
levels. Cellular oxygen consumption, an indirect measure of
cell ATP synthesis, is also reduced by SNAP. There is no direct
effect of SNAP on lung mitochondrial ATP synthesis, suggest-
ing that -NO does not directly inhibit this process. On the
other hand, incubation of cells with N9-nitro-L-arginine methyl
ester (1-NAMT), an inhibitor of nitric oxide synthase (NOS),
the enzyme responsible for -NO synthesis, results in in-
creases in DSPC synthesis, cell ATP content, and cellular
oxygen consumplion. The L-NAME eflecls are reversed by
addition of L-arginine, the substrate for NOS. Production of
*NO by type 11 cells is inhibited by L-NAME, a better inhibitor
of constitutive NOS (¢NOS) than inducible NOS (INOS), and
is reduced in the absence of external calcium. Aminoguani-
dine, a specific inhibitor of iNOS, has no effect on cell ATP
content or on NO production. These results indicate that
alveolar typc IT cell lipid and cnergy mctabolism can be
affected by -NO and suggest that there may be cNOS activity
in these cells.

lung surfactant; adenosine 5 triphosphate

NITRIC 0X101 (-N () is a free radical which is produced by
a variety of cell types in the lungs. The synthesis of - NO
from L-arginine is catalyzed by the enzyme nitric oxide
synthase (NOS). It is generally accepted that isoforms
of the NOS enzyme fall into one of two categories. One
category is a constitutive form (¢INOS), which is regu-
lated by caleium, and the other is an inducible form
(iNOS), which is inducible by cytokines and/or endo-
toxin and is transcriptionally regulated (8). Nitric oxide
generated by ¢NOS in the lungs is found in endothelial
cells (5) and airway neurons {1) and seems to be
important in the regulation of vascular and bronchial
smooth muscle activity. On the other hand, it 18 known
that iNOS is involved in -NO generation by other lung
cell types. For example, exposure of alveolar macro-
phages to diverse stimuli of inflammation, such as
cytokines, lipopolysaccharide (LPS), and interferon-vy,
leads to the generation of large amounts of -NO for
prolonged periads of time (17, 25). iNOS has also been
reported in fibroblasts (19), pulmonary artery smooth
muscle cells (26), and neutrophils {34). Thus both ¢<NOS
and iNOS are found in various cell types in the lungs,

Alveolar type IT cells play a critical role in maintain-
ing normal lung function. Although they perform a
variety of important functions, one major role iz the
synthesis of lung surfactant, a mixture of lipids and
proteins that lines the alveolar surface and prevents its
collapse by reducing surface tension forces at the
air-liquid interface. The major surface active compo-
nent is dipalmitoyl phosphatidylcholine (DPPC) (20),
Because type Il cells are located on the alveolar surface,
they may be affected by substances, such as ‘NO or
oxygen radicals, released from other cells in their
vicinity or by substances released into the alveolar
lining layer. For example, it is known that exposure to
H,0;, which may be released from alveolar macro-
phages or neutrophils during the inflammatory pro-
cess, can lead to metabolic changes in type 11 cells (21).

It is also known that ‘NO can be generated by
alveolar type II cells themselves. Punjabi et al. (28)
have shown that type II cells synthesize -NO and that
iINOS expression in these cells ig increased after inhala-
tion of ozone. Gutierrez et al. {11) demonstrated that
there is enhanced expression of iNOS in type 1l cells
after exposure of the cells to cytokines or LPS. Thus
these resulls suggest thal there is INOS activity in
alveolar type II cells. On the other hand, to the best of
our knowledge, there are no reports of cNOS activity in
these cells. Because these cells may be exposed to -NO
and because they have iNOS activity, it may be impor-
tant to determine the effects of exposing thesce cclls to
‘N0 and of altering the endogenous synthesis of - NO on
some aspects of type 11 cell function and metabolism. In
the experiments reported in this paper, we generated
extracellular nitric oxide by using S-nitroso-N-acetyl-
penicillamine (SNAP} and inhibited cellular -NO syn-
thesis with N -nitro-L-arginine methyl ester (L-NAME).
In some experiments, we used another NOS inhibitor,
aminoguanidine. The objectives of this investigation
were to study the effects of SNAP and 1-NAME on 1)
synthesis of lung surfactant DPPC, a major function of
type 1I cells, and 2) some basic processes involved in
energy metabolism, such as cellular ATP levels, celiular
oxygen consumption, and mitochondrial ATP forma-
tion. In addition, we measured the effects of some NOS
inhibitors and external caleium on ecllular - NO produc-
tion,

METHODS

Isolation of alveolar type IT cells. Alveolar Lype II cells were
obtained aceording to methods we described previously (18,
21). Briefly, apecific pathogen-free male Sprague-Dawley rats
(200-250 g; Hilltop Laboratories, Scottdale, PA) were anesthe-
tized with pentobarbital sedium (150 mg/kg body wt), and the
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heart and lungs were rapidly removed. Lungs were perfused
with 0.9% NaCl to remove blood cells, and free alveolar
macrophages were removed by bronchoalveolar lavage with
phosphate-buffered medium (in mM: 145 NaCl, 5 KCl, 9.35
Na,HPO, , 1.9 NaH.PO,, 5 glucose, pH 7.4). To disperse lung
cells, the lungs were filled with phosphate-buffered medium
containing elastase (40 Usml, type I; U.S. Biochemical, Cleve-
land, OH} and deoxyribonuclease (DNase, 0.006%; Sigma
Chemical, St. Louis, MO) and incubated at 37°C for 30 min,
After enzymatic digestion, lungs were minced with a Mell-
wain tissue chopper (Mickle Engineering, Gomshall, Surrey,
UK) set at a slice thickness of 0.5 mm. The minced lungs were
then placed in phosphate-buffered medium containing 25%
fetal calf serum and 0.006% DNase (to prevent cell clumping)
and incubated at 37°C for 10 min to arrest digestion. The cell
suspension was then strained through nylon mesh, and the
type II cell fraction was obtained by centrifugal elutriation
(21). The type II cells were washed onee and resuspended in
phosphate-buffersed medium containing 1.8 mM CaCl,, 1.0
mM MgCls, and 0.5% bovine serum albumin (BSA) for use in
all experiments. All studies were begun <30 min after the cell
isolation procedure was complete.

The cell number wasg determined with a Coulter model Zg
electronic cell counter (Coulter Instrument, Hialeah, FL), and
purity of the type I cell fraction was reutinely estimated with
the fluorescent dye, phosphine 3R, as we have reported
previously (18). In the experiments reported in this paper, we
obtained 58 * 0.3 X 10% cells per rat in the type 1l
cell-enriched fraction with a purity of 91 = 2% (means + SE
for 10 experiments). Contamination was due to alveolar
macrophages. Membrane integrity was assessed by measur-
ing the exclusion of trypan blue dye (27) and the rclease of
lactate dehydrogenase (LDH; 32) from the cells.

Measurement of incorporation of PHlcholine into DSPC. To
assess synthesis of lung surfactant disaturated phosphatidyl-
cholines (DSPC), we measured the incorporation of [*H]cho-
line into DSPC in alveolar type IT cclls. The cells {1 % 10° per
ml} were suspended in phosphate-buffered medium contain:
ing Ca?', Mg?*, choline chloride (0.05 mM), palmitic acid {0.1
mM, complexed with BSA), glycerol (0.1 mM), and {methyv{-"H]-
choline (1 nCi/ml; sp act 80 Ci/mmol; New England Nuclear,
Boston, MA), and incubated at 37°C for 2 h in the absence
(control) or presence of substances which may affect nitric
oxide levels and are listed below. Incorporation of choline into
DSPC is linear over this 2-h period. After the incubations, a
0.5-ml aliquot of the cell suspension was taken for analysis.
The lipids were extracted according to the method of Folch et
al. (7). Then DSPC was igolated from the lipids, using nentral
alumina eolumng aceording to the method of Mason et al. (22).
After isolation of the DSPC, solvents were evaporated, and
Aguasol (10 ml; New England Nuclear) was added to each
sample which was counted in a liquid-scintillation counter.
The results were expressed as nanomoles choline incorpo-
rated into DSPC per 10° cells,

Some substances were added to the incubation medium to
determine their effects on incorporation of choline into DSPC
and/or other cellular functions. All of them are water soluble,
so they were disselved in the same phosphate-buffered me-
dium used for incubation of the cells. All of the concentrations
shown in this paper are final concentrations in the incubation
mixtures. SNAP is a generator ol nitric oxide and was used 1o
determine the effects of :NO exposure (168), L-NAME-HC1 is
an inhibitor of both ¢NOS and iNOS and was used to
determine the effects of NOS inhibition in type [l cells (24,
29). Aminoguanidine hemisulfale is a specifie inhibitor ol
iNOS (3, 100, All of the substances listed above were obtained
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from Regearch Biochemicals International (Natick, MA). Su-
peroxide dismutase (SOD; Sigma) and catalase (Sigma) were
used to scavenge superoxide anion and H;0s, respectively,
from the incubation mixture. Finally, NaNO; and NalNQg, two
degradation products of nitric oxide, were used to determine
whether the degradation products were responsible for any of
the observed effects.

Measurement of cellular ATP levels and oxygen consump-
tion. The effects of SNAP, L-NAME, aminoguanidine, SOD,
NaNQ;, and NaNQ, on type 1T cell ATP levels were deter-
mined. ATP content was determined by the firefly luciferase
assay adapted from the method of Wulff and Doppen (33).
Cells (1 % 10% per ml) were incubated (37°C) for 1 h in
phosphate-buffered medium containing Ca? -, Mg?' | and BSA
in the absence (control} or presence of the substances listed
above. After incubation, the cells were spun at 1,000 g for 10
min, and the incubation medium was removed by aspiration.
The cells were washed once and then resuspended so there
were 1 X 109 cells in 0.125 ml of 0.5 M tristhydroxymethyliami-
nomethane (Tris)-acetate (pH 7.4). Triton X-100 (0.125 ml;
1:200 in Tris-acetate) was added to disrupt cell membranes.
The sample was mixed by vortexing for 10 s and then was
immediately analyzed {or ATP content. The ATP concentra-
tion was determined by measuring the emission of light when
0.05 ml of the sample was mixed with 0.05 ml of firefly lantern
extract (Sigma) in 0.4 ml Tris-acetate. Light emissien was
recorded with a Lumiaggregometer (model 400; Chrono-Log,
Havertown, PA}, Cellular ATP content was calculated from a
standard curve of ATP (Sigma) standard sclutions and ex-
pressed as nanomoles per 109 cells,

Type 1I cell oxygen consumption was measured with a
Gilson K-IC oxygraph fitted with a Clark electrode (Gilson
Medical Instruments; Middletown, WI). The oxygraph was
calibrated by measuring the levels of oxygen in aliquots of
phosphate-buffered medium that had been bubbled with
gascs of known oxygen concentration until saturation oc-
curred, The cells (1 % 109 per ml) were incubated (37°C) for 25
min in phosphate-buffered medium containing Ca®*, Mg?~,
and BSA in the absence {control) or presence of SNAP or
L-NAME. After this incubation, the cell suspension was
transferred to the oxygraph, and oxygen consumption was
measared for 10 min at 37°C. In separate cxperiments, we
determined that neither the SNAP nor the i-NAME in the
cell suspensions affects the measurement of oxygen consump-
tion. In some experiments, sodium cyanide {1 mM) was added
to the cell suspension to inhibit mitochondrial respiration and
thus to determine the amount of oxygen consumption that is
attributable to mitochondrial respiration. All type II cellular
oxXygen consumption appears to be due to mitochondrial
respiration, The results of these experiments were expressed
as nanomoles of oxygen consumed per 10° cells per hour.

Measurement of nitric oxide production. The amounts of
nitric oxide gencrated by SNAP were measured over the
different {ime periods and in the various incubation media
used in our experiments. The -NO released into the medium
was measured with an ISO-NO meter (World Precision
Instruments, Sarasota, FL) connected to a chart recorder.
Amounts of -NO produced by isolated alveolar type II cells
were measured as the stable oxidation products of -NO,
nitrite (NOJ) and nitrate (NOZ). Alvcelar type II cells (2 X
10%) were incubated for 2 h in 0.5 ml of phosphatc-buffered
medium with Ca?', Mg 2’ and BSA. Somc experiments with
cells were done in the absence of extracellular calcium. The
NOS inhibitors, L-NAME (1 mM) and aminoguanidine (1
mM), were included in some incubations with type 11 cells.
After the incubation, cells were remuoved by centrilugation,
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and the supernatants were saved for analysis. All samples
were first incubated with Escherichia coli nitrate reductase to
convert the NO; to NOJ. The net -NO preduction was then
measured by the Greiss reaction (9). The amount of nitrate
and nitrite in the samples was calculated from a standard
curve which was constructed from NaNQs standards. Conver-
sion of nitrate to nitrite was checked in each assay by using
standard NaNO; preparations.

Isolation of lung mitochondria and measurement of ATP
synthesis. To determine the effects of nitric oxide on mitochon-
drial function, lung mitochondria were prepared as described
by Spear and Lumeng (30). Lungs were perfused with 0.9%
NaCl, dissected free of the trachea, bronchi, and connective
tissue, and finely minced by chopping four times with a
Mecllwain tissue chopper set for a slice thickness of 0.5 mm.
The mince was homogenized in c¢old isolation medium (0.25 M
sucrose, 2mM EDTA, 5 mM Tris- HCI, and 1% fatty acid-peor
BSA; pH 7.4), using a Teflon-glass Potter-Elvehjem homog-
enizer. Homogenization was performed by three strokes of the
pestle at 1,000 rpm. The concentration of lung tissue in the
homogenate was 100 mg per ml. The crude homogenate was
centrifuged at 2,000 g for 5 min, and the pellet was discarded.
The mitochondrial fraction was isolated by spinning the
supernatant at 17,800 g for 5 min. The mitochondrial pellet
was washed twice with cold isolation medium and resus-
pended in an incubation medium {containing in mM: 105 KCI,
2 KH,PO,, 30 Tris-HC1, 0.1 EDTA, and 1.0% BSA, pH 7.2) for
use in all experiments. To assess the condition of the isolated
mitochondria, the respiratory control ratio (RCR), defined as
the ratio of the rate of oxygen consumption in the presence of
added ADP (0.3 mM) to the rate obtained after ADP expendi-
ture (2), was determined. The RCR was 2.6 = 0.1, which is
comparable to that reported by others for rat lung mitochon-
dria (6) and indicates thatl the mitochondrial membranes
were intact and the rate of respiration acceptable.

The effects of SNAP on mitochondrial ATP synthesis were
determined. Mitochondria were resuspended in the incuba-
tion medinm at a final concentration of 0.075 mg protein/ml
for all experiments. This concentration was used because it is
the approximate level of mitochondrial protein found in 1 x
108 type 11 cells (4), the amount used in all of our intact cell
experiments. The mitochondrial suspensions were incubated
at 37°C for 5 min in the absence (control) or presence of 1 mM
SNAP. A 5-min exposure was used because longer incubation
periods result in a reduced mitochondrial RCR. After this
incubation, the samples were spun for 15 s at 12,800 g in an
Eppendorf microcentrifuge. The supernatants were removed,
and the mitochondrial pellets were resuspended in fresh
mcubation medium. To determine the rate of ATP synthesis,
these mitochondria (0.075 mg protein/ml) were incubated at
30°C for 5 min in the presence of succinate (5 mM) and ADP
{10 uM)}. After incubation, the mitochondrial suspension was
spun in an Eppendorf microcentrifuge, and ATP levels in the
supernatants were measured with the firefly luciferase assay
as described previously. No ATP was detectable in the mito-
chondrial pellets.

Statistical analyses. All comparisons of statistical signifi-
cance were made by using an analysis of variance to assess
whether or not significant differences exist between the
treatment groups and using the Student’s #-lesl Lo compare
each treatment group with control. In addition, the Dunnett
method was used when different treatments were comparced
with a common control. P < 0.05 was taken as the limit to
indicate significance,
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Fig. 1. Time course of nitric oxide produced during the incubation of
1 mM S-nitrosc-N-acetylpenicillamine (SNAP) for 2 h in phosphate-
buffered medium containing Ca2', Mg2', and bovine serum albumin
(BSA}Y. -NO was measured with an ISO-NO meter. This result is a
typical experiment which was reproduced 4 times.

RESULTS

SNAP-induced nitric oxide formation and membrane
integrity. The time course for nitric oxide production by
SNAP (1 mM; 2 h) in phosphate-buffered medium
containing Ca®*, Mg? , and BSAis shownin Fig. 1.-NO
formation peaks at ~8.5 ntM in 7 min and then declines
to ~75 and 40% of the peak value in 1 and 2 h,
respectively. Inclusion of the substrates for surfactant
synthesig, i.e., palmitate, choline, and glycerol, in the
medium has no effect on the SNAP-induced - NO produc-
tion, To assess the effects of nitric oxide exposure on the
general condition of type 1l cells, the ability of the cells
to exclude trypan blue dye and rctain LDH in the
absence (control) and presence of SNAP (1 mM; 2 h)
was determined. The amount of - NO produced by SNAP
during this incubation period was measured as nitrate
and nitrite production and was 14 = 1 pM (mean = SE
for 3 determinations), The percentage excluding trypan
blue was 94 + 1 and 93 + 2 for control and SNAP-
treated cells, respectively. LDH release from SNAP-
treated cells was 97 = 4% of that from control cells
(mean * SE for 5 experiments). These results suggest
that exposure of type II cells to SNAP does not result in
gross membrane damage.

Incorporation of 3Hjcholine into DSPC. The effects of
incubating alveolar type II cells with the nitric oxide
generator, SNAP, on the incorporation of [*H]choline
into DSPC were determined. Exposure of the cells to
SNAP leads to inhibition of DSPC synthesis, and the
dose-response relationship for these effects is shown in
Fig. 2. The SNAP-induced inhibition occurs at concen-
trations as low ag 0.01 mM and is maximal at 1.0 mM.
Therefore, for other experiments reported in this paper,
1.0 mM SNAP was used. To determine if the effects of
SNAP involve superoxide anion or HyO,, both of which
can be released from type II cells (31), or to the -NO
degradation products, nitrate and/or nitrite, additional
experiments were performed (Table 1). Neither SOD,
which eliminates superoxide anion, nor catalase, which
destroys H.Q,, has any effect on the SNAP-induced
inhibition of DSPC synthesis. Because peroxynitrite is
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Fig. 2. Concentration dependence for effects of SNAF on incorpora-
tion of [*Hlcholine into disaturated phosphatidylcholine (DSPC) in
type TI cells. The cells (1 x 10%ml) were incubated (37°C) in
phosphate-buffered medium containing Ca?', Mg?', BSA, choline
chloride, glycerol, palmitate, and [FPHlcholine for 2 h in the absence
and presence of various concentrations of SNAP. After the incubation
period, lipids were extracted from the cell suspensions, DSPC was
isolated, and the choline incorporated into DSPC was measured as
described in METHODS. Results are expressed as %control. Choline
incorporated into DPSC in control cells is 0.161 + 0.014 nmol per 108
cells, ®, Mean values for 6 experiments; bars represent SE.

formed from ‘NO and superoxide, these results also
suggest that peroxynitrite is not involved. Further-
more, neither nitrate nor nitrite inhibits DSPC synthe-
sis. In fact, nitrite appears to stimulate the process for
reagons we don’t understand. We also measured DSPC
gynthesis in the presence of another -NO generator,
spermine-nitric oxide complex (1 mM: 2 h), which
results in - NO production that peaks at ~8.7 pM in 7
min and then declines to ~73% of the peak value in 2 h.
DSPC synthesis is reduced to 40 + 8% of control (mean
+ SE for 4 experiments) in the presence of the spermine-
nitric oxide complex. All of these results indicate that

Table 1. Effects of SNAPF, superoxide dismutase,
catalase, nitrate, and nitrite on incorporation of
FPHcholine into disaturated phosphatidylcholines in
alveolar type I cells

Toeorporation of [*H]choline

Treatment, (cone.) into DSPC (% conirol)

Control 100

SNAP (1 mM) 41+ 5%

SOD (0.4 mg/ml) 121 +6*
Catalase (4 mg/ml} 110+12
SNAP - SOD 31+3*
SNAP - catalase 45+ 4*
NaNO; (1 mM) 96+ 7
NaNO, (1 mM) 130 £ 5+

Values are means = SE for 6 experiments. Type 11 cells (1 x 10%/m)
were incubated (37°C} in phosphate-buffered medium containing
Ca?*, Mg**, bovine serum albumin (BSA), choline chloride, glycerol,
palmitate, and {*H|choline for 2 h in absence (control) and presence of
substances shown above. SNAP, S-nitroso-N-acctylpenicillamine;
S0OD, superoxide dismutase; and DSPC, disaturated phosphatidylcho-
line. After incubatien period, lipids were extracted from cell suspen-
sions, DSPC was isolated, and choline incorporated into DSPC was
measured. Choline incorporated into DSPC in control eells i 0.166 L
0.023 nmol per 10% cells. *Values arc significantly different [rom
control (P -=20.05).
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Fig. 3. NS nitro-L-arginine methyl ester (L-NAME) effects on incorpo-
ration of [*H]choline into DSPC in type 1L cells. The cells (1 X 10%ml)
were incubated (37°C) in phosphate-buffered medium containing
Ca? , Mg?', BSA, choline chloride, glycerol, palmitate, and |*H|cho-
line for 2 h in absence and presence of L-NAME (0.5 mM). After
incubation period, lipids were cxtracted from cell suspensions, DSPC
was isolated, and choline incorporated inte DSPC was measured as
described in METIIODS. Results from 6 individual experiments are
shown. @, Relationship between contrel level of choline incorporated
into BSPC and effect of 1-NAME on that level. Line in figure was
constructed by using lincar regression analysis. Correlation coeffi-
cient is 0.955.

L-NAME EFFECTS ON INCORPORATION
OF GHOLINE INTO DSPC (% CONTROL)

incorporation of [*H]choline into DSPC in type 11 cells is
inhibited after exposure of the cells to nitric oxide.

To study the effects of altering the endogenous level
of -NO, L-NAME, an inhibitor of NOS, was employed.
The effects of 0.5 mM L-NAME on the incorporation of
[“H]choline into DSPC seem to depend on the control
levels of DSPC synthesis (Fig, 3). When control values
for incorporation of [*H]choline into DSPC are rela-
tively high, L-NAME has no effect. On the other hand, if
the control levels are relatively low, L-NAME appears to
stimulate DSPC synthesis by as much as 50%. In fact,
the relationship between control rates of [*H]choline
incorporation into DSPC and stimulation of this pro-
cess by L-NAME is reasonably linear; i.e., the correla-
tion coefficient for the hest-fit line (obtained with linear
regression analysis) in Fig, 2 is 0,955, Thus these
results suggest that inhibition of -NO production by
type 11 cells leads to elevated levels of incorporation of
[*H]choline into DSPC, if only when baseline amounts
of DSPC gynthesis are relatively low.

Cellular ATP levels and oxygen consumption. One
possibility is that the effects of -NO on DSPC synthesis
may be due to the ability of - NO to alter type II cell ATP
levels. In fact, we have shown previously that exposure
of the cells to HyO, results in these responses (21},
Therefore, the effects of SNAP on cellular ATP levels
were determined, and the results are shown in Table 2,
Exposure to 1 mM SNAP leads to a 72% reduction in
cell ATP content. This inhibition is probably not due to
the production of extracellular peroxynitrite because
S0OD has no effect on the SNAP-induced response. Also,
neither nitrate nor nitrite, two degradation products of
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Tahle 2. Effecis of SNAP, SOD, nitrate, and nitrite on
alveolar type II cell ATP content
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Table 3. Effect of L-NAME, L-arginine, and
aminoguanidine on alveolar type I cell ATP content

Cellular ATP Content

Cellular ATP content

Treatment (cone.) (% control} Treatment (cone.) {% cantrol)
Control 100 Contrel 100
SNAP (1 mM} 28+ T* 1-NAME (0.5 mM) 143 + 7%
SOD (0.4 mg/ml) 97+ 8 -NAME (1.0 mM) 192+ 17*
SNAP - 50D 28=7T* L-Arginine (10 mM} 988
NaNO; (1 mM) 97-=41 L-NAME (0.5 mM) and 1-Arginine (10 mM) 99 1 4%
NaNQ; (1 mM} 90=1* Aminoguanidine (4.5 mM) 94+3

Aminoguanidine (1.0 mM) a7+h

Values are means + SE [or 6 experiments. Type 1L cells (1 % 10%/ml)
were incubated (37°C) in phosphate-buffered medium containing

(Ca? | Mg?', and BSA for 1 hour in absence {control) and presence of

substances shown above. After incubation period, cells were centri-
fuged, washed once, and resuspended in Fris-acctate buffer. Immedi-
ately before meuasurement of ATT, Triton X-100 was added to cell
suapensions to disrupt membranes. ATP content was measured with
firefly luciferasc assay as described in METIIODS, ATP levels in control
cells are 0.63 * 0.09 nmol per 108 cells. *Values are significantly
different from control (P <20.05),

nitric oxide, appears to be involved in the inhibition. In
other experiments (data not shown), we also found that
the decline in ATP is not due to a direct effect of -NO on
the ATP molecule itself; i.e., incubation of ATP with
SNAP does not alter the ATP level.

Incubation of type II cells with L-NAME leads to
increazed ATP levels. Like the L-NAME effects on
DSPC synthesis, these alterations are dependent on
control levels of ATP (Fig. 4). When control values for
cell ATP content are relatively high, the L-NAME-
induced increases in ATP are relatively low, i.e., 30%
increase. However, when control levels are relatively
low, L-NAME appears to increasc ccll ATP content by as

250
200| \\

150 +

50 F

L-NAME EFFECTS ON CELL ATP
CONTENT (% CONTROL)

%.1 012 01.3 0l‘4 0‘.5 0.6 0.7 0.8 0.9
CONTROL CELL /éTP CONTENT
(n"MOLES/10 GELLS)

Fig. 4. 1-NAME effects on type TT cell ATP content. Cells {1 < 108/ml)
were incubated (37°C) in phosphate-buffered medium containing
Ca*~, Mg?", and BSA for 1 h in absence and presence of T-NAME (0.5
mM). After incubation period, cells were centrifuged, washed onee,
and resuspended in Tris-acetate buller. Immedialely belore measure-
ment of ATP, Triton X-100 was added to cell suspensions Lo digrupt
cell membranes. ATP content was measurcd with (irelly lucilerase
assay. as described in METHODS, Results from 5 individual experi-
ments are shown. ®, Relationship between control ATP content and
effect of L-NAME on that content. Line was constructed by using
linear regression analysis. Correlation coefficient is 0.985.

Values are means & SE for 6 experiments. Type I cells (1 x 106/m1)
were incubated (37°C) in phosphate-buffered medium containing
Ca? , Mg?', and BSA for 1 hour in absence (control) and presence of
substances shown above. After incubation period, cells were centri-
tuged, washed once, and resuspended in ‘[ris-acetate buffer, Immedi-
ately before measurement of ATP, Triton X-100 was added to cell
suspensions to disrupt membranes. ATP content was measured with
the firefly luciferase assay as deseribed in METHODS, ATP lovels in
control cells are 0.60 = 0.07 nmol per 10° cells. *Valueg are
significantly different from control (P <2 0.05). T Value is significantly
different compared with L-NAME (0.5 m©M) alonc (P<0.05}

much as 240%. The relationship between control levels
of cell ATP and the .-NAME-induced increase is linear;
1.e., the correlation coefficient for the best-line fit (oh-
tained with linear regression analysis) is 0.985.

The effects of L-NAME, an inhibitor of both iINOS and
cNOS (24, 29), and aminoguanidine, a specific inhibitor
of INOS (3, 10), on type II cell ATP levels are summa-
rized in Table 3. There appears to be a dose-dependent
effect of L-NAME; i.e., treatment with 0.5 mM inhibitor
results in a 43% increase in ATP, whereas exposure to

1.0 mM L-NAME leads to a 92% increase. In addition,

we incubated the cells with L-arginine, the substrate for
NOS. r-arginine (10 mM) alone does not affect cell ATP
levels, but' it does reverse the stimulation produced by
0.5 mM L-NAME. Aminoguanidine has no effect on cell
ATP content. The results of all of these experiments
show that exposure of type I1 cells to nitric oxide results
in reduced levels of ATP, whereas incubation of the cells
with L-NAME leads to elevated levels of ATF, and
aminoguanidine has no effect. This latter result sug-
gests that cNOS may be involved in determining type I1
cell ATP levels.

Synthesis of ATP cannot be measured directly in
intact cells. However, since the process is tightly coupted
to cellular respiration, the rate at which oxygen is
consumed provides an indirect assessment of cellular
ATP synthesis. Therefore, oxygen consumption was
measured in untreated alveolar type Il cells and in cells
treated with SNAP or .L-NAME. The results are shown
in Table 4. SNAP inhibits cellular oxygen consumption,
and 1-NAME stimulates the process. We have shown
previously (21} and confirmed in another set of experi-
ments (data not shown) that sodium cyanide com-
pletely inhibits type I1 cell oxygen consumption, indicat-
ing that mitochondrial respiration accounts for all
meagurable oxygen congumed, Thus these results sug-
gest that SNAP interferes with ATI? synthesis, whereas
L-NAME stimulates ATP synthesis. These effects may
account, at least in part, for the changes in the steady-
state levels of type 11 cell ATP.
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Table 4. Effects of SNAP and L-NAME on oxygen
consumption in alveolar type Il cells

Celhular Oxygen Consamption

Treatment (cone.) (% control)
Control 100
SNAP (I mM) Bl 2%
L-NAME (1 mM) 129 =6*

Values are means = SE for 6 experiments. Type II cells (1 x 10%/ml)
were incubated (37°C) in phosphate-buffered medium containing
Ca?', Mg2' | and BSA for 25 minutes in absence {control) or presence
of SNAP or L-NAME. After this incubation period, cell suspension
was transferred to oxygraph, and cellular oxygen consumption was
measured for 10 min at 37°C. (xygen consumption in control cells is
56 + 5 nmol-10%cells 1-h L *Values are significantly different from
control (P<20.05}.

ATP synthesis in isolated lung mitochondria. Expo-
sure of type 11 cells to SNAP leads to a reduction in the
steady-state ATP content. One possible reason for this
is that the rate of ATP synthesis, which occurs primar-
ily in mitochondria, is diminished. Therefore we stud-
ied the effects of SNAP on ATP production by isolated
lung mitochondria. -NO formation by SNAP in the
mitochondrial buffer system inereased rapidly during
the 5-min incubation period and reached a value of ~3
pM. The results, which are shown in Table 5, indicate
that SNAP has no effect on mitochondrial ATP synthe-
sis. These results suggest that the SNAP-induced reduc-
tion in cellular ATP content is probably not due to a
direct effect of -INO on mitochondrial ATP synthesis.

Nitric oxide production. To determine whether the
L-NAME effects on cell metabolism are due to inhibi-
tion of cellular ‘-NO production, we measured the
production of nitrate and nitrite, the stable oxidation
products of -NO, by type II cells. The results are shown
in Table 6. Basal production of -NO is 0.80 = 0.08) nmol
of NO; and NO; per 108 cells in 2 h. Interestingly, this
compares favorably with a rate reported by Punjabi et
al. (28) for unstimulated type II cells in culture. L-
NAME, a better inhibitor of ¢eNOS than iNOS, inhibits
*NO production. The effect of .-NAME is maximal at 1
mM. However, aminoguanidine, a speciflic inhibitor of

Table 5. Effects of SNAP on ATP formation in
isolated lung mitochondria

ATP Formation

Treatment (cone,) (% control)
Control 100
SNADP (1 mM) 108+5

Values are means * SE for 7 experiments. Isolated lung mitochon-
dria (0.075 mg protein/ml) were incubated (37°C) [or 5 minutes in
absence (control) or presence of 1 mM SNATD. After this incubation,
samples were spun for 15 s at 12,800 g, supernatants were removed,
and mitochondrial peliets were resuspended in fresh incubation
medinm (105 mM KCI, 2 mM KH:PO,, 30 mM Tris-HC1, 0.1 mM
ET¥TA, and 1% BSA, pH 7.2) These mitochondria were ineubated
(30°C) for 5 min in presence of succinate (5 mM) and ADD (10 nM) to
measure ATP formation. After this incubalion, mitochondria were
spun at 12,800 ¢ for 15 s, and ATF in gupernalants was measured
with the firefly luciferase assay as described in meraons. ATE levels
formed by control mitochondria are 45 = 3 nmol/mg mitochondrial
protein.
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Table 6. Effects of L-NAME, aminoguanidine, and
extracellular calcium on nitric oxide production
by alveolar type II cells

Nitrate - Nitrite

Treatment (cane.) (% control)
Control 100
L-NAME (1 mM) TT=2%
Aminoguanidine (1 mM) 1088
Ca® -free medium 83 x 9¥

Values are means = SE for 6 experiments. Type II cells (2 > 105/0.5
ml) were incubated (37°C) in phosphate-buflered medium containing
Ca?! (1.8 mM), MgZ" (1.0 mM), and BSA (0.5%) for 2 h in absence
{control) and presence of 1-NAME or aminoguanidine. To determine
effects of extracellular caleium, some cells were incubated in same
medium shown above except that calcium was omitted (Ca? -free
medium). After incubation period, cells were centrifuged and super-
natants saved for analysis. Nitrate + nitrite was measured as
described in METHODS. Nilrale + nitrite in control cells was 0.80 =
0.08 nmol/108 cells. #*Values are significanily different from contral

(P <0.05).

iNOS, has no effect. Furthermore, the cellular produc-
tion of -NO is reduced when calcium is removed from
the medium, suggesting that the -NO production is
Ca?"-dependent. These results demonstrate that the
L-NAME effects on cell metabolism may be due to
inhibition of «NO production and that the -NO produced
may be due to cNOS activity in the type IT cells,

DISCUSSION

The results of our experiments show that exposure of
alveolar type 1l cells to extracellular nitric oxide does
not cause gross membrane damage, but such exposure
does lead to inhibition of DSPC synthesis and other
detrimental effects on cellular metabolism. In addition
to causing inhibition of choline incorporation into DSPC,
incubation of the cells with a -NO generator (SNAP)
leads to a decrease in the steady-state level of ATP.
Recently, Haddad et al. {12) reported similar results in
abstract form. A reduction in the steady-state level of
ATP could be due to a decrease in its rate of synthesis or
an increase in its rate of degradation and/or utilization.
In this paper, we measured only ATP synthesis indi-
rectly. Cellular ATP synthesis, measured indirectly as
the rate of cyanide-sensitive oxygen consumption, is
reduced afler exposure of the cells to -INO. However,
there is no effect of -NO on lung mitochondrial ATP
synthesis. Therefore, the reduction in the steady-state
level of ATP appears to be due, at least in part, to a
decreasge in cellular ATP synthesis which is not the
result of a direct effect of -NO on mitochondria.

There are some potential problems with the interpre-
tation of the lack of SNAP effects on mitochondrial ATP
gynthesis. First, mitochondria were exposed to SNAP
for only 5 min, but cells were exposed for 2 h. We have
measured the effects of SNAP on cell ATP levels after
only 5 min of exposure and found a 27 = 8% (mean =
SE for 5 experiments) decrease. Since it seems reason-
able to assume that it would take longer for the
SNAP-generated - NO to affect mitochondria inside the
cells than Lo alTect isolated mitochondria, these results
suggest that a direct effect of -NO on mitochondrial
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ATP synthesis iz not the mechanism by which cell ATP
synthesis is diminished. Another potential problem is
the use of mitochondria isolated from whole lungs
rather than those igolated from type II cells. In this
regard, we have shown previously that at least the
responses of both mitochondrial preparations to H,0O,
arc identical (21). In addition, mitochondria isolated
from whole lungs must contain some type Il cell
mitochondria. If only type II eell mitochondrial ATP
formation is inhibited by SNAP, one should see at least
a small inhibition of ATP formation in lung mitochon-
dria. However, this is not the case. Finally, it is possible
that the use of a substrate other than succinate, e.g.,
another substrate more dependent on the tricarboxylic
acid cycle, may have caused mitochondrial ATP synthe-
sis to be more sensitive to -NO. However, when one
takes into account all of these factors, especially the
fact that cell ATP levels are reduced after only 5 min of
SNAP exposure, it seems likely that the SNAP-induced
decreases in cell ATP levels are not due to a direct effect
of -NO on mitochondria.

Mitochondrial ATP synthesis is not directly inhibited
by SNAP. Why then is mitochondrial respiration in the
cells (i.e., cellular oxygen consumption} reduced by
SNAP? Although the answer to this question is not
known for certain, there is at least one possibility.
Nitric oxide may inhibit glucese uptake and/or its
glycolytic metabolism, as H,O, does in type 11 cells (21),
This could contribute to a decrease in ATP synthesis
due to a decline in the substrates available to mitochon-
dria. In thig regard, it has been shown that - NO inhibits
glyceraldehyde-3-phosphate dehydrogenase, an en-
zyme involved in glycolysis, in peritoneal macrophages
(23). It is also known that -NO can bind to iron-sulfur
groups in enzymes, which can result in enzyme inhibi-
tion in cytotoxic-activated macrophages and in L10
hepatoma cells (14),

It is possible that the inhibitory effects of SNAP on
type Il cell ATP levels are due to -NO itself or to
increased levels of intracellular peroxynitrite; i.e., it
may be that exposure of the cells to SNAP leads to
increased levels of intracellular peroxynitrite which
then inhibits cellular ATP synthesis. Our experiments
do show that extracellular peroxynitrite and the stable
decomposition products of -NO, nitrate or nitrite, are
probably not involved in the reduction of cell ATP
levels. However, we did not inhibit intracellular super-
oxide anion production. Thus it is possible that the -NO
generated extracellularly penetrates the memhrane
and reacts with superoxide anion to form peroxynitrite
inside type IT cells. Peroxynitrite could then lead to a
decrease in cell ATP levels, either by affecting mitochon-
dria or via some other mechanism. It has been shown
that peroxynitrite can cause nitration of tyrosine resi-
dues, which could lead to inhibition of enzyme activity
(13). Furthermore, Hu ct al. (15) have shown that
exposure of type II cells to peroxynitrite leads to a
reduction in the rate of cellular oxygen consumption.

Some of the most interesting findings from our

experiments are the effects of altering endogenous
levels of nitric oxide in type II cells. When the cells are
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incubated with L-NAME, an inhibitor of NOS, there are
increases in DSPC synthesis and the steady-state level
of ATP. One reason for the increase in cellular ATP
levels may be the increase in the rate of cellular ATP
synthesis, measured indirectly as the rate of type 11 cell
oxygen consumption. The mechanism by which alter-
ations in the endogenous -NO levels affect type 1T cell
metabolism is not known. However, once again, these
effects may be due to changes in intracellular amounts
of perexynitrite. Because there are intracellular sources
of superoxide anion, changes in intracellular -NO levels
may lead to similar changes in peroxynitrite levels.
Peroxynitrite may then affect cellular metabolism.

The results obtained with NOS inhibitors and results
obtained by using Ca?*-free medium suggest thal there
is NOS activity in the type 1l cells and that there may
be a constitutive form of the enzyme (¢cNOS) present.
The fact that incubation of the cells with L-NAME
results in increases in DSPC synthesis and cellular
metabolism and that thig effect can be reversed by
L-arginine, the substrate for NOS, supports the involve-
ment of a NOS enzyme in these processes. There s
additional evidence to support the involvement of a
¢NOS in these effects. First, L-NAME is known to be a
more effective inhibitor of cNOS than of INOS, at least
in endothelial and phagocytic cells (24, 29}, and it has
stimulatory effects on type II cell metabolism and
blocks cell -NO production. Second, aminoguanidine,
which is a specific inhibitor of iNOS (3, 10), has no effect
on either type II cell metabolism or cellular -NO
production. Our results also suggest that type Il cell
‘NO production is dependent on external calcium, a
finding which is consistent with cNOS activity (8).
Finally, other investigators, who have focused their
studies on the regulation of iINOS activity in type II
cells (11, 28), report detectable levels of nitrate and
nitrite in unstimulated type II cell preparations. All of
this evidence taken together suggests that there may
be ¢NOS activity in type 1l cells.

It is possible that ¢NOS activity 18 important as a
regulatory mechanism in alveolar type II cells. That
may be the reason for the correlations between the
L-NAME effects on DSPC synthesis and cellular ATP
levels and the basal (control) levels of each. For ex-
ample, when basal levels of DSPC synthesis and cell
ATP content are relatively low, there may be relatively
high eNOS activity in the cells. If this is the case, one
would expect the effect 0f 1.-NAME to he more apparent.
On the other hand, when basal levels of cellular metabo-
lism are relatively high, the cell cNOS activity may be
relatively low. In this case, one may expect L-NAME to
be less effective.

In summary, the results of our experiments demon-
strate that the nitric oxide levels in alveolar type 11
cells can affect lipid and energy metabolism. Exposure
of the cells to *NO from an external source leads to
reductions in DSPC synthesis, cell ATP levels, and
cellular oxygen consumption. On the other hand, inhibi-
tion of endogenous -NO levels induced by the NOS
inhibitor, L-NAME, leads {0 increases in DSPC synthe-
sig, ccll ATP levels, and cellular oxygen consumption.
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Our results also suggest that at least some of the
endogenous -NO may be generated by ¢NOS activity.
However, the precise regulatory role, if any, for NOS
activity in these cells remains to be determined.
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