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It has recently become apparent that inflammatory reactions including nitric oxide (NO) release contribute
to the outcome of pulmonary infections. To investigate the effect of NG-monomethyl-L-arginine (L-NMMA), a
NO synthase inhibitor, on the pathogenesis of pneumococcal pneumonia, we inoculated CD1 Swiss mice with
107 CFU of Streptococcus pneumoniae. Treatment with two daily subcutaneous injections of 3 mg of L-NMMA
per kg of body weight (over a 5-day period) reproducibly delayed mortality, as the number of surviving mice
72, 84, and 96 h after infection was increased by 16.8% (P < 0.05), 25.0% (P < 0.005), and 11.5% (P < 0.05),
respectively. In fact, the following chronology of events was noted in L-NMMA-treated infected animals,
compared to the untreated infected controls. (i) At 12 to 24 h after infection, larger amounts of leukotriene B4
in bronchoalveolar lavage (BAL) fluid associated with greater neutrophilia in lung tissue and alveolar spaces
and more persistent release of tumor necrosis factor alpha, interleukin-1 alpha (IL-1a), and IL-6 were
observed. (ii) At 24 to 72 h, there was better preservation of lung ultrastructure, including reduction of edema
in the interstitium and protection of alveolar spaces, despite identical bacterial growth in lungs, in L-NMMA-
treated infected animals than in untreated animals. (iii) At 72 to 96 h, the death rate was delayed, despite the
absence of antibiotic therapy. In our experiment, partial blockade of NO release was achieved. These data
indicate that NO plays an important role in the induction of tissue injury and death during pneumococcal
pneumonia and that L-NMMA is helpful for host protection.

The fatality rate associated with Streptococcus pneumoniae
pneumonia still approximates 23%, despite the use of potent
antibiotics and aggressive intensive care support (37). Thera-
peutic challenges that stand before us include the development
of more effective vaccines that protect against colonization by
pneumococci, the development of antibiotics that bypass the
widespread emergence of multiresistant strains, the strength-
ening of the immune response in immunosuppressed patients,
and the control of overwhelming inflammatory reactions that
are associated with tissue injury, shock, and death in immuno-
competent hosts. In fact, there is growing evidence that aspects
of the immune response greatly contribute to the high mortal-
ity rate associated with this threatening infection (reviewed in
reference 4). We recently reported the chronology of events
that participate in the pathogenesis of fatal pneumococcal
pneumonia, which includes the release of tumor necrosis factor
alpha (TNF-a), interleukin-1 alpha (IL-1a), IL-6, leukotriene
B4 (LTB4), and large amounts of nitric oxide (NO) in lung
tissue and alveolar spaces (4).

The physiology, pathology, and clinical relevance of endog-
enous NO which is formed from the amino acid L-arginine
under stimulation of two constitutive NO synthases (cNOS)
and one inducible NO synthase (iNOS) have been reviewed (7,
14, 15, 25, 30, 31, 49, 51). NO exerts beneficial vasoactive
effects that contribute to maintaining homeostasis and blood
flow in normal hosts (49). Its overproduction has been shown
to inactivate enzymes that are crucial to mitochondrial respi-
ration and DNA replication, and NO may form highly reactive

oxidants capable of damaging target cells (50). Although these
mechanisms most likely contribute to the observed killing
properties of NO against various microorganisms in animal
models of infectious diseases (reviewed in reference 54), NO
might worsen pulmonary injury during fatal pneumococcal
pneumonia (4). In fact, the beneficial versus detrimental roles
of NO during pneumococcal pneumonia have been poorly
explored. NO might modulate polymorphonuclear neutrophil
(PMN) adhesion (22), regulate cytokine synthesis (24), or in-
fluence survival rate (54).

Based on the hypothesis that NO possibly has a multifaceted
role during fatal pneumococcal pneumonia, ranging from reg-
ulation of vascular tone and leakage to leukocyte activity to
tissue cytotoxicity, we investigated the possibility that by re-
ducing NO levels with a competitive inhibitor of NO synthesis,
NG-monomethyl-L-arginine (L-NMMA), beneficial immuno-
modulation may be instituted.

(The results of this work have been presented in part pre-
viously [36]).

MATERIALS AND METHODS

Pneumococcal pneumonia model. Pneumonia was induced to lightly anesthe-
tized female CD1 Swiss mice (20 to 22 g) by intranasal inoculation of 50 ml of
phosphate-buffered saline (PBS) containing 107 log-phase CFU of S. pneumoniae
serotype 3, a clinical strain isolated by blood culture. To facilitate migration of
the inoculum to the alveoli, mice were held in a vertical position for 2 min. They
had free access to mouse chow and water throughout the experiment and were
exposed to alternate standardized light and dark periods of 14 and 10 h/day,
respectively. Control mice received intranasal PBS.

Treatment with L-NMMA. L-NMMA, monoacetate salt (no. 475886; Calbio-
chem, La Jolla, Calif.), was prepared daily by dissolving the powder in saline to
achieve doses of 3 mg/kg of body weight. Subcutaneous (s.c.) injections were
started immediately before the infection (time zero on day 0) and were admin-
istered every 12 h over a 5-day period. Control animals received s.c. injections of
saline. The treatment regimen with L-NMMA was chosen to achieve submaximal
rather than complete inhibition of NO, as minimal amounts of NO undoubtedly
are required for maintenance of physiological and immunological functions (20,
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29, 41, 53, 54) and as NO might also contribute to restraining bacterial growth in
lungs and its dissemination in blood. In fact, preliminary experiments with a low
dose (3 mg/kg) and a high dose (30 mg/kg) of L-NMMA suggested that only a low
dose is beneficial for the survival rate. In the present experiment, we initiated
L-NMMA therapy just before the infection and maintained intermittent injec-
tions over a 5-day period, as we had previously observed in our pneumonia model
an early secretion and a late secretion of NO after infection with pneumococci
(4). The same schedule was used as previously reported by other investigators
(54).

Experimental protocol. (i) Survival rate studies. Four consecutive experi-
ments, involving a total of 110 mice, were performed. In each experiment, all
mice were infected with freshly prepared inoculum, as described above; half of
the mice were treated with L-NMMA, and the other half received saline. The
survival rate was monitored every 12 h during a 5-day period.

(ii) Pathogenesis studies. Animals were infected at time zero; treatments with
L-NMMA were initiated immediately before infection and were maintained
every 12 h until sacrifice of the animals. The four groups of animals included
uninfected untreated mice (control), uninfected treated mice (L-NMMA), in-
fected untreated mice (infected), and infected treated mice (infected plus L-
NMMA). At time zero and 12, 24, 48, and 72 h, six animals per group were
sacrificed. Blood, bronchoalveolar lavage (BAL) fluid, and lung tissue were
sampled to determine bacterial growth, cellular response, and inflammatory
mediator levels. Six additional animals per group were also sacrificed after the
fifth injection of L-NMMA (15 min or 2 h after the 48-h injection) to verify the
inhibitory effect of L-NMMA on NO levels shortly after the injection of the drug.

Development of infection. The bacterial growth in lungs was monitored by
using a microbiological assay. The lungs and heart were taken together and
weighed before and after blood removal with 20 ml of sterile saline, which was
infused through the right ventricle until the effluent was clear. The lungs were
then homogenized with a Potter device at a ratio of 1 g/10 ml of a 50 mM
concentration of potassium phosphate buffer, pH 6.5; bacteria were quantified in
20 ml of this crude homogenate by plating 10-fold dilutions on blood sheep agar
followed by 18 h of incubation at 37°C in an atmosphere of 5% CO2. Hemocul-
tures were done after sampling blood from the retro-orbital sinus of the left eye
with a heparinized capillary, followed by plating on blood agar. Twelve infected
animals per group (treated with L-NMMA or placebo) were chosen to follow the
frequency and time course of bacteremia.

Inflammatory cells. Recruitment of leukocytes to alveolar spaces was deter-
mined by harvesting a total of 3 ml of BAL fluid, as previously described (4).
BAL fluids were centrifuged at 3,400 3 g for 10 min, and pelleted cells were
resuspended in PBS for quantification with a hemacytometer. Cell populations
were enumerated from Diff-Quick (no. B4132-1; Baxter, Pointe-Claire, Québec,
Canada)-stained cytospin preparations. PMN infiltration in lung tissue was quan-
tified through the measurement of myeloperoxidase (MPO), as previously de-
scribed (4). Cell populations in blood were also determined after blood sampling
with heparinized tubes (no. 17.1523; Sarstedt, Montreal, Québec, Canada). Dif-
ferentiation of leukocytes was made by counting 100 cells on a smear stained with
Wright reagent.

Inflammatory mediators. TNF-a, IL-1a, and IL-6 levels were detected in the
supernatant of BAL fluid, in the supernatant of the lung homogenates, and in
sera from the animals. Sera was obtained by centrifuging blood for 10 min at 4°C
in a microcentrifuge at maximal speed. Lung homogenates were obtained as
described above, then 600 ml of phosphate buffer containing 20 U of aprotinin
and 0.2% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesul-
fonate} were added to 600 ml of homogenate before centrifugation at 3,000 3 g
for 30 min at 4°C. Cytokines were assayed by using enzyme-linked immunosor-
bent assay kits (TNF-a, no. 80-2802-00; IL-1a, no. 1900-01; IL-6, no. 80-3748-01;
Genzyme Corporation, Cambridge, Mass.). IL-1a, compared to IL-1b and
TNF-a, exerts its biologic activity in a membrane-associated form (1). Therefore,
cytokines that act mostly through local intercellular contact (IL-1a) or that play
mostly a systemic role (TNF-a) were evaluated. LTB4 levels were quantified by
using radioimmunoassay kits, according to supplied methodology (no. 8-6020;
Cedarlane, Hornby, Ontario, Canada). The release of NO was evaluated through
measurement of its oxidized nitrite metabolites, after conversion of nitrates to
nitrites, according to the reduction procedure and colorimetric method of Griess
(12).

Histology. Whole left lungs were fixed in 10% neutral buffered formalin,
embedded in paraffin, and then processed for light microscopy. Tissue sections of
inflamed areas were also fixed in 2.5% glutaraldehyde–0.1 M phosphate buffer
(pH 7.4), postfixed in 1% osmium tetroxide, dehydrated, and embedded in Epon
according to standard methodology (4).

Statistical analysis. Statistical analysis of the differences between groups was
performed on StatView SE1 Graphics (Abaccus Concepts Inc., Berkeley, Calif.)
by analysis of variance, using a least-squares method. If the F test indicated a
difference within groups, comparisons were performed by using the Fisher PLSD
(protected least significant difference) test. All data are presented as means 6
standard errors of the mean (SEM). The survival functions were estimated with
the Kaplan-Meier method, which is also known as the product limit estimator.
This method can deal with censored data and has been shown to be the non-
parametric maximum likelihood estimator. The comparisons between survival
curves were made by using the log-rank statistic, also known as the Mantel-
Haenszel statistic. This statistic is more sensitive than the Wilcoxon statistic for

differences between groups occurring at later time points, as in our experiment.
A P value of ,0.05 was considered significant.

RESULTS

Survival rate studies. In our model of pneumococcal pneu-
monia, only 53.8% of untreated infected animals were still
living 3 days after infection, 25% survived 3.5 days, 13.5%
survived 4 days, and all died within 6 days. L-NMMA delayed
mortality consistently, with reproducible increases in the num-
ber of surviving mice between 2.5 and 4.5 days postinfection in
each of the four consecutive experiments, whose results are
summarized in Fig. 1. In fact, there were increases in the
survival rates for L-NMMA-treated mice of 16.8% (P , 0.05),
25.0% (P , 0.005), and 11.5% (P , 0.05) at 3.0, 3.5, and 4.0
days, respectively. More specifically, at 3.5 days, there were 5 of
11, 9 of 16, 5 of 17, and 10 of 14 mice still alive in the treated
groups compared to 2 of 8, 5 of 13, 1 of 16, and 5 of 15 mice,
respectively, in the untreated groups in the consecutive exper-
iments. The comparisons of the overall survival curves from 0
to 96 h by using log-rank statistics reached a P value of ,0.05.
All animals finally died in the absence of antibiotic therapy.

Pathogenesis studies and development of infection. To in-
vestigate the microbiological and inflammatory events that
characterized both groups before death, we undertook a series
of experiments on the pathogenesis of pneumonia. Bacterial
counts recovered from lung homogenates indicated steady
growth in untreated infected animals between 24 and 72 h, with
counts ranging from 0.7 3 108 CFU/g at 24 h to 1.4 3 108

CFU/g at 48 h to 6.3 3 108 CFU/g at 72 h. Although the counts
varied slightly (from 1.9 3 108 to 0.8 3 108 to 12.3 3 108 at 24,
48, and 72 h, respectively) after therapy with L-NMMA, no
statistical difference could be demonstrated between both
groups, so the drug did not markedly alter bacterial growth.
The percentages of positive hemocultures were 42, 92, and
100% for the untreated mice and 58, 92 and 100% for L-
NMMA-treated animals at 24, 48, and 72 h postinfection, re-
spectively. The difference at 24 h was not statistically signifi-
cant.

FIG. 1. Percent survival of mice infected with 107 CFU of S. pneumoniae and
treated with a placebo or L-NMMA (3 mg/kg doses started immediately before
infection and maintained twice daily over a 5-day period). The curves represent
treated and untreated mice and include 58 and 52 mice, respectively. The survival
rate at specific time points was estimated with the Kaplan-Meier method. Com-
parisons between the whole survival curves were made by using the log-rank
statistic, and a P value of ,0.005 was reached at 3.5 days.
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Inflammatory cells. Infection with S. pneumoniae stimulated
PMN recruitment from blood vessels to lung tissue to alveoli,
as shown in Fig. 2. While negligible amounts of PMNs could be
detected in the BAL fluid of uninfected mice (treated with
L-NMMA or untreated), infection resulted in enhanced PMN
counts in BAL fluid (Fig. 2A) and MPO levels in lung homog-
enates (Fig. 2B) from 24 h until death. Enhancement in PMN
counts was also observed in blood at 24 h, which was followed
by a sharp decline thereafter (Fig. 2C). Treatment with L-
NMMA resulted in higher PMN counts in the BAL fluid, lung
tissue, and blood of mice at 24 h (P , 0.01, P , 0.001, and P ,
0.001, respectively) than in those of untreated infected mice.
The data did not differ significantly between both groups there-
after, except for a slightly more profound leukopenia condition
at 48 h in treated animals. In fact, PMNs sharply declined in
blood at 48 h, whereas they remained elevated in the BAL fluid
of both groups until death of the animals.

An additional cell population was recruited to the alveoli

from 48 to 72 h after infection: monocyte counts increased
from 24 3 103 to 34 3 103, 90 3 103, and 165 3 103 cells/ml in
BAL fluid at 0, 24, 48, and 72 h, respectively, in untreated
infected mice (P , 0.01 at 48 h and P , 0.001 at 72 h,
compared to preinfection values) and from 24 3 103 to 44 3
103, 113 3 103, and 169 3 103 cells/ml in treated infected
animals (P , 0.001 at 48 and 72 h, compared to preinfection
values). L-NMMA did not significantly affect monocyte re-
cruitment, as no statistical difference could be demonstrated
between both infected groups. No differences in lymphocyte
counts could be observed among groups in this experiment.

LTB4 levels. The chemotactic influence of LTB4 on PMN
recruitment was investigated early after infection, as these cells
were demonstrated to migrate early to alveoli. Figure 3 repre-
sents LTB4 secretion in alveoli, as evaluated in BAL fluid.
While L-NMMA by itself did not induce LTB4 release, the
drug did stimulate the pneumococcus-induced secretion of leu-
kotrienes by responder cells (P , 0.01 between infected and
control mice at 24 h and P , 0.05 between infected and
infected plus L-NMMA mice). The assay for LTB4 was not
performed at times later than 24 h, since differences in the
chemotaxis of PMNs were not observed between infected
groups beyond that time.

Inflammatory mediators. Cytokine levels were also quanti-
fied in our model. Infection with S. pneumoniae resulted in
early high secretions of TNF-a, IL-6, and, to a certain extent,
IL-1a in BAL fluid (Fig. 4). Levels of all three cytokines rap-
idly declined thereafter in untreated infected mice (P , 0.001
and P , 0.05 between 12 and 24 h for TNF-a and IL-6,
respectively). Although L-NMMA did not induce cytokine re-
lease by itself and control uninfected mice had no cytokine
detectable in BAL fluid, treatment of infected animals with
L-NMMA significantly prevented downregulation of proin-
flammatory cytokines from 12 to 24 h (P , 0.05 and P , 0.01

FIG. 2. Mean (SEM) PMN recruitment in alveolar spaces (A), lung homog-
enate (B), and blood (C), as evaluated by cell count (A and C) and MPO assay
(B). Infection was induced at time zero with 3.5 3 107 CFU of S. pneumoniae/
mouse, and treatment with L-NMMA (3 mg/kg doses) was started at time zero
and maintained twice daily throughout the experiment. p, P , 0.05; pp, P , 0.01;
ppp, P , 0.001; all compared to preinfection values. §, P , 0.01; ¶, P , 0.001;
both between infected and infected plus L-NMMA-treated mice.

FIG. 3. Mean (SEM) LTB4 levels in cell-free BAL fluid of mice infected with
3.5 3 107 CFU of S. pneumoniae. Animals that were sacrificed at 12 h had
received a single injection of L-NMMA (3 mg/kg) at time zero, while animals
sacrificed at 24 h had received a second injection 12 h postinfection. Compari-
sons indicated by the asterisks (pp, P , 0.01, and ppp, P , 0.001) were made
between infected animals and their respective uninfected controls (infected ver-
sus control and infected plus L-NMMA versus L-NMMA).
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between infected and infected plus L-NMMA animals at 24 h
for TNF-a and IL-1a, respectively). Nevertheless, all three
cytokines decreased to very low levels in BAL fluid at 48 h, so
that no detectable difference could be seen thereafter.

NO release. The time point that was chosen to check NO
inhibition by L-NMMA was based on previously reported data
on NO in our model (4). Triggering of NO secretion after S.
pneumoniae was still evidenced 48 to 50 h postinfection (P ,
0.05 between control and infected mice) (Fig. 5). As expected,
L-NMMA achieved transient inhibition of NO secretion. Fif-
teen minutes after the 48-h injection (fifth injection) of L-
NMMA, NO levels in infected treated mice were similar to
those in uninfected controls (P , 0.05). The inhibition could
not be evidenced for periods longer than 2 h, and repeated
inoculations of L-NMMA in our experiment ensured partial
NO blockade.

Histopathology. Histological examination of the lungs by
light microscopy showed better preservation of alveolar archi-
tecture, larger alveolar spaces, and less edema in the tissue
interstitium in infected treated animals (Fig. 6B and D) than in
untreated infected mice (Fig. 6A and C). Involvement of the
whole lung surface was noted in untreated infected mice as
inflammation progressed: the initial foci of inflammation were
restricted to perivascular areas localized close to infected bron-
chioles, which contained numerous inflammatory cells; pro-
gressive parenchymal involvement included edema and dete-
rioration of the alveolar and interstitium ultrastructures.
Protection against injury induced by inflammation occurred at
24, 48, and 72 h postinfection in L-NMMA-treated animals,
although it was better evidenced at 48 h (Fig. 6), a time when
the alveoli remained particularly wide open, compared to the
alveoli in untreated infected controls.

FIG. 4. Mean (SEM) TNF-a, IL-1a, and IL-6 levels in cell-free BAL fluid 12 and 24 h after intranasal inoculation of mice with 3.5 3 107 CFU of S. pneumoniae.
Animals that were sacrificed at 12 h received a single injection of L-NMMA (3 mg/kg s.c.) at time zero, while animals that were sacrificed at 24 h received a second
injection at 12 h. Comparisons indicated by the asterisks (p, P , 0.05; pp, P , 0.01; and ppp, P , 0.001) were made between infected animals and their respective
uninfected controls (infected versus control and infected plus L-NMMA versus L-NMMA). Negligible amounts of cytokines could be detected in uninfected mice.
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DISCUSSION

Various NO synthase (NOS) inhibitors, including L-NMMA,
NG-nitro-L-arginine methyl ester (L-NAME), aminoguanidine,
and L-canavanine, are being investigated for the treatment of
infectious diseases. It has already been demonstrated that such
inhibitors can prevent the systemic hypotension associated
with the high mortality rate in animal models of septic shock;
however, conflicting reports have been published regarding the
therapeutic efficacy of these drugs against human and animal
septic conditions (5, 8, 17, 21, 29, 33, 38–40, 44). In the present
study, we investigated L-NMMA in a murine model of pneu-
mococcal pneumonia, which presents both presepticemic and
septicemic phases of infection (4). The following chronology of
events was observed in L-NMMA-treated infected animals,
compared to the untreated infected controls. (i) At 12 to 24 h
after infection, larger amounts of LTB4 in BAL fluid associ-
ated with greater neutrophilia in lung tissue and alveolar
spaces and more persistent release of TNF-a, IL-1a, and IL-6
were observed. (ii) At 24 to 72 h, there was better preservation
of lung ultrastructure, including reduction of edema in the
interstitium and protection of alveolar spaces, despite identical
bacterial growth, in L-NMMA-treated infected mice than in
untreated animals. (iii) At 72 to 96 h, the death rate was
reproducibly delayed, being characterized by 16.8, 25.0, and
11.5% increases in the survival rate at 72, 84, and 96 h postin-
fection, despite the absence of antibiotic therapy. To our
knowledge, this is the first study to demonstrate an in vivo
beneficial effect of L-NMMA on histopathology and the death
rate during pneumococcal pneumonia.

Our results differ from the reported decreased survival rate
of Klebsiella pneumoniae-challenged mice after therapy with
L-NAME (54). Those authors found a 10- to 46-fold increase
in bacterial growth associated with a 50% reduction in NO
release after L-NAME administration, suggesting that NO par-
ticipates in the killing of K. pneumoniae, which in turn influ-
ences the survival rate. In our experiment, we used doses of
L-NMMA fivefold lower than those of Tsai et al. (54), and the

protection afforded by L-NMMA appeared unrelated to bac-
terial clearance. Although several models have been used to
demonstrate a role for NO as an effector molecule for the
killing of bacteria, parasites and fungi (reviewed in references
11, 27, and 54), we could not demonstrate a link between NO
levels, pneumococcal killing, and survival of mice. Modifica-
tions in NO levels and PMN counts after L-NMMA may have
counterbalanced each other’s effects on bacterial growth by
reducing extracellular killing through NO inhibition and by
increasing bacterial clearance through enhanced PMN recruit-
ment, thus resulting in apparently unaffected bacterial growth.
However, it is conceivable that NO did not indeed participate
in the killing of S. pneumoniae, as it is not involved in the
clearance of all microorganisms (8, 47). Conversely, enhanced
PMN recruitment does not equate with improved phagocyto-
sis, as NO inhibition was also shown to reduce intracellular
killing by immune cells (54). We conclude from our data that
L-NMMA protected lung tissue and delayed mortality regard-
less of bacterial growth. This finding appears to be important in
view of the fact that studies with patients failed to show a role
for NO as a direct microbicidal mechanism against fungus,
bacteria, or parasites (27). Alternatively, a number of studies
that demonstrated NO synthesis in humans (27, 34, 49) provide
support for a signaling role of NO through the second mes-
senger cyclic GMP (a chemical with diverse functions), which
might influence the course of infection and inflammation.

In fact, NO possibly has a multifaceted role in pneumonia,
ranging from vasodilatation of lung capillaries and the forma-
tion of edema to modulation of leukocyte activity to tissue
cytotoxicity (3, 30, 31, 49). In our murine model, a time-de-
pendent expression of NO occurs during the course of S. pneu-
moniae pneumonia (4). In the present experiment, infection
was still shown to induce significant NO production, compared
to that in uninfected controls. NO is mostly secreted by alve-
olar and interstitial macrophages during infection (35, 52, 57),
but type II pneumocytes, endothelial cells, fibroblasts, and
lymphocytes were also shown to secrete NO (16, 28, 30, 42, 56).
cNOS isoforms are responsible for the maintenance of physi-
ological functions (vasodilatation, blood flow, and leukocyte-
endothelial interactions), while an iNOS mediates additional
pathological consequences of inflammation. L-NMMA, which
competitively interferes with all three NOS isoforms, signifi-
cantly inhibited NO. Intermittent injections were preferred
over continuous infusion to achieve transient blockade rather
than complete inhibition, as partial NO secretion was esti-
mated beneficial for the maintenance of homeostasis and the
host response (20, 29, 41, 53, 54).

To unravel the mechanisms whereby L-NMMA protected
mice, we examined leukocyte trafficking, inflammatory media-
tor release, and their relationships to tissue injury. The chro-
nology of events that we previously reported in untreated mice
(4) could still be corroborated. After inhalation of pneumo-
cocci, maximum proinflammatory cytokine release in BAL
fluid occurred at 12 h and then gradually decreased, despite
sustained stimulation; massive PMN recruitment followed at
24 h in parallel with LTB4 secretion; tissue injury, including
edema to the interstitium and alterations of the alveolar struc-
ture, occurred from 24 to 72 h; and monocyte recruitment, high
NO release, and bacteremia preceded death. In the present
experiment, L-NMMA preserved tissues and delayed mortal-
ity, despite, or through, increases in cytokine levels and strong
PMN recruitment. In fact, NO was already shown to exert
differential regulation of cytokine synthesis (13, 18, 24). Cyto-
kines and chemokines were increased after treatment of Kleb-
siella-related pneumonia with L-NAME (54). Partial blockade
of NO by L-NMMA in our experiment contributed to an in-

FIG. 5. NO release, as evaluated by the measurement of nitrites (mean 1
SEM) in cell-free BAL fluid 15 min and 2 h after the 5th injection of L-NMMA.
Infection was induced by intranasal inoculation of 3.5 3 107 CFU of S. pneu-
moniae/mouse at time zero, and L-NMMA was injected s.c. at doses of 3 mg/kg
every 12 h, initiated just before the infection. Comparisons indicated by the
asterisks (p, P , 0.05, and pp, P , 0.01) were made between infected animals and
their respective controls (infected versus control and infected plus L-NMMA
versus L-NMMA).
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FIG. 6. Histopathology of lungs 48 h after infection of mice with 3.5 3 107 CFU of S. pneumoniae and treatment with placebo (A and C) or L-NMMA (B and D),
3 mg/kg given every 12 h since initial infection. Better preservation of interstitium and alveolar structures was noted after treatment with L-NMMA, as alveoli were
kept open and edema was reduced, compared to those in untreated lungs. Magnifications, 345 (A and B) and 3375 (C and D).
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crease in TNF and IL-1 secretion which, in turn, may have
influenced PMN recruitment through enhanced expression of
adhesion molecules (10, 27). As NO upregulates the produc-
tion of prostaglandins from membrane fatty acids while down-
regulating leukotriene synthesis from the same source,
L-NMMA appears to contribute to the pneumococcus-induced
PMN recruitment through a shift from the synthesis of pros-
taglandins to the synthesis of the chemotactic LTB4 (6, 9, 32,
45, 46, 48, 52).

Although early secretion of TNF, IL-1, and LTB4 and high
PMN recruitment have been shown to protect against various
infectious diseases through enhanced phagocytosis (reviewed
in reference 4), TNF- and IL-1-mediated epithelial cell toxic-
ities and PMN-induced tissue injury were also associated with
impaired cell functions, tissue injury, and a fatal outcome of
pneumonia (4, 26, 55, 58). Therefore, since high levels of these
components in the presence of L-NMMA did not improve
bacterial clearance, one might have expected that such high
levels at 24 h postinfection would have contributed to worsen-
ing the inflammatory damage to tissues. We hypothesize that
the protection afforded by L-NMMA therefore resulted from a
reduction in direct cytotoxicity induced by NO or its derivatives
and that NO-mediated toxicity plays a greater role than cyto-
kine-induced cytotoxicity in our model. In fact, reactive oxygen
(superoxide radicals) and nitrogen (NO) species act in concert
through the formation of cytotoxic peroxynitrites (2), which
induce lipid peroxidation, alter membrane permeability, inac-
tivate key metabolic enzymes, and injure cells (15, 43). NO can
also affect membrane phospholipid catabolism, signal trans-
duction (cyclic GMP), energy production, and DNA synthesis
(49). Thus, L-NMMA may be of potential value for preserving
various biochemical functions.

NO can also affect cell activity by increasing vascular leakage
(19, 23), thus contributing to edema. cNOS from vascular en-
dothelial cells were already shown to participate in the early
phase of edema, while iNOS from local tissues and infiltrating
PMNs played a dominant role during the late phase of edema
(after exposure of mice to chemicals) (27). In fact, both ben-
eficial and detrimental effects of NOS inhibitors against edema
have been reported, depending on the time of administration
(23). Our results suggest that both cNOS and iNOS isoforms
contributed to the pathogenesis of pneumonia as L-NMMA
administered throughout the evolution of infection protected
cells partly by controlling capillary leakage and fluid distribu-
tion within tissues.

In conclusion, our results suggest that NO contributes to
pulmonary injury and death in pneumococcal pneumonia and
that NOS inhibitors might prove useful in the treatment of
such threatening infections. Considering that a 100% lethal
dose inoculum was used, the modulation of host defenses by
NOS inhibitors might even prove more effective against a less
lethal inoculum. The addition of antibiotics that will ensure a
certain percentage of survival rate by destroying bacteria
should be investigated in combination with NOS inhibitors that
appear to protect tissues so that the potential additive efficacy
of the combination might be observed. However, one should
be cautious with these products, because potential harmful
effects might also be seen, depending on the dose and time of
administration of the inhibitor. Delaying the initiation of treat-
ment most likely modifies the outcome of pneumonia in ways
that still need to be investigated. Also, animals and humans
differ substantially in the evolution of the disease, so the delay
that was observed in the survival rate in our model could be
reduced or prolonged in humans. The slower development of
pneumonia in humans might allow such inhibitors to be more
effective. The use of various immunomodulator drugs should

be based on a prior deepening in our understanding of the
pathogenic steps of fatal pneumonia.
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