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Abstract

Sepsis, the leading cause of death in intensive care units, is associated
with overproduction of nitric oxide (NO) due to inducible NO syn-
thase (iNOS), responsible for some of the pathologic changes. Amino-
guanidine (AG) is a selective iNOS inhibitor with reported inconsis-
tent actions in sepsis. To investigate the influence of iNOS, we studied
models of acute bacterial sepsis using acute challenges with aerobic
(Escherichia coli) and anaerobic (Bacteroides fragilis) bacteria in the
presence of AG. Six-week-old, 23 g, male and female BALB/c and
C57Bl/6j mice, in equal proportions, were inoculated (ip) with bacte-
ria in groups of 4 animals for each dose and each experiment in the
absence or presence of AG (50 mg/kg, ip, starting 24 h before
challenge and daily until day 6) and serum nitrate was measured by
chemiluminescence. Both types of bacteria were lethal to mice, with
an LDs; of 6 nephelometric units (U) for E. coli and 8 U for B. fragilis.
Nitrate production peaked on the second day after E. coli inoculation
with 8 and 6 U (P < 0.05), but was absent after non-lethal lower doses.
After challenge with B. fragilis this early peak occurred at all tested
doses after 24 h, including non-lethal ones (P < 0.05). AG-treated mice
challenged with E. coli presented higher survival (P < 0.05) and
increased LDs,. AG-treated mice challenged with B. fragilis had lower
LDs, and higher mortality. Control AG-treated animals presented no
toxic effects. The opposite effect of iNOS blockade by AG in these
models could be explained by restriction of oxygen for immune cells
or an efficient action of NO in anaerobic localized infections. The
antagonic role of NO production observed in our bacterial models
could explain the reported discrepancy of NO action in sepsis.
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Sepsis is the leading cause of death in
intensive care units and the third cause of
death in developing countries (1), with nitric
oxide (NO) acting as an important mediator
of its effects, among them hypotension and
decreased systemic vascular resistance (2,3).
NO is produced by three different NO syn-
thase (NOS) enzymes, two constitutive ones
in endothelial and neural cells and an induc-
ible one (iNOS) produced by immune cells
during inflammation (3). The effects of NO
in sepsis are attributed to iNOS overproduc-
tion, with evidence of a direct relationship
between NO levels and sepsis having been
obtained in most studies (2,3), although a
recent report failed to find a direct associa-
tion between nitrate levels and tissue perfu-
sion (4).

Selective iNOS inhibitors had a vaso-
pressor effect similar to noradrenaline in
animal models of sepsis, with improvement
of organ function (5). Aminoguanidine is a
relatively selective iNOS inhibitor present-
ing beneficial effects on septic shock experi-
mentally induced by both Gram-positive (6)
and Gram-negative bacteria (7), but has not
been tested in anaerobic infection.

In man, the abdomen and pelvis are
among the most frequent sites of origin of
systemic infections (8), usually induced by
trauma or by abdominal surgery with intesti-
nal perforation that leads to the formation of
an intraperitoneal abscess by anaerobic bac-
teria, of which Bacteroides fragilis is the
most prevalent species isolated (9,10). Gram-
negative bacteria are the leading cause of
sepsis in nosocomial infections and Escheri-
chia coli is among the most prevalent agents
(10). In addition to the phenotypic differ-
ences between agents, there is evidence that
the immunological mechanisms of defense
against aerobic and anaerobic bacteria are
potentially distinct (11,12).

In order to determine the effects of NO
overproduction and the consequences of its
inhibition on sepsis mortality, we evaluated
experimental sepsis induced by E. coli or B.
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fragilis in mice, measuring serum nitrate and
studying the effect of aminoguanidine on
mortality in these models.

Isogenic adult BALB/c and C57Bl/6j
mice were maintained in cages in tempera-
ture-controlled rooms and received food and
water ad libitum. When necessary, the ani-
mals were euthanized with CO,. E. coli DH5 o
strain was grown in TB medium in an orbital
shaker, recovered by 5000 g centrifugation,
and washed twice in the same volume of
sterile saline, and the concentration in the
final suspension was measured by nephe-
lometry at 560 nm using an Ultrospec UV-
Visible spectrophotometer (Uppsala, Swe-
den) with disposable plastic cuvettes. Stock
solutions were prepared in saline and ad-
justed to 100 nephelometric units (U)/mL
and stored at -17°C until use. Viability was
tested in an aliquot grown in TB medium. B.
fragilis (ATCC 43898) was grown under
anaerobic conditions in BHI medium, fol-
lowed by the same processing and quantifi-
cation as described above for E. coli. A fresh
B. fragilis culture was prepared before each
experiment. Bacterial count performed by
microscopy showed that 1 U corresponded
to 4 x 107 bacteria.

Groups of 4 mice received the bacterial
challenge intraperitoneally (ip) in a maxi-
mum volume of 0.2 mL containing 1 to 32 U
per mice. We used the smallest number of
animals in each group which allowed dose-
response estimation in a sigmoidal model on
the GraphPad Prism® 3.0 software. Mortal-
ity measurements were performed to deter-
mine the lethal dose 50% (LDs) per animal,
which was 6 U for E. coli and 8 U for B.
fragilis. No deaths occurred in groups chal-
lenged with less than 2 U for E. coli and
3.125 U for B. fragilis. All animals died
when challenged with more than 10.5 U for
E. coli and 12.5 U for B. fragilis. Data were
obtained in at least three independent ex-
periments, with similar results.

The effect of the iNOS inhibitor amino-
guanidine was tested in mice challenged
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with three bacterial loads, around the ob-
served LDs,, with monitoring of mortality
and abscess formation. Aminoguanidine, 50
mg/kg, was administered ip every day start-
ing 24 h before the bacterial challenge and
maintained until day 6, at the end of the
experiment. This schedule and dosage were
based on reported pharmacokinetic studies
(13), with a clear interval after starting ip
injection before stable steady-state serum
levels. Preliminary experiments in which
aminoguanidine was administered with the
bacterial challenge showed less clear effects
(data not shown).

NO production was estimated by serum
nitrate concentration. Blood was drawn from
retro-orbital veins on the day of inoculation
and on the following days. Protein removal
was performed as described elsewhere (14).
Briefly, serum received two volumes of etha-
nol at 0°C, was maintained in an ice bath for
1 h and centrifuged at 10,000 g for 1 min in
a Microfuge. The supernatant was stored at
-80°C until analysis by chemiluminescence
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with a Nitric Oxide Analyzer® model 280
from Sievers Instruments® (Boulder, CO,
USA).

The survival of animals inoculated with
approximately the LDs, of E. coli and B.
fragilis in presence and absence of the iNOS
inhibitor is shown in Figure 1. As expected,
there was a positive association between
mortality and bacterial concentration in both
challenges. Treatment with aminoguanidine
instituted 24 h prior to bacterial inoculation
induced a higher short-term survival (P =
0.048) for animals inoculated with 8 U E.
coli. Mortality was observed only during the
first few days. Treatment increased the LDs
of E. coli infection, resulting in higher sur-
vival of treated mice when sigmoidal curves
were compared (P < 0.02). Using the same
sigmoidal curve comparison, the opposite
effect was observed in the animals chal-
lenged with B. fragilis, with aminoguani-
dine-treated animals presenting a worse
course, with lower LD5, (P < 0.01). The
curves were compared using the Graph Pad

B Bacteroides fragilis
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Figure 1. Mouse survival after an intraperitoneal challenge with Escherichia coli (A) and Bacteroides fragilis (B)
with and without pretreatment with aminoguanidine. Pretreatment with 50 mg/kg aminoguanidine (AG) was carried
out 24 h before bacterial inoculation, which occurred on day 0. Nonlinear regression statistical analysis of the
sigmoid dose-response curves showed 9% survival for animals inoculated with 8 U of E. coli (95% Cl = 8.3-11.76),
and 65.4% for animals inoculated with 4 U (95% Cl = 63.5-67.3), while AG-treated animals inoculated with 8 U had
39.58% survival (95% CI = 38.43-40.7), and treated animals inoculated with 4 U did not die. Animals inoculated
with 10 U and 8 U of B. fragilis showed a survival of 24.65% (95% CI = 13.5-35.8) and 43.68% (95% CI = 35.89-
51.48), respectively, while AG-treated animals inoculated with 10 U and 8 U of B. fragilis had 2.3% (95% CI = -5.0-
9.7) and 11% survival (95% CIl = 9.0-31.8), respectively. Mortality was not observed after day 6 in any of the

groups. U = nephelometric units.
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Prisma 3.0 software.

Mice challenged with E. coli rapidly de-
veloped signs of disease such as bristled
hair, adynamic behavior and ocular secre-
tion during the first day following inocula-
tion with lethal doses. The same predictabil-
ity was not observed for mice challenged
with B. fragilis, with heterogeneous re-
sponses to the same dose. Some animals
presented signs of toxemia not followed by
death and others die suddenly without signs
of toxemia (data not shown).

All animals were killed 10 days after
challenge and the abdominal cavity was in-
spected for the presence of a mass or ab-
scess, and suspected areas were submitted to
histopathology. Intraperitoneal abscess for-
mation was observed in 20% of the surviv-
ing animals inoculated with B. fragilis, and
was absent in all surviving animals inocu-
lated with E. coli. Abscesses could be ob-
tained with a single ip inoculation of 8 U B.
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Figure 2. Serum nitrate concentrations of individual mice inoculated with Escherichia coli
(A) and Bacteroides fragilis (B). The shaded areas indicate the serum nitrate concentrations
of control mice in each experiment and the horizontal bars indicate the mean for each
experimental group, with the dose presented in each panel. Day 0 indicates the day of
inoculation and basal nitrate.
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fragilis (data not shown).

Figure 2 shows NO production evaluated
on the basis of serum nitrate levels in a
typical experiment. Animals inoculated with
E. coli showed a peak of NO production 24 h
after inoculation with 8 U (P = 0.0292) and
48 h after inoculation with 6 U (P = 0.0496),
which can be related to the observed mortal-
ity. Lower doses failed to produce a signifi-
cant increase in serum nitrate, without pro-
duction peaks, a fact probably related to
better survival. Mice inoculated with 10, 8
and 6 U of B. fragilis presented a peak of
nitrate production 24 h after inoculation (P =
0.004 for 10 U, P =0.0049 for 8 U and P <
0.001 for 6 U), but this peak was not related
to the strength of the bacterial challenge.

NO overproduction in patients with sep-
sis and septic shock has been reported in
several studies (2,15,16) and has also been
observed in animal models (17), presenting
a positive association between serum nitrate
and nitrite levels and mortality, as also shown
by our E. coli inoculation data. This in-
creased mortality was attributed to overpro-
duction of NO and to the systemic inflam-
matory response, believed to be responsible
for vascular hypocontractility, endothelial
injury, end-organ damage by free radicals
such as peroxynitrite, and myocardial de-
pression, all of which lead to organ ischemia
(2,3).

The inhibition of iNOS NO production
by aminoguanidine prevents these harmful
effects, as also observed in other studies (6,
17). This explains the significant increase in
survival with aminoguanidine administra-
tion to animals inoculated with E. coli.

B. fragilis can form an abscess without
association with other bacteria (18). The
immunological response leading to abscess
formation is stimulated by the B. fragilis
capsular polysaccharide. This immunologi-
cal response allows the influx of polymor-
phonuclear cells into the peritoneal cavity,
which is the hallmark of abscess formation
(9). In the present experiments, we noticed
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that animals with intraperitoneal abscess for-
mation survived longer than animals that did
not form an abscess, when analyzed on the
basis of the amount of bacteria inoculated.
This result shows the importance of the ab-
scess for host protection, preventing both
bacterial dissemination inside the peritoneal
cavity and the establishment of a systemic
infection.

In the abscess environment the anaerobic
conditions do not favor oxidative metabo-
lism, which is responsible for the toxic oxy-
gen-derived products necessary for the oxi-
dative burst, with a consequent need for the
activation of oxygen-independent bacteri-
cidal mechanisms (11,12). There are reports
of a reduction of leukocyte effectiveness in
eliminating E. coli under aerobic conditions
by inhibition of NADPH oxydase, which is
responsible for superoxide production. How-
ever, no difference was observed when iNOS
was inhibited (11), indicating that NO may
be a poor bactericidal agent under aerobic
conditions. Most reported studies on oxy-
gen-independent alternative mechanisms of
bacterial killing under anaerobic conditions
relied on enzymes such as the major basic
protein, eosinophilic cationic protein and
hydrolytic enzymes (11,12), but our experi-
ments do not permit us to speculate about
this subject.

Our data suggest that NO must partici-
pate directly in the control of anaerobic in-
fections or at least indirectly as an essential
mediator of the inflammatory response. NO
inhibition probably renders the host’s im-
munological response less effective in re-
stricting bacteria inside the abscess, allow-
ing bacterial dissemination, since surviving
animals frequently presented abscesses lim-
ited to the abdomen. In a multiple bacterial
infection model (19), NO was reported to
have an inhibitory effect on neutrophil mi-
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gration in sepsis, and aminoguanidine treat-
ment was shown to prevent this effect, al-
lowing more effective neutrophil migration
and a local action. The present data could
also be explained by the use of a specific
bacterial agent for challenge, which was
much more uniform, but which is also less
common in clinical practice, where local-
ized infections are usually caused by mul-
tiple organisms.

Aminoguanidine inhibition of NO pro-
duction can be harmful at higher doses of the
inhibitor even in local infections caused by
an aerobic agent, since a recent study showed
that NO is needed for antibacterial activity in
local infections but is associated with de-
creased survival during Gram-positive bac-
teremia (20). This paradox could be related
to inhibition of endothelial NOS, which oc-
curs at higher doses of aminoguanidine, with
reduction of local blood flow and cell migra-
tion.

The present data indicate the probable
occurrence of several syndromes induced by
bacteria, resulting in at least two types of
bacterial sepsis according to the oxygen de-
pendence of the agent. This could explain
the inconsistent results obtained with the use
of iNOS-affecting drugs in sepsis. Our pre-
liminary data suggest that the use of selec-
tive iNOS inhibitors as adjuvants for the
treatment of sepsis should be considered
with caution in each case, according to the
type of etiological agent and to the nature of
the tissue infection.
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