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Nitric oxide (NO) is a toxic molecule of the immune system which contributes to the control of microbial
pathogens. Additional functions of NO in innate and adaptive immunity have recently been described; these
functions include the modulation of the cytokine response of lymphocytes and the regulation of immune cell
apoptosis. In addition to direct microbicidal actions, NO has immunoregulatory effects relevant to the control
of infections. In turn, infected macrophages and macrophage-regulating lymphocytes may undergo apoptosis
during infection by Salmonella spp. In this work we investigated the ability of attenuated strains of Salmonella
enterica serovar Enteritidis with different protective capacities to induce intestinal inducible nitric oxide
synthase (iNOS) and apoptosis in Peyer’s patches (PP) in mice. Results showed that the intestinal iNOS
activity correlated with increased apoptosis in PP. Furthermore, the ability to induce intestinal NO production
and apoptosis within the first few hours after immunization seemed to correlate with the protective capacity
of mutant E/1/3 of S. enterica serovar Enteritidis. It was found that nonprotective mutant C/2/2, which was
unable to induce intestinal NO production, also failed to induce apoptosis in PP. Moreover, aminoguanidine
treatment at the time of immunization resulted in inhibition of the NO production and apoptosis induced by
protective mutant E/1/3 and completely abolished protection against challenge. These results suggest that the
induction of iNOS in the intestinal mucosa by attenuated mutant E/1/3 of S. enterica serovar Enteritidis at the
time of immunization is necessary to generate a protective immune response.

The intestinal mucosa is an important route of entry for
microbial pathogens. Following bacterial entry, intestinal epi-
thelial cells rapidly initiate the innate immune response, up-
regulating the expression of proinflammatory molecules (22).
Thus, within the first few hours after bacterial invasion, the
intestinal mucosa produces mediators that have the potential
to orchestrate the onset of an early inflammatory response (14,
16). Some of these mediators also have the potential to induce
cellular apoptosis (9).

At the interface between the innate and acquired immune
systems lies the high-output isoform of inducible nitric oxide
synthase (iNOS). Indeed, much of the attention on the killing
of intracellular pathogens has recently focused on this remark-
able molecular machine. Enteroinvasive bacteria directly acti-
vate expression of iNOS and NO production in intestinal ep-
ithelial cells (25, 29). The role of the epithelial cell-derived NO
in the pathogenesis of enteric infections with invasive bacteria
is still a matter of discussion. However, the evidence suggests
an antimicrobial role of NO in the intestine. NO and/or its
redox products can be cytostatic for enteric pathogens such as
Salmonella spp. and may decrease microbial entry into epithe-
lial cells by increasing the protective barrier through the re-
lease of epithelial mucus (3) and the induction of intestinal
fluid secretion (20, 28).

In addition to direct microbicidal actions, NO has immuno-
regulatory effects relevant to the control of infections (21, 24).
Infected macrophages and macrophage-regulating lympho-

cytes may undergo apoptosis during infection by Salmonella
spp. Whether such apoptosis is best understood as the host
depriving the pathogen of the protected niche or the pathogen
disarming the host (27) is not clear. The effect of NO on cell
apoptosis is controversial; low levels of NO produced by acti-
vated macrophages delay apoptosis (17), whereas high levels of
NO can cause either apoptotic or necrotic death of host cells
by reacting with a wide range of molecular targets (5). Thus,
the state of macrophage activation and NO production may
affect not only the ability of macrophages to kill intracellular
pathogens, but also the susceptibility of macrophages to apo-
ptosis. Furthermore, apoptosis induction by bacterial infection
of macrophages may contribute to the initiation of the immune
response (30). In this work, we studied the effect of inhibition
of NO on the early stages of the immune response induced by
attenuated mutants of Salmonella enterica serovar Enteritidis.

Temperature-sensitive (ts) mutants isolated in our labora-
tory are able to replicate at 26 to 28°C but show impaired
growth at 37°C (nonpermissive temperature). Some ts mutants
cannot replicate at the nonpermissive temperature, whereas
others are able to sustain limited replication at 37°C before
ceasing growth. The latter are known as coasters, and upon
inoculation into a host, their activity resembles that seen in the
early stages of the natural infection (19). E/1/3 and C/2/2 are
two isogenic mutants of the coaster phenotype. It was demon-
strated that the ts mutant E/1/3 of S. enterica serovar Enteri-
tidis induced excellent protection against lethal challenge in
vaccinated mice and chickens (7, 8, 12). Attenuated mutant
C/2/2 is highly safe but does not induce protective immunity in
mice (13).

Innate immunity plays an important role not only in the
control of Salmonella spp. infections but also in the modulation
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of the subsequent acquired immune responses. In this study,
the early responses of the murine intestine to attenuated mu-
tants of S. enterica serovar Enteritidis in vivo were compared.
Protective mutant E/1/3 and nonprotective strain C/2/2 were
used to study early induction of iNOS and cellular apoptosis in
the murine intestine in vivo.

MATERIALS AND METHODS

Animals. Six- to 8-week-old BALB/c mice were purchased from the Instituto
Nacional de Tecnologı́a Agropecuaria Castelar, Buenos Aires, and kept in our
animal house throughout the experiments.

Bacteria. The wild-type strain of S. enterica serovar Enteritidis and attenuated
derivatives ts E/1/3 and C/2/2 were used in the experiments. We have reported
earlier that ts mutant E/1/3 protects mice and chickens from challenge with the
virulent S. enterica serovar Enteritidis strain, whereas the C/2/2 mutant is non-
protective. Groups of 20 mice were inoculated intragastrically with 109 CFU of
E/1/3 or C/2/2 mutant or the wild-type strain of S. enterica serovar Enteritidis.
Animals received two bacterial inoculations a week apart (day 1 and day 7). To
test the effect of aminoguanidine (AG) on the safety of the ts mutants, 10 mice
of each group were injected intraperitoneally with 1 mg of AG daily for 30 days,
starting at day 0. Results are depicted in Table 1.

Inoculations and samples. Mice were inoculated intragastrically with 109 CFU
of the bacterial suspension per animal. Animals were sacrificed 6 h after inocu-
lation, and the intestines were removed immediately. For NOS activity determi-
nation, approximately 100 mg of small intestine containing at least one Peyer’s
patch (PP) was removed and placed immediately in Kreb’s solution. Tissues for
hematoxylin-eosin staining were fixed in formalin. Samples for enzyme-linked
immunosorbent assay (ELISA) determinations were frozen immediately after
removal.

Protection experiments. Groups of 10 mice were immunized with two oral
doses (a week apart) of 109 CFU of the attenuated strains of S. enterica serovar
Enteritidis E/1/3 and C/2/2 per animal. Nonimmunized animals were included in
the control group. Twenty-one days later, mice were challenged orally with 106

CFU of the virulent strain of S. enterica serovar Enteritidis per animal. To test
the involvement of nitric oxide in the early stages of the immune response, a
group of animals were injected with AG at the time of immunization with the
protective mutant E/1/3. Mice received two intraperitoneal injections with 1 mg
of AG 24 h and 30 min before each immunization.

NOS activity. NOS activity was measured by the production of [14C]citrulline
from [14C]arginine according to the procedures described by Bredt and Synder
(4). Briefly, after 20 min of incubation in Kreb’s Ringer bicarbonate solution
(KRB), tissues were transferred to 500 �l of warmed KRB equilibrated with 5%
CO2 in oxygen in the presence of [14C]arginine (0.5 �Ci). Tissues were incubated
for 20 min under carbogen (95% O2 and 5% CO2) at 37°C. Tissues were then
homogenized in 1 ml of medium containing 20 nmol of HEPES (pH 7.4), 0.5
mmol of EDTA, 1 mmol of dithiothreitol, 1 mmol of leupeptin, and 0.2 mmol of
phenylmethylsulfonyl fluoride per liter at 4°C. After centrifugation for 10 min at
2,000 � g, supernatants were transferred to 2-ml columns of Dowex AG-50
WX-8. [14C]citrulline was eluted with 3 ml of distilled water and quantified by
liquid scintillation counting.

Apoptosis. PP were fixed in 10% buffered neutral formalin embedded in
paraffin and cut. Some sections were stained with hematoxylin and eosin. Apo-
ptosis was detected by terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick-end labeling (TUNEL). Sections for TUNEL reactions were pro-

cessed as described for the in situ cell death detection kit (Boehringer Mannheim
Biochemicals). Briefly, tissue sections were heated at 60°C for 30 min, followed
by washing in xylene and rehydration through a graded series of ethanol and
redistilled water. Sections were treated with proteinase K (20 �g/ml in 10 mM
Tris-HCl, pH 7.4) for 30 min at room temperature, washed, and overlaid with
premixed TUNEL reaction mixture containing the components for the end
labeling. The sections were labeled for 1 h at 37°C, washed three times with
phosphate-buffered saline (PBS), mounted, and examined under light micros-
copy.

Percent apoptotic tissue. Apoptotic cells were counted in hematoxylin-eosin-
stained sections using the morphometric procedure described by Zhou et al. (31).
Briefly, sections were examined under light microscopy. Cells were scored as
apoptotic if they exhibited cellular shrinkage with concurrent cytoplasmic eosin-
ophilia, nuclear pyknosis, and fragmentation with associated apoptotic bodies.
Digitized images of randomly selected fields were obtained and characterized
morphometrically in terms of percent apoptotic lymphoid tissue. Images were
captured, saved as PICT files, and analyzed using a double-density 25/125-point
grid. The tissue beneath each grid point was categorized as normal lymphoid
tissue, apoptotic lymphoid tissue, or other (extracellular space, blood vessels,
etc.). The number of points in each category was totaled individually for every
animal. The percentage of apoptotic tissue for each animal was calculated from
the area of lymphoid tissue: % area(apoptotic) � (area(apoptotic)/[area(normal) �
area(apoptotic)]) � 100.

Cell death detection by ELISA. DNA fragmentation was assessed by using a
sandwich ELISA (cell death detection ELISA kit; Boehringer Mannheim, Indi-
anapolis, Ind.). Briefly, single-cell suspensions were prepared by smashing PP
with a glass plunger against a fine stainless steel wire net submerged in ice-cold
PBS. Approximately 5 � 104 cells were lysed, and the cytosolic oligonucleosomes
were quantitated using a biotin-coupled mouse monoclonal antihistone antibody
as the capturing antibody, peroxidase-conjugated mouse monoclonal anti-DNA
antibody as the detecting antibody, and ABTS (2,2'-azino-di[3-ethylbenzthiazo-
line]-sulfonate) as the developing reagent. The relative increase in nucleosomes
in the cytoplasm was expressed as an enrichment factor, calculated as the ratio
of specific absorbance in lysates from treated mice compared with that in control
animals, as described by the manufacturer.

Statistics. Student’s t test was used to compare mean values. Medians were
compared using the Wilcoxon rank sum test.

RESULTS

AG does not affect the safety of attenuated mutants E/1/3
and C/2/2 of S. enterica serovar Enteritidis. The main features
of the attenuated strains of S. enterica serovar Enteritidis are
depicted in Table 1. Both mutants are highly safe; mice inoc-
ulated with attenuated strain E/1/3 or C/2/2 showed no signs of
disease. In fact, all animals survived the oral administration of
doses as high as 109 CFU. The 50% lethal dose (LD50) of both
mutants is �1010 CFU. On the other hand, animals receiving
109 CFU of the wild-type strain of S. enterica serovar Enterit-
idis died within 5 days after inoculation. The LD50 of the
wild-type strain of S. enterica serovar Enteritidis is 104 CFU.
Daily treatment with AG did not modify the safety of the
mutants.

Wild-type strain and protective mutant of S. enterica serovar
Enteritidis induce NOS activity in murine intestine. The pro-
duction of [14C]citrulline from [14C]arginine was investigated
in the murine intestine 6 h after oral administration of S. en-
terica serovar Enteritidis. Differences in NOS activity was found
between animals inoculated with protective mutant E/1/3 and
nonprotective mutant C/2/2 (Table 2). No differences in the
enzymatic activity were found between animals immunized
with nonprotective mutant C/2/2 and untreated mice. On the
other hand, NOS activity induced by both wild-type and the
attenuated mutant E/1/3 of S. enterica serovar Enteritidis was
significantly higher (P � 0.05) than that found in control mice.
It is likely that this increase was due to the expression of

TABLE 1. Safety of protective and nonprotective mutants
of S. enterica serovar Enteritidisa

Bacteria

No. of survivors/10 per group
after oral infection of mice

treated with AG at:

0 mg 1 mg

None 10 10
Wild type 0b 0b

E/1/3 (protective) 10 10
C/2/2 (nonprotective) 10 10

a Animals were immunized intragastrically with bacteria on days 1 and 7 and
received 0 or 1 mg of AG daily for 30 days, starting at day 0.

b All mice died within 5 days after bacterial inoculation.

VOL. 70, 2002 NO AND APOPTOSIS INDUCED BY S. ENTERICA 965



inducible NOS (iNOS), since enzymatic activities in immu-
nized mice treated with AG and inoculated with the wild-type
strain and the protective mutant E/1/3 were similar to those
found in control mice (Table 2).

Increased apoptosis in PP of mice immunized with the pro-
tective mutant E/1/3. The ability of attenuated strains of S.
enterica serovar Enteritidis to induce apoptosis in murine PP
was evaluated using different assays.

Apoptotic cells were counted in hematoxylin-eosin-stained
sections using a morphometric procedure described in Mate-
rials and Methods (Fig. 1). Results showed that the percentage
of apoptotic lymphoid tissue in PP of animals immunized with
protective mutant E/1/3 (median, 10%; range, 7 to 12%) was
significantly higher (P � 0.01) than that found in control mice
(median, 1%; range, 0.5 to 2%). Animals immunized with
mutant E/1/3 and treated with AG showed a percentage of
apoptotic tissue similar to that of the control group.

Histopathologic changes induced by S. enterica serovar En-
teritidis in PP were evident 6 h after oral administration. Scat-
tered small focal aggregates of leukocytes undergoing apopto-
tic death were found in the PP of mice inoculated with
nonprotective mutant C/2/2 (data not shown). Affected foci
contained shrunken, apoptotic cells with nuclear chromatin
condensation, margination, or fragmentation that were dis-
persed among apoptotic bodies. Similar but more extensive
cellular apoptosis was evident in the PP of mice inoculated
with protective mutant E/1/3 and the wild-type strain of S.
enterica serovar Enteritidis (data not shown).

TUNEL reactions were performed in PP sections (Fig. 2).
There was a dramatic increase in the number and size of
TUNEL-positive foci in the PP of mice immunized with pro-
tective mutant E/1/3 compared with those observed in mice
receiving the nonprotective mutant C/2/2. The number and size
of TUNEL-positive foci in PP from animals immunized with
E/1/3 and treated with AG were not different from those seen
in control mice (data not shown).

Similar results were obtained when DNA fragmentation was
assessed in PP of animals immunized with the attenuated
strains of S. enterica serovar Enteritidis (Fig. 3). Again, statis-
tically significant differences (P � 0.05) were found in mice
immunized with the protective mutant E/1/3 compared with
the control group. DNA fragmentation in the PP of mice
inoculated with nonprotective mutant C/2/2 was no different
from that seen in the control animals. AG inhibited the in-
crease in DNA fragmentation induced by protective mutant
E/1/3.

AG treatment at the time of immunization inhibits the pro-
tection induced by attenuated mutant E/1/3. The protective
capacity of mutant E/1/3 was investigated in mice treated with
AG. The inhibition of NO production at the time of immuni-
zation completely abolished protection induced by mutant
E/1/3; the survival rate of AG-treated mice (0 of 10) was
similar to that of control mice (0 of 10) (Fig. 4). Animals from
these groups died within 5 days after challenge. On the other
hand, 30 days after challenge, the survival rate of animals
immunized with E/1/3 was 9 of 10 (90% protection). Differ-
ences between the survival rates of mice immunized with E/1/3
and AG-treated or control mice were significant (P � 0.01).

DISCUSSION

During the course of infection with pathogens such as Sal-
monella spp., intestinal epithelial cells upregulate the expres-
sion of certain host genes (11, 16). This epithelial cell inflam-
matory program induces the expression of proinflammatory
molecules such as NO. Although the NO pathway probably
evolved to protect the host from infection, its suppressive ef-
fects on lymphocyte proliferation and damage to other normal
host cells confer on NO the same destructive/protective dual-
ity. Therefore, NO toxicity is not a constant value, and NO may
confer cell protection as well. In part, this is understood by
transcription and translation of protective proteins, such as
cyclooxygenase-2. Alternatively, protection may result as a
consequence of diffusion-controlled NO-O2� (superoxide) in-
teraction that redirects the apoptosis-initiating activity of NO
towards protection.

In this regard, NO is endowed with the unique ability to
initiate and to block apoptosis, depending on multiple vari-

FIG. 1. Morphometry of apoptotic cells in PP of mice immunized
with protective and nonprotective mutants of S. enterica serovar En-
teritidis. Mice were inoculated intragastrically with 109 CFU/animal of
the bacterial suspension. Animals were sacrificed 6 h after inoculation,
and PP were removed aseptically. Apoptotic cells were counted in
hematoxylin-eosin-stained sections using the morphometric proce-
dures described in Materials and Methods. Mice treated with AG
received two intraperitoneal inoculations (1 mg), 24 h and 30 min
before immunization. Data are medians (n � 5). Asterisk indicates
values significantly different (P � 0.01) from those for control mice.
Results are representative of three separate experiments.

TABLE 2. Intestinal NOS induced by protective
and nonprotective mutants

Bacteria

Mean intestinal NOS activity
(pmol/g) � SE (n � 6) in
mice treated with AG at:

0 mg 1 mg

None 259 � 56 264 � 60
Wild type 515 � 70a 313 � 62
E/1/3 (protective) 599 � 44a 300 � 45
C/2/2 (nonprotective) 322 � 65 247 � 55

a Significantly different (P � 0.05) from value for nontreated control group, as
calculated by the Student t test.
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ables (6). Proapoptotic effects (e.g., in macrophages or T lym-
phocytes) were observed with high concentrations of exoge-
nous NO. NO might promote apoptotic events by upregulating
the cell surface receptor Fas or its ligand FasL, although it can
also induce apoptosis without measurable modulation of Fas
or FasL (1). On the other hand, an antiapoptotic function of
endogenous NO generated by iNOS has been observed in

B-cell lines, macrophages, and T lymphocytes (2). In mouse
macrophages, nontoxic concentrations of NO lead to the acti-
vation of the transcription factors NF-	B and AP-1 and the
subsequent expression of cyclooxygenase-2, which protect mac-
rophages against apoptosis (26).

FIG. 2. TUNEL-positive reactions were observed in PP from mice
immunized with attenuated strains of S. enterica serovar Enteritidis as
well as in control mice, although there were differences in localization.
In control animals (A), apoptotic cells appeared evenly distributed,
whereas mice immunized with S. enterica serovar Enteritidis mutants
showed apoptosis in germinal centers. Affected foci in PP of mice
inoculated with protective mutant E/1/3 (B) were increased in number
and size compared with those seen in animals receiving the nonpro-
tective mutant C/2/2 (C).

FIG. 3. Apoptosis in PP of mice immunized with protective and
nonprotective mutants of S. enterica serovar Enteritidis. Apoptosis was
assessed using a cell death detection ELISA. The y axis represents
DNA fragmentation, as measured by the enrichment factor (see Ma-
terials and Methods). Mice treated with AG received two intraperito-
neal inoculations (1 mg), 24 h and 30 min before immunization. Data
are median enrichment factors for six animals. Asterisk indicates sig-
nificantly different values (P � 0.05) versus control mice. Results are
representative of three separate experiments.

FIG. 4. Effect of AG on the protection induced by attenuated mu-
tant E/1/3 of S. enterica serovar Enteritidis. Mice were immunized with
two oral doses of 109 CFU of the attenuated mutants E/1/3 and C/2/2
of S. enterica serovar Enteritidis. Twenty-one days later, mice were
challenged orally with 106 CFU/animal of the virulent strain of S.
enterica serovar Enteritidis. Mice treated with AG received two intra-
peritoneal inoculations (1 mg), 24 h and 30 min before each immuni-
zation with the protective mutant E/1/3.
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Wild-type S. enterica serovar Enteritidis and its derivative,
the protective mutant E/1/3, induced intestinal iNOS-derived
NO within the first few hours after inoculation. Results showed
that the intestinal iNOS activity induced by S. enterica serovar
Enteritidis correlated with increased apoptosis in PP. Further-
more, the ability to induce intestinal NO production and apo-
ptosis in PP soon after immunization seemed to correlate with
the protective capacity of mutant E/1/3. It was found that
nonprotective mutant C/2/2, which was unable to induce intes-
tinal NO production, also failed to induce apoptosis in PP.
Moreover, AG treatment at the time of immunization resulted
in the inhibition of NO production and apoptosis induced by
protective mutant E/1/3, and completely abolished protection
against challenge.

To date, there is no doubt that reactive nitrogen intermedi-
ates are integral parts of signaling pathways of immunological
importance, regulating cytokine responses and cell survival and
contributing to tissue damage, as seen in autoimmune diseases.
Recent studies provided support for the importance of iNOS in
immunoregulation and suggested that chronic stimulation of
iNOS in vivo may have profound effects on subsequent im-
mune responses (15). The mechanisms through which NO
could regulate the initiation of a protective immune response
were not investigated, although the induction of apoptosis in
PP cannot be ruled out. In recent experiments, Yrlid and Wick
showed that apoptosis induced during bacterial infection is not
a quiescent death that allows the bacteria to escape recognition
by the immune system, but rather may contribute to an anti-
microbial immune response (30). The authors demonstrated
that bacterially induced apoptosis of infected cells results in
presentation of a bacterium-encoded antigen on both major
histocompatibility complexes I and II by bystander dendritic
cells (30).

Attenuated strains of Salmonella spp. can be used as vehicles
for delivery and expression of vaccine antigens. Murine models
of infection have been used extensively to evaluate both the
pathogenicity of and immune responses against Salmonella
spp. Early studies performed by Eisenstein and coworkers
tested a panel of attenuated strains of S. enterica serovar En-
teritidis and S. enterica serovar Dublin and found that in many
cases NO induction correlated with immunosuppression and
protection. In one case, the PhoP mutant, protection occurred
without NO induction (10, 18, 23).

It was also reported that treatment with AG inhibits immu-
nosuppression and potentiates Salmonella infection (18).
Moreover, inhibition of NO resulted in 90% mortality in mice
inoculated with highly attenuated mutant SL3235 (18). With a
different mouse model of infection, we showed that the ability
to induce intestinal NO correlated with the protective capacity
of the attenuated mutants of S. enterica serovar Enteritidis.
Further, treatment with AG (1 mg daily) did not modified the
safety of the E/1/3 and C/2/2 mutants. Note that PhoP mutants
were not studied in the present work, and, in addition, impor-
tant differences exist between the murine model used by the
Eisenstein group and ours (route of immunization, AG treat-
ment, method for measuring NO, etc.). Nevertheless, it is clear
from both animal models that NO actively participates in the
initiation of the immune response induced by Salmonella spp.
Our results suggest that NO is involved in the very early phase

of the immune response, since inhibition of iNOS at the time
of immunization inhibited protection.

The role of innate immune responses in promoting specific
immune responses is an interesting area for research that may
define important principles of bacterial interactions with im-
mune cells. Here we present evidence that induction of NOS in
the intestinal mucosa by attenuated mutant E/1/3 of S. enterica
serovar Enteritidis is necessary to generate a protective im-
mune response.
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