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Abstract

Salmonella enterica serovar Typhimurium and its surface components were assessed for their inflammatory potential by footpad
oedema test using plethysmometer. Inflammation was found to be the highest when outer membrane proteins (OMPs) were used
as inflammagen followed by lipid associated protein-lipopolysaccharide complex (LAP-LPS) and lipopolysaccharides (LPS).
Inflammation produced by OMPs was found to be comparable to that by carrageenan (a known positive inflammagen). However,
injection of L-histidine (an antioxidant) prior to administration of carrageenan or Salmonella enterica serovar Typhimurium
inhibited the inflammation, which indicated the involvement of oxidants during inflammatory response. Nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase and nitric oxide (NO) production by peritoneal macrophages from infected mice
exhibited a significant increase as compared to those of the immunized mice. In contrast, glutathione production was found to be
the maximum in the macrophages taken from OMPs-immunized mice followed by LAP-LPS and LPS alone. The biochemical
studies correlated well with histopathological studies of intestinal tissue of animals from various groups. Based upon these
parameters, inflammation seems to be modulated by OMPs and LAP-LPS, which may be because of the protein moieties
present in the components. Hence, immunization with protein moieties having L-histidine or L-histidine-like structures may
suggest an alternative to the potential therapeutic values of anti-inflammatory drugs. Thus the results of this study form the
basis for evaluating these antigens (either alone or in combination with polysaccharides) for preventive intervention rather than
therapeutic. (Mol Cell Biochem 270: 167–175, 2005)
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Introduction

Inflammation is a basic host defense process, which occurs
in response to noxious stimuli and to local injury. Amongst
these, Salmonella enterica serovar Typhimurium is a leading
causative agent of gastroenteritis in humans. In Salmonel-
losis, the ensuing inflammatory response of the intestinal mu-
cosa has long been associated with Salmonella virulence [1].
Infiltrating inflammatory cells participate and ensue the de-
struction of the invading microbe by release of nonenzymatic
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mediators such as oxygen and nitrogen metabolites as well as
enzymatic mediators such as elastase, cathepsin and collage-
nase [2]. Reactive oxygen species (ROS) such as superoxides
(O−

2 ) and hydroxyl radicals (◦OH) propagate through a series
of chain reactions and attack the polyunsaturated fatty acids
present in the membrane. These radicals can also cause
damage to DNA and proteins [3]. The other inflammatory
mediator, nitric oxide (NO) is a gaseous free radical pro-
duced in biological systems. This regulates a diverse array of
physiological functions and acts as an inter and extracellular
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messenger in most mammalian organs. Many types of cells
produce NO during enzymatic conversion of L-arginine to
L-citrulline by NO synthase (NOS). NO has been demon-
strated to have a beneficial effect in host defense mechanisms
against various pathogenic bacteria and protozoa [4–6].
The uncontrolled release of these cytotoxic substances [7]
and proinflammatory mediators including cytokines (tumor
necrosis factor and interleukins) [8, 9] by the migrating cells
may damage the host tissues as well. Therefore, under such
conditions, it is necessary to manage the hyper inflammation
to useful level, to change the clinical manifestation of the
disease.

The development of tissue injury depends upon the bal-
ance between the generation of toxic radicals and the tissue
antioxidant status [10]. As a defense mechanism, all types
of cells are endowed with enzymatic and nonenzymatic an-
tioxidants, which fight against the toxic free radical species.
One potential approach is the use of L-histidine or N-acetyl-
L-cysteine, a precursor of glutathione, which maintain a fa-
vorable redox environment [11] and are effective in scav-
enging hydroxyl radicals. Several authors have reported an
inverse correlation between the levels of GSH and lipid per-
oxides (LPOs). It seems that GSH apart from being a sub-
strate for some antioxidant enzymes could be an effective free
radical scavenger directly [12]. The alternative possible ap-
proach is to modulate the release of these mediators through
immunoprophylaxis. It is known that LPS, Vi antigens and
outer membrane proteins have an inflammatory potential,
which results in the release of cytokines [13, 14]. These
have also been reported to interact with the host immune
cells efficiently [15–18]. Therefore, in the present study, the
potential of Salmonella surface components in modulating
the inflammatory response following immunization has been
discussed.

Materials and methods

Chemicals

All the chemicals used in the present study were of analytical
grade and were procured from standard firms.

Bacterial strain

Salmonella enterica serovar Typhimurium (1402/84) was
procured from Central Research Institute, Kasauli (HP),
India. The strain was checked biochemically and serolog-
ically prior to storage and use. It was maintained in 10%
glycerol broth and also stored as lyophilized ampules.

Animal model

Balb/C mice each weighing 15–25 g (8–10 weeks old) and
Wistar rats weighing 150–200 g were obtained from Central
Animal House, Panjab University, Chandigarh, India. The an-
imals were fed on commercially available diet and were given
water ad libitum. Care and use of animals was followed in
accordance with guidelines of the institutional ethical com-
mittee.

Extraction of outer membrane proteins (OMPs)

To study the expression of stress-inducted proteins, OMPs
were prepared by the method as described earlier [19].
Briefly, bacterial growth was harvested at 10000 rpm for
20 min. The pellet obtained was suspended in 20 mM Tris–
HCl buffer (pH 7.6) containing 2 mM MgCl2. Cells were
washed twice and suspended in the same buffer containing
2 mM phenyl methyl sulphonyl fluoride (PMSF, Sigma,
USA). Bacterial cells were disrupted by sonication using ul-
tratip lab-sonic system (10 cycles of 30 s with 1 min interval
in between) and undisrupted material was removed by low
speed centrifugation (3000 × g, 4 ◦C, 20 min). Supernatant
was then ultracentrifuged (Beckam Coulter, OptimaTM XL-
100 K Ultracentrifuge, USA) at 100,000 × g for 60 min at
4 ◦C and the pellet was suspended in 1% sodium lauryl sar-
cosyl (ICN, USA) in 20 mM Tris–HCl buffer (pH 7.6). After
incubation for 2 h at 37 ◦C, detergent insoluble OMP fraction
was collected by ultracentrifugation at the same speed. The
recovered outer membrane (OM) fraction was suspended in
20 mM Tris buffer containing 2 mM PMSF and stored at
−20 ◦C.

Extraction of lipid associated protein-lipopolysaccharide
complex (LAP-LPS) and lipopolysaccharides (LPS)

For LAP-LPS preparation, conventional phenol extraction
procedure of Westphal and Jann [20] as modified by Morrison
and Leive [21] was used. For making LPS preparation,
pronase was added to LAP-LPS preparation. The LPS con-
tent in both the preparations was measured by determining
the 2-keto-3-deoxyoctonate (KDO) levels.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE)

Protein content of various preparations (OMPs, LPS and
LAP-LPS) was estimated by the method of Lowry et al. [22].
SDS-PAGE [23] was carried out to see the expression of pro-
tein and lipid profiles.
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Inflammatory potential of Salmonella enterica serovar
Typhimurium and its surface components

The inflammatory potential of Salmonella enterica serovar
Typhimurium and its surface components were studied using
the acute paw oedema test in rats [24]. Whole cell suspension
(5×102 organisms/ml), OMPs (50 µg/ml), LAP (50 µg/ml),
LAP-LPS (50 µg/ml), L-histidine (150, 250 and 350 mg/ml),
Carrageenan (positive control, 1%, w/v) and L-histidine (neg-
ative control, 250 mg/ml) were used to study the inflamma-
tory potential. In brief, the hind paws of test animals were
marked above the tibiotarsal junction to ensure that every
time paw was dipped to the same level in the mercury col-
umn of Plethysmometer. Rats were injected with 0.1 ml of the
antigen preparation described above in the right paw and an
equivalent amount of normal saline in the left paw. The mer-
cury displacement occurring as a result of dipping of the paw
was directly read from scale attached to the mercury column.
The amount of mercury displaced in cm (on plethysmometer
scale) on dipping rat paw was recorded in each case for 5 h
at an interval of 1 h.

Treatment protocol and experimental design

Fifty mice were divided into five groups (10 mice in each
group) as follows. Group A (control group): Mice in-
jected with 0.5 ml saline intraperitoneally. Group B (in-
fected group): Mice injected with 0.5 ml of whole cell
suspension (2 × 106 cells/ml) intraperitoneally. Group C
(OMPs immunized-infected): Mice immunized intraperi-
toneally with 50 µg OMPs. Group D (LAP-LPS immunized-
infected): Mice immunized intraperitoneally with 50 µg of
LAP-LPS. Group E (LPS immunized-infected): Mice in three
subgroups (10 mice in each group) were immunized against
LPS (5–50 µg/mouse).

Mice in C, D and E groups were given booster doses of
serovar Typhimurium on the 14th day and challenge dose of
serovar Typhimurium on the 21st day. The challenge dose
was calculated by the method of Reed and Muench [25].
Mice in each group were sacrificed on third and seventh day
of challenge dose to assess the anti-inflammatory role of
each preparation.

Nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activity

NADPH oxidase activity was measured following the method
of Bhatnagar et al. [26]. In short, the peritoneal macrophage
preparation from each group was interacted with different
antigen(s) for 1 h at 37 ◦C under 5% CO2 atmosphere. After
centrifugation the cell deposits were resuspended in 1 ml

of Kreb’s ringer phosphate buffer (KRP buffer, pH 7.4) in
separate tubes. These were again centrifuged at 2000 rpm
and the pellets obtained were suspended in 1 ml ice cold
potassium phosphate buffer (pH 5.5). Cell preparations, after
three cycles of freezing and thawing, were sonicated (three
cycles each of 5 s at 4 mA) and then centrifuged. The clear
supernatant obtained on centrifugation (30 min at 2000 rpm)
was carefully collected in test tubes. Its protein concentration
was adjusted to 70 µg/ml. For NADPH oxidase assay, 100 µl
of sample was mixed with 100 µl of NADPH (0.1 mM in
KRP buffer, pH 7.4) and the volume was made to 1 ml with
potassium phosphate buffer in quartz cuvettes equilibrated
at 25 ◦C. Decrease in absorbance was recorded at 340 nm
for 3 min using double beam spectrophotometer. Amount of
NADPH oxidized was calculated and results were expressed
as n-moles of NADPH oxidized/min/mg protein.

Nitric oxide estimation

Nitric oxide in the cell free supernatant was quantitated fol-
lowing the method of Green et al. [27]. In brief, 100 µl of su-
pernatant was mixed in equal proportion with Griess reagent.
The mixture was kept at room temperature for 10 min prior
to measuring its optical density at 550 nm. Nitric oxide was
quantitated with NaNO2 (Sigma) as a standard.

Total glutathione levels

Glutathione content was estimated by the method of Tietz
et al. [28]. In brief, 1 ml of peritoneal macrophage suspen-
sion and 110 µl TCA were mixed in a test tube. The mixture
was centrifuged at 4 ◦C for 10 min at 10,000 × g. Super-
natant was separated carefully and used for total glutathione
estimation. Supernatant diluted with buffer (1:10 times) was
mixed with 700 µl of NADPH, 100 µl of 5,5′-dithiobis-2-
nitrobenzoic acid (DTNB) and 80 µl of buffer, was kept at
room temperature for equilibration and then 10 µl of glu-
tathione reductase was added (just before the readings) and
immediately the changes in OD were recorded for 90 s. Con-
centration of glutathione was calculated as below.

GSH = change in OD (Test)

change in OD (standard)
×concentration of standard

Histopathological studies

Mice at random from each group were sacrificed through
cervical dislocation and their intestines were removed asep-
tically. It was cut into small pieces and fixed in 10% buffered
formalin. Preserved samples were processed and stained us-
ing hematoxylin and eosin.
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Statistical analysis

The results were statistically evaluated using Student’s un-
paired t-test and nonparametric statistics using Kruskal–
Wallis comparison of one way analysis of variance (ANOVA).

Results

Analysis of surface components

The SDS-PAGE analysis of OMPs showed several bands in
the range of 14–67 kDa molecular weight (lane B, Fig. 1).
SDS-PAGE of LPS did not show any protein bands (lane D,
Fig. 1) but couple of protein bands were seen in LAP-LPS
preparation (lane C, Fig. 1). When the gels were stained with
silver, the LPS portion of the LAP-LPS complex demon-
strated an electrophoretic mobility pattern similar to that of
the protein free LPS. Both antigens demonstrated ladder-
like structures of Salmonella LPS (lanes A and B, Fig. 2).
However, the LPS contamination in OMPs preparation was
not observable in the gel stained with silver (lane C, Fig.
2). Quantitative analysis also showed that LPS was devoid
of protein and contained 0.13 mg/ml LPS only where as
LAP-LPS contained both LPS (0.16 mg/ml) and protein
(0.125 mg/ml).

Inflammatory potential

All the antigenic preparations including LPS, LAP-LPS,
OMPs and whole bacterial cell suspensions were found to

Fig. 1. SDS-polyacrylamide gel stained with Coomaasie blue showing the
electrophoretic pattern of proteins in different preparations extracted from
Salmonella enterica serovar Typhimurium. Lane A: Molecular size markers:
albumin (67 kDa), ovalbumin (43 kDa), trypsin inhibitor (14 kDa); lane B:
OMPs; lane C: LAP-LPS; lane D: LPS.

Fig. 2. SDS-polyacrylamide gel stained with silver showing the elec-
trophoretic pattern of different preparations extracted from Salmonella en-
terica serovar Typhimurium. Lane A: LPS; lane B: LAP-LPS; lane C: OMPs.

be effective as inducers of inflammation as assessed by rat
paw oedema test (Fig. 3A, representative photographs show-
ing inflamed paws). The inflammation was visible within
1 h of infection, this became optimal by 4 h. The magnitude
of inflammatory oedema induced by these antigenic prepara-
tions was maximum in OMPs followed by LAP-LPS and
LPS. Inflammation induced by OMPs (0.43 ± 0.018 cm)
preparation was comparable to that caused by carrageenan
(0.48 ± 0.015 cm), a positive control (Fig. 3B). Adminis-
tration of L-histidine (up to 15 mg/0.1 ml) to rats prior to
injecting carrageenan or whole cells reduced the inflamma-
tory response by 0.3 cm. Rats injected with higher doses of
L-histidine did not show any inflammation.

Inflammatory response following immunization

LD50 for serovar Typhimurium administered intraperi-
toneally was found to be 3.2 × 103 organisms/mouse. The
immunoprotection of mice immunized in separate groups
against: OMPs (50 µg/mouse), LAP-LPS (50 µg/mouse) or
protein free LPS (5 µg/mouse) was 100% against 100×LD50

challenge dose of serovar Typhimurium. However, higher
doses of LPS resulted in decrease in the survival in the test
group.

Besides differences in magnitude of inflammatory re-
sponse to different antigens, significant differences (p <

0.001) were also observed in NADPH oxidase activity of peri-
toneal macrophages derived from infected and control groups
at third and seventh day of post-infection. NADPH oxidase
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Fig. 3. (A) Representative photographs of rat paw showing oedema. (i) Right paw injected with carrageenan (positive control), (ii) right paw injected with OMPs.
Left paws injected with PBS served as negative control. (B) Inflammatory potential of Salmonella and its surface components measured by plethysmometer
scale. All values are mean ± S.D. of six animals. *Inflammation caused by OMPs, LAP-LPS, LPS and carrageenan vs. Salmonella (p < 0.005) as compared
by Student’s unpaired t-test.

activity was the highest in the LPS-immunized group and the
least in mice group immunized with OMPs (Fig. 4). Signif-
icant increase in NO production was observed by peritoneal
macrophages (p < 0.001) in infected group in contrast to
the control animals (Fig. 5). Increase in NO production in
immunized mice groups was observed to be highest in LPS
followed by LAP-LPS and OMPs. Contrary to NADPH ox-
idase and NO production, a decrease in glutathione levels
(p < 0.005) was observed in immunized and infected mice
groups as compared to control group on third day. Glutathione
levels were lower in LPS immunized group (p < 0.001) as
compared to LAP-LPS and OMPs immunized-infected group
(Fig. 6).

Histopathological studies

Histopathological studies showed a significant disorganiza-
tion with detached mucosal cells, distorted epithelial cells
and mononuclear infiltration with oedema as is evident in the
intestine of infected mice group. Comparing the histopatho-
logical alterations in various immunized-infected groups:
the disorganization and detachment of mucosal tissue was
highest in LPS immunized-infected group where in dis-
torted villi were seen. The changes were mild in LAP-
LPS immunized-infected group. Microscopic examination of
intestinal tissue from OMPs immunized-infected mice did
not show many changes. These findings were comparable
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Fig. 4. Concentration of NADPH oxidase in murine peritoneal macrophages isolated from control, infected, OMPs immunized-infected, LAP-LPS immunized-
infected and LPS immunized-infected mice. Values are expressed as mean of three experiments carried out in duplicates ±S.D. *NADPH oxidase concentration,
infected vs. control group (p < 0.001).

Fig. 5. Levels of nitric oxide in murine peritoneal macrophages isolated from control, infected, OMPs immunized-infected, LAP-LPS immunized-infected and
LPS immunized-infected mice (values are mean ± S.D.). *NO concentration, infected vs. control group (p < 0.001).

with control group where no special treatment was given
(Fig. 7).

Discussion

Most often the changes in LPS profile of pathogen alter the
bacterial virulence as well [29]. Since, the LPS can activate
the compliment, even the minutest differences in carbohy-
drate structure results in differential rate of complement acti-
vation and ensuing inflammatory response. LPS sterically
binds to serum and plasma proteins and forms LAP-LPS

complex [30]. Such complexes are biologically less active
with respect to induction of fever, neutropenia, thrombocy-
topenia and complement activation [14]. Curiously, some of
the pathogens exploit this strategy evading the host defense
too, by modifying their LPS to escape the host surveillance
[31]. Knowing the biological activities of LPS as a known
inducer of inflammation, its ability to form complexes with
host proteins prompted us to investigate the inflammatory po-
tential of LPS alone and complexed to proteins as LAP-LPS
in addition to OMPs.

Measurement of paw oedema is a convenient method for
evaluating the degree of inflammation and effectiveness of
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Fig. 6. Concentration of total glutathione in murine peritoneal macrophages isolated from control, infected, OMPs immunized-infected, LAP-LPS immunized-
infected and LPS immunized-infected mice. Values are expressed as mean of three experiments carried out in duplicates ±S.D. *Glutathione concentration,
infected vs. control group (p < 0.005).

Fig. 7. Micrographs showing histopathological changes in the intestines from (A) normal, (B) infected, (C) OMPs immunized-infected mice (magnification
40×, H and E).

therapeutic drugs. Surprisingly, contrary to the current re-
ports on LPS as a known inflammatory agent [32], the in-
flammation induced by LPS alone was lower as compared to
the inflammation induced by complexed LPS (LAP-LPS) or
OMPs in the present study. The higher inflammatory response
observed with LAP-LPS complex apparently indicates the in-
volvement of protein moieties present in LAP-LPS resulting
in exacerbated inflammatory response. Similar increase in in-
flammatory response has been reported with OMPs (porins)
wherein oedema induced was comparable to that induced by
carrageenan (a known inflammagen) [33].

It is known that serovar Typhimurium induces ruffling in
intestinal epithelial cells and probably signals inflammation
as well [13]. It could be crucial in modifying the clinical
course of the disease. Currently, the detrimental effect of
inflammatory mediators is regulated through antioxidants in-
cluding the use of L-histidine or N-acetyl-L-cysteine, the pre-
cursors of glutathione (GSH). GSH is known to directly help
in maintaining a favorable redox environment [11]. The in-
flammation induced by serovar Typhimurium was manage-
able or controllable with L-histidine, which is in agreement
with the study carried out by Peterson et al. [24].
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Apprehending the undesirable effects of anti-inflammatory
drugs such as dexamethasone and indomethacin, it was worth
exploring the anti-inflammatory potential of bacterial surface
antigens as immunogens for preventive intervention rather
than as therapeutics. The ROS are produced by a membrane
bound enzyme complex, the NADPH oxidase [34, 35] lead-
ing to the activation of respiratory burst. Higher NADPH
oxidase activity observed in vitro in macrophages derived
from infected mice group causes extensive damage in vivo in
various tissues [36–39]. Differences observed in NADPH ox-
idase levels in animals immunized with surface components
(prior to serovar Typhimurium challenge) evidently indicate
the role of surface antigens in activation of phagocytic cells.
Manipulation of release of ROS and pro-inflammatory medi-
ators (cytokines) that orchestrate the inflammatory response
may be useful in neutralizing inflammation-mediated dam-
ages in the host.

Peroxinitrite, a potent oxidant formed from NO and super-
oxide radical is microbicidal for various bacteria including
Salmonella enterica serovar Typhimurium [40]. It has also
been demonstrated that mice deficient in both NADPH
phagocyte oxidase (phox) and iNOS were more susceptible
to various bacterial infections that were mice deficient in
either single enzyme [41]. RNI such as NO and peroxynitrite
(ONOO) function as effective chemo attractants [42, 43].
Although NO released against these preparations did not
show any significant differences amongst the LPS and
LAP-LPS immunized groups, yet the net amount of NO
produced was significantly higher (p < 0.005) in LPS
immunized groups as compared to the OMPs-immunized
groups. Partly the differences may be due to the protein
concentrations in these preparations.

Glutathione peroxidase is capable of catalyzing the reduc-
tion of a wide range of lipid hydroperoxides to their cor-
responding hydroxy radicals. It requires GSH as substrate,
which in turn is regulated by the enzyme glutathione reduc-
tase that catalyzes the conversion of oxidized glutathione to
GSH. A significant increase in the level of GSH was ob-
served in all the immunized groups. The differences in glu-
tathione released by activated macrophages from the immu-
nized groups and infected group further confirm the subtle
differences in interactive activities of these preparations. De-
crease in GSH levels has earlier been shown to correlate
with intestinal fluid accumulation and morphological damage
to tissues [44] following enteric infection. However, earlier
work done in our laboratory also indicated an increase in the
levels of superoxide dismutase following immunization with
OMPs [45] and LAP-LPS [46] complex. It may be possi-
ble that both mechanisms could be working synergistically
to combat the oxidative stress. Absence of disarray in mice
immunized with OMPs may be due to little or controlled in-
flammatory activities. Histopathalogical changes observed in
the intestinal tissues of the infected mice may be related to

the differences in NADPH oxidase, NO as well as GSH levels
in the immunized groups vis a vis infected mice group.

This study shows that immunization with protein moieties
have the anti-inflammatory potential evident by inhibition of
oedema and effective inhibition of ROS generation. It seems
to inhibit the action of free radicals by increasing the levels
of GSH. Immunization with protein moieties may be useful
as preventive intervention that is devoid of effects of anti-
inflammatory drugs containing L-histidine-like structure. In
addition, the associated anti-inflammatory activity of OMPs
may further enhance the host immune responses as the pro-
teins intervene in both non-specific and specific immune re-
sponses. This response would be long lasting vis a vis LPS
alone. Further we plan to study the role of cytokines in this
context.
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