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Gram-negative sepsis is related to the activation of interconnected inflammatory cascades in response to
bacteria and their products. Recent work showed that flagellin, the monomeric subunit of bacterial flagella,
triggers innate immune responses mediated by Toll-like receptor 5. Here, we compared the effects of Salmonella
enterica serovar Enteritidis lipopolysaccharide (LPS) and recombinant Salmonella enterica serovar Muenchen
flagellin administered intravenously (100 �g) to mice. Flagellin and LPS both elicited a prototypical systemic
inflammatory response, with increased levels of tumor necrosis factor alpha, gamma interferon, interleukin 6
and 10, and nitrate in plasma. Flagellin induced a widespread oxidative stress, evidenced by an increase in
malondialdehyde and a decrease in reduced glutathione in most organs, as well as liver (increased plasma
aminotransferases), but not renal, injury. Alternatively, LPS resulted in a less severe oxidative stress and
triggered renal, but not liver, damage. Sequestration of polymorphonuclear neutrophils (increased myeloper-
oxidase activity) in the lungs was observed with both toxins, while only LPS recruited neutrophils in the gut.
In additional experiments, the simultaneous administration of small doses of LPS and flagellin (10 �g)
induced a synergistic enhancement of the production of proinflammatory cytokines. Our data support a novel
concept implicating flagellin as a mediator of systemic inflammation, oxidant stress, and organ damage
induced by gram-negative bacteria.

It is generally acknowledged that the systemic inflammatory
response triggered by pathogenic gram-negative bacteria
largely depends on the release of lipopolysaccharide (LPS)
from the bacterial cell wall (13). Therefore, the systemic ad-
ministration of LPS has been commonly used to reproduce the
typical features of clinical septic shock, including the produc-
tion of proinflammatory mediators, the development of car-
diovascular failure, and multiple organ damage, leading even-
tually to death (18). However, several important differences
distinguish bacterial and LPS-induced shock, notably regarding
the kinetics and distribution of proinflammatory gene expres-
sion, which limit the inferences that can be drawn from endo-
toxemic models (11). The many differences between the effects
of LPS versus live bacteria support the concept that bacterial
components distinct from LPS are additional triggers of sys-
temic inflammation and shock during the course of severe
infections with gram-negative bacteria.

A possible candidate for eliciting systemic inflammation
and shock is flagellin, the main protein subunit of the flagel-
lar filament from motile microorganisms (3, 22). In addition
to its primary role as a structural component of the bacterial

flagella, flagellin may act as an exotoxin, being released from
motile gram-negative bacteria in vitro (7, 15) and being
detectable in significant amounts as a freely circulating pro-
tein in the blood of septic rats (7). Recent studies from our
laboratory and other investigators indicated that flagellin
activates the nuclear translocation of NF-�B and induces
the release of a host of proinflammatory mediators in vitro
and in vivo (6, 7, 10, 19, 20, 29). Efforts to identify the
signaling pathways mediating these effects led to the recent
demonstration that flagellin binds and activates the Toll-like
receptor 5 (TLR5; 12) and activates interleukin 1 (IL-1)
receptor-associated kinase (IRAK) (20). Here, we have in-
vestigated further the role of flagellin as a proinflammatory
mediator, comparing its effects to those of LPS (both from
Salmonella species), focusing on the development of sys-
temic inflammation, the sequestration of polymorphonu-
clear neutrophils, and the generation of oxidative stress in
tissues, as well as the occurrence of organ injury.

MATERIALS AND METHODS

Purified recombinant Salmonella enterica serovar Muenchen flagellin was pre-
pared as previously described (7). Briefly, the gene fragment corresponding to
amino acids 1 to 156 of the flagellin gene of S. enterica serovar Muenchen was
generated by PCR amplification with a sense primer designated 1S (5�-CGC
GGATCCCAATGGCACAAGTCATTAATACAAACA) and an antisense
primer designated 468A (5�-TCCGCTCGAGTTAAATAGTTTCACCGTCGT
TGGCACC). The entire flagellin gene was amplified with primers 1S and 1530A
(5� TCCGCTCGAGTTAACGCAGTAAAGAGAGGACGTTTTG). Under-
lined nucleotides represent adapter sequences added to the ends of primers to
maintain the proper reading frame and facilitate cloning (BamHI recognition
sites on sense primers and XhoI sites on antisense primers). Template DNA for
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PCRs was plasmid CL402, a clone of pBR322 containing a 3.8-kb EcoRI frag-
ment of S. enterica serovar Muenchen chromosomal DNA that harbors the 1.5-kb
flagellin gene. PCR-generated flagellin DNA was digested with BamHI plus
XhoI, gel purified, and subcloned into the BamHI-XhoI sites at the 3� end of the
glutathione S-transferase (GST) gene in expression vector pGEX-5X-2 (Phar-
macia Biotech, Piscataway, N.J.) and pET 30C (Novagen). A single colony of E.
coli DH5a (Life Technologies, Gaithersburg, Md.) containing the desired plas-
mid was grown at 37°C in Luria broth containing 100 �g of ampicillin/ml to an
A600 of 0.5 and then induced for 3 h with 0.5 mM IPTG (isopropyl-�-D-thioga-
lactopyranoside). Following induction, bacteria were harvested and washed with
STE buffer (10 mM Tris [pH 8], 50 mM NaCl, 1 mM EDTA). Cells were
suspended in STE buffer containing 100 �g of lysozyme per ml, incubated for 45
min on ice, and then adjusted to 5 mM dithiothreitol (DTT). After two freeze
thaws, the cell suspension was sonicated and clarified by centrifugation at
10,000 � g. The soluble lysate was applied to a glutathione-agarose column,
washed with STED buffer (STE plus 5 mM DTT), and then eluted with STED
buffer containing 10 mM reduced glutathione. The purity of each eluted fusion
protein was analyzed by sodium dodecyl sulfate gel electrophoresis. Purified
proteins were dialyzed against phosphate-buffered saline (PBS), quantified by
the Bradford method, and stored at �70°C.

To remove any possible contaminant LPS, purified flagellin was passed
through a polymyxin B column as previously described (7), resulting in a flagellin
preparation containing less than 20 pg of LPS/�g of flagellin, as measured by the
chromogenic Limulus amebocyte assay.

Experimental protocols. In vivo studies were performed in accordance with
National Institutes of Health guidelines and with the approval of the local
institutional animal care and use committee.

Eighty-five male BALB/c mice (8 to 10 weeks old, 25 to 30 g) were used in a
first series of experiments. At baseline, the animals received an intravenous
injection, via the tail vein, of either 100 �g (4 mg/kg of body weight) of recom-
binant S. enterica serovar Muenchen flagellin (n � 40 mice) or 100 �g (4 mg/kg)
of S. enteritidis LPS, given in 0.2 ml of vehicle (10 mM PBS [pH 7.4]). A group
of five mice not receiving LPS or flagellin was used for control purposes. The
dose of LPS administered in this study was selected on the basis of numerous
previous works evaluating the effects of LPS in rodents, where doses in the
milligram-per-kilogram range were generally administered (9, 17, 31, 33). Ac-
cordingly, we used a similar dose of flagellin. At selected time points (from 1 to
8 h after the injection), the animals were anesthetized with pentobarbital (60
mg/kg intraperitoneally). Blood was obtained by cardiac puncture, and a thoraco-
laparotomy was performed to harvest the lungs, heart, liver, kidneys, and small
intestine, which were immediately frozen in liquid nitrogen and then stored at
�70°C.

In a second series of experiments, we investigated a possible synergy between
the effects of LPS and flagellin, administered at smaller doses. Mice (n � 5 to
6/group) received an intravenous (i.v.) injection of LPS or flagellin (20 �g/
mouse) or a combination of both toxins (10 �g of LPS plus 10 �g of flagellin/
mouse). The animals were then sacrificed at selected time-points (1 to 4 h after
the injection) for the measurements of plasma cytokines and for biochemical
measurements in lung tissue (described below).

Measurements. (i)Circulating levels of TNF-�, IFN-�, IL-6, and IL-10. The
levels of the different cytokines in plasma were determined by commercially
available enzyme-linked immunosorbent assays (R&D Systems, Minneapolis,
Minn.), according to the manufacturer’s protocol. Plasma samples were diluted

1:2 to 1:10 in mice challenged with LPS or flagellin, and were assayed undiluted
in control mice.

(ii) Plasma AST, ALT, and urea. The concentrations of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), and urea were measured in
plasma samples with kits obtained from Sigma Chemicals (St. Louis, Mo.),
according to the manufacturer’s protocol.

(iii) Plasma nitrate and nitrite. Plasma nitrate and nitrite were measured as an
index of nitric oxide (NO) production. First, nitrate in the plasma was reduced to
nitrite by incubation with nitrate reductase (610 mU/ml) and NADPH (170 mM)
at room temperature for 3 h. After 3 h, the nitrite concentration in the samples
was measured by the Griess reaction, by adding 100 �l of Griess reagent (0.1%
naphthalethylenediamine dihydrochloride in H2O and 1% sulfanilamide in 5%
concentrated H3PO4 [1:1 volume]). The optical density at 550 nm (OD550 [cor-
rected for A650]) was measured in a Spectramax microplate reader. Nitrite
concentrations were calculated by comparison of the OD550 of standard solutions
of sodium nitrite prepared in PBS.

(iv) MPO. Tissues were homogenized (50 mg/ml) in 0.5% hexadecyltrimeth-
ylammonium bromide in 10 mM 3-(N-morpholino) propanesulfonic acid
(MOPS) and centrifuged at 15,000 � g for 40 min. The suspension was then
sonicated three times for 30 s. An aliquot of supernatant was mixed with a
solution of 1.6 mM tetramethylbenzidine and 1 mM hydrogen peroxide. Activity
was measured spectrophotometrically as the change in A650 at 37°C with a
Spectramax microplate reader (Molecular Devices, Sunnyvale, Calif.). Results
are expressed as milliunits of myeloperoxidase (MPO) activity per milligram of
protein, as determined by the Bradford assay.

(v) MDA assay. Malondialdehyde (MDA) formation was utilized to quantify
the lipid peroxidation in tissues and measured as thiobarbituric acid-reactive
material. Tissues were homogenized (100 mg/ml) in 1.15% KCl buffer. Homog-
enates (200 �l) were then added to a reaction mixture consisting of 1.5 ml of
0.8% thiobarbituric acid, 200 �l of 8.1% sodium dodecyl sulfate, 1.5 ml of 20%
acetic acid (pH 3.5), and 600 �l of distilled H2O and heated at 90°C for 45 min.
After cooling to room temperature, the samples were cleared by centrifugation
(10,000 � g, 10 min), and their A532 was measured with 1,1,3,3-tetramethoxypro-
pane as an external standard. The level of lipid peroxides was expressed as
nanomoles of MDA per milligram of protein.

(vi) Glutathione assay. The levels of reduced glutathione were determined
as an index of antioxidant reserves in tissues. Tissues were homogenized (100
mg/ml) in 5% sulfosalicylic acid. The homogenates were centrifuged at
10,000 � g for 20 min, and an aliquot of the clear supernatant (20 �l) was
combined with 0.3 M Na2HPO4 (160 �l) and 0.04% 5,5�-dithiobis-(2-nitro-
benzoic acid) in 1% sodium citrate (20 �l). After 10 min of incubation at
room temperature, A405 was read in a Spectramax microplate reader. Con-
centrations of GSH were calculated from a standard curve constructed with
known concentrations of reduced glutathione and were expressed in micro-
grams per 100 milligrams of wet tissue.

Statistical analysis. All of the results are presented as means 	 standard
errors. Plasma cytokine levels were compared between groups at selected time
points by means of a nonparametric test (Mann-Whitney). All the other param-
eters were statistically compared by analysis of variance, followed by Bonferroni
adjustment. Statistical significance was assigned to a P value of 
0.05.

Reagents. S. enteritidis LPS and all other chemicals were purchased from
Sigma Chemicals.

TABLE 1. Time course of plasma cytokinesa

Cytokine

Concn of cytokine (pg/ml) atb:

Control
1 h 2 h 4 h 8 h

L F L F L F L F

TNF-� 0 2,800 (447) 386* (50) 1,898 (123) 144* (13) 588 (67) 247* (176) 245 (138) 358 (144)
IFN-� 0.2 (0.2) 1.7 (1.2) 2.3 (1.9) 72 (21) 86 (29) 989 (165) 430* (59) 1,312 (238) 430* (54)
IL-6 13 (4) 4,629 (1,149) 549* (83) 20,197 (1,810) 651* (119) 9,934 (340) 290* (22) 5,558 (860) 277* (39)
IL-10 11 (8) 1,388 (252) 83* (7) 1,801 (476) 98* (17) 1,061 (194) 97* (18) 356 (52) 75* (17)

a Conscious mice were challenged at baseline with an i.v. injection of S. enterica serovar Enteritidis LPS (L) or S. enterica serovar Muenchen flagellin (F), both at
4 mg/kg (100 �g/mouse). A group of five mice not treated with LPS or flagellin was used for control purposes. Mice were killed after 1, 2, 4 and 8 h, and plasma was
obtained for the measurement of circulating cytokines. n � 9 to 10 mice/group at each time point.

b Values are means with standard errors given in parentheses. *, P 
 0.05 for LPS versus flagellin. All values in the L and F groups were significantly higher than
those in control mice.
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RESULTS

Time course of plasma cytokines and nitrate. Both LPS and
flagellin induced a significant release of tumor necrosis factor
alpha (TNF-�), gamma interferon (IFN-�), IL-6, and IL-10, as
shown in Table 1. In the case of LPS, the different cytokines
(except IFN-�) showed an early peak followed by a progressive
decrease. The increase in cytokines produced by flagellin was
smaller than that of LPS, and its time course was different. The
levels of TNF-� and IL-10 had increased already after 1 h and
remained stable thereafter, while IL-6 slightly decreased at 4
and 8 h, after an early release at 1 and 2 h. Regarding IFN-�,
the time courses of its increase were similar between LPS and
flagellin, marked by a progressive release, starting from the
second hour postinjection.

The effects of LPS and flagellin at lower doses and of the
coadministration of both LPS and flagellin on the circulating
levels of TNF-� and IL-6 are shown in Fig. 1. When compared
to the effect of each cytokine separately, the release of both

cytokines was significantly enhanced when LPS and flagellin
were injected together. At 1 h, the levels of TNF-� were
2,241 	 704 (LPS), 288 	 41 (flagellin), and 4,293 	 476 (LPS
plus flagellin; P 
 0.05 versus LPS or flagellin alone) pg/ml,
whereas the levels of IL-6 at 4 h reached 6,575 	 166 (LPS),
470 	 42 (flagellin), and 8,084 	 225 (LPS plus flagellin; P 

0.05 versus LPS or flagellin alone) pg/ml.

Figure 2 depicts the time course of plasma nitrate, an indi-
cator of NO production, after flagellin or LPS administration.
Compared to control values (31.2 	 4.7 �M), plasma nitrate
markedly increased at 4 and 8 h following the injection of both
toxins. The levels reached with LPS were significantly greater
than with flagellin (at 8 h, values for LPS and flagellin of
368.5 	 24.6 and 226.4 	 12.1 �M, respectively).

Levels of MDA and reduced glutathione in tissue. In the
lung (Fig. 3A), gut (Fig. 3B), and liver (Fig. 3C), the levels of
MDA showed a significant increase following flagellin admin-
istration, most notably after 8 h. In the heart (Fig. 3E), flagellin
increased the levels of MDA only at 4 h. In the kidney (Fig.

FIG. 1. Time course of plasma cytokines after the combined ad-
ministration of LPS (L) and flagellin (F). Conscious mice received an
i.v. injection of S. enterica serovar Enteritidis LPS (20 �g) or recom-
binant S. enterica serovar Muenchen flagellin (20 �g), or a combination
of both toxins (each at 10 �g). Plasma was obtained after 1 and 4 h for
the determination of the circulating levels of TNF-� (A) and IL-6 (B).
A significant synergy between LPS and flagellin was noted for TNF-�
(at 1 h) and IL-6 (at 4 h). n � 5 to 6 mice/group. Means 	 standard
errors: �, P 
 0.05 for LPS plus flagellin versus either LPS or flagellin
alone.

FIG. 2. Time course of plasma nitrate. Conscious mice received an
i.v. injection of S. enterica serovar enteritidis LPS (100 �g) or recom-
binant S. enterica serovar muenchen flagellin (FLG; 100 �g) and were
killed after 4 or 8 h for the measurement of plasma nitrate. A group of
naive mice (n � 5) was used as controls. LPS and flagellin induced a
progressive increase in plasma nitrate that was more pronounced after
LPS. n � 9 to 10 animals/group at each time point. Means 	 standard
error: †, P 
 0.05 versus control; �, P 
 0.05 for LPS versus flagellin.

FIG. 3. Tissue MDA. Conscious mice were challenged with an i.v.
injection of 100 �g of S. enterica serovar Enteritidis LPS (L groups) or
recombinant S. enterica serovar Muenchen flagellin (F groups). A
group of five naı̈ve mice was used as controls (group C). Tissues were
harvested after 4 or 8 h to determine the formation of MDA, a marker
of lipid peroxidation. (A) Lung. (B) Gut. (C) Liver. (D) Kidney. (E)
Heart. LPS transiently increased MDA in the lung and in the gut after
8 h. In contrast, flagellin induced a widespread formation of MDA,
significantly more pronounced than after LPS in the lung, liver, and
heart. n � 9 to 10 animals/group at each time point. Means 	 standard
errors: †, P 
 0.05 versus control; �, P 
 0.05 for LPS versus flagellin
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3D), although flagellin increased the formation of MDA, this
effect did not reach statistical significance when compared to
control animals. In contrast, LPS only increased MDA forma-
tion in the lung after 4 h and in the gut after 8 h.

No additive or synergistic effects on lung MDA was observed
4 h after the coadministration of LPS and flagellin, both at 10
�g/mouse (not shown). The levels of MDA were 6.01 	 0.61
(LPS), 7.25 	 0.57 (flagellin), and 7.24 	 0.46 (LPS plus
flagellin) nmol/mg of protein.

The levels of reduced glutathione in tissue (Fig. 4) decreased
in a comparable way in the lung (Fig. 4 A), gut (Fig. 4B), and
kidney (Fig. 4D) after flagellin or LPS. In the liver (Fig. 4C),
the effect of flagellin was significantly larger after 8 h. Flagellin,
but not LPS, also reduced the levels of glutathione in the heart
(Fig. 4E).

Tissue MPO activity. Figure 5 illustrates the values of MPO
activity in the different organs. In the lung (Fig. 5A), both LPS
and flagellin triggered an important recruitment of neutro-
phils, significantly greater with flagellin at 4 h, while no signif-
icant differences were noted at 8 h. In the gut (Fig. 5B), flagel-

lin did not influence MPO activity, whereas LPS induced a
significant increase in MPO after 8 h. In the liver (Fig. 5C) and
kidney (Fig. 5D), no changes in MPO with respect to the
control values were noted, although flagellin tended to be
associated with a decrease in liver MPO 8 h after administra-
tion. Finally, in the heart (Fig. 5E), a marked decrease in
MPO, indicative of a significant reduction in the resident neu-
trophils in this organ, was noted in mice receiving either LPS
or flagellin.

MPO was also determined in the lung 4 h after the admin-
istration of low doses of LPS or flagellin alone or in combina-
tion (not shown). While a significant increase in MPO was
measured with both toxins (LPS, 263 	 38 mU/mg protein),
(flagellin, 307 	 19 mU/mg protein), their coadministration
did not increase further MPO (LPS plus flagellin, 268 	 30
mU/mg of protein; P is not significant versus LPS or flagellin
alone).

Levels of aminotransferases and urea in plasma. The results
of the measurements of ALT, AST, and urea, determined 4 h
after LPS or flagellin administration, are depicted in Fig. 6.

FIG. 4. Levels of reduced glutathione (GSH) in tissue. GSH levels
were determined as an indicator of antioxidant reserves in organs
harvested 4 or 8 h after the i.v. administration of 100 �g of S. enterica
serovar Enteritidis LPS (L groups) or recombinant S. enterica serovar
Muenchen flagellin (F groups). A group of five naı̈ve mice was used as
controls (group C). Both toxins decreased GSH in the lung (A), gut
(B), liver (C), and kidney (D). The effect of flagellin was significantly
larger in the liver. (E) Flagellin also decreased the levels of GSH in the
heart. n � 9 to 10 animals/group at each time point. Means 	 standard
errors: †, P 
 0.05 versus control; �, P 
 0.05 for LPS versus flagellin.

FIG. 5. Tissue MPO activity. Tissue MPO activity was determined
in organs harvested 4 or 8 h after i.v. administration of 100 �g of S.
enteritidis LPS (L groups) or recombinant S. muenchen flagellin (F
groups). A group of five naı̈ve mice was used as controls (group C). (A)
Lung. (B) Gut. (C) Liver. (D) Kidney. (E) Heart. Both LPS and
flagellin induced neutrophil accumulation into the lung, an effect that
appeared earlier after flagellin. LPS, but not flagellin, also increased
MPO in the gut. n � 9 to 10 animals/group at each time point.
Means 	 standard errors: †, P 
 0.05 versus control; �, P 
 0.05 for
LPS versus flagellin.
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LPS and flagellin induced a significant increase in plasma ALT
(Fig. 6A), indicative of liver injury, significantly more pro-
nounced in mice receiving flagellin (controls, 34.8 	 7.8 IU/
liter; LPS, 83.1 	 10.1; flagellin, 131.2 	 24.3 IU/liter). Flagel-
lin also induced an increase in AST (Fig. 6B) that was not
observed after LPS. Plasma urea showed a significant increase
only in mice treated with LPS, whereas flagellin did not affect
this parameter (Fig. 6C).

DISCUSSION

Recent studies have indicated that flagellin, a principal com-
ponent of bacterial flagella, can trigger innate immune re-
sponses in mammals by inducing the mobilization of the tran-
scription factor NF-�B and the expression of various
proinflammatory genes (6, 7, 10, 19, 20, 29). Two recent re-
ports (12) have demonstrated that these effects are mediated
through activation of the Toll-like receptor 5 (12) and IRAK
(20) by flagellin. The IL-1 receptor–TLR (IL-1/TLR) family of
proteins belong to a group of proteins recently termed “pattern

recognition receptors” (14), which mediate innate immune re-
sponses following interaction with various pathogen-associated
molecular patterns (PAMPs) (34). LPS is another PAMP,
which, in contrast to flagellin, binds to the CD14 receptor and
then activates TLR4 receptors (5, 23, 25). While the role of
LPS as a major proinflammatory component released by gram-
negative bacteria is widely established, the flagellin-TLR5 sig-
naling pathway is emerging as a novel concept in the interac-
tions of motile bacteria with eukaryotic organisms. Here, we
investigated further the effects of flagellin in vivo, focusing on
the systemic release of proinflammatory mediators and the
development of inflammatory changes in major organs as well
as comparing these effects to those of LPS.

Development of systemic inflammation after flagellin ad-
ministration. In agreement with our previous studies (7), we
found that flagellin triggered a prototypical systemic inflam-
matory response, characterized by the production of both
proinflammatory (TNF-�, IL-6, and IFN-�) and anti-inflam-
matory (IL-10) cytokines (Table 1). While the magnitude of
these effects was smaller than that after LPS, an important
novel finding was that the release of proinflammatory cyto-
kines was significantly enhanced when both toxins were admin-
istered together at low doses (10 �g/mouse) (Fig. 1). Of note,
such doses are in the range of the concentrations of free cir-
culating flagellin (0.4 to 2 �g/ml) that can be measured in rats
with gram-negative sepsis (7). This synergy, which supports the
existence of a cross talk between TLR4 and TLR5 signaling
pathways, may represent an important mechanism to amplify
proinflammatory signals necessary to fight invading microor-
ganisms. Alternatively, this synergy might favor the develop-
ment of the overwhelming systemic inflammatory response
that characterizes septic shock.

It is now well established that the cardiovascular failure in
sepsis is largely related to enhanced NO production following
the expression of inducible NO synthase (iNOS) (30). While
LPS is a well-recognized inducer of iNOS expression, our data
provide evidence that flagellin is able to upregulate NO bio-
synthesis as well (Fig. 2). This observation, which confirms our
earlier findings (7), indicates that flagellin may be, in addition
to LPS, an important mediator of circulatory shock in gram-
negative sepsis.

Flagellin induces widespread oxidative stress. Cellular oxi-
dative damage is a well-recognized mechanism of organ injury
and dysfunction in gram-negative sepsis (28). In this regard,
the diffuse oxidant stress induced by flagellin, evidenced by a
sharp increase in MDA formation (Fig. 3), concomitant to a
reduction in tissue reduced glutathione (GSH) (Fig. 4), is an
important, clinically relevant finding of the present study. It is
noteworthy that, in contrast to the larger influence of LPS on
the systemic release of cytokines, the pro-oxidant effect of
flagellin in tissues was in general significantly greater. This
difference suggests that the recognition of LPS and flagellin by
distinct TLR receptors elicits alternate immune effector mech-
anisms. Our data support that activation of the TLR5 receptors
by flagellin triggers prototypical host responses, resulting in the
generation of a widespread oxidant stress. Interestingly, a re-
cent report showed that interaction of bacterial lipoproteins
with TLR2 receptors activates cells to produce a burst of re-
active oxygen species (1). Thus, the generation of oxidant spe-
cies appears to be an important consequence of TLR signaling,

FIG. 6. Biochemical markers of organ injury. Conscious mice re-
ceived an i.v. injection of S. enterica serovar Enteritidis LPS (100 �g)
or recombinant S. enterica serovar Muenchen flagellin (100 �g). Bio-
chemical markers of liver injury (ALT [A], AST [B]) and renal damage
(urea [C]) were determined after 4 h. A group of five naı̈ve mice was
used as controls. Flagellin induced significantly more liver injury than
LPS, whereas LPS, but not flagellin, induced renal damage.UI, inter-
national units. n � 9 to 10 mice/group. Means 	 standard errors: †,
P 
 0.05 versus control; �, P 
 0.05 for LPS versus flagellin.
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which may serve as a primary mechanism of defense against
invading pathogens.

Flagellin recruits neutrophils into the lungs. The acute re-
spiratory distress syndrome (ARDS) is a common complica-
tion of sepsis, in part related to the local sequestration and
activation of polymorphonuclear neutrophils (4). It is generally
acknowledged that LPS is a possible trigger of ARDS in gram-
negative sepsis (24, 26, 32). We now identify flagellin as an-
other bacterial toxin leading to the accumulation of neutro-
phils in the lungs (Fig. 5), an observation consistent with a
previous report showing that the intratracheal injection of
flagellin provokes a diffuse pneumonitis in mice (8). Of note,
we did not find any increase, but rather found a decrease of
MPO in response to flagellin in other organs (heart, and, to a
lesser extent, liver), whereas LPS also recruited neutrophils in
the gut. This suggests specific interactions between flagellin
and the pulmonary circulation, resulting in a general mobili-
zation of neutrophils from the periphery towards the lungs. As
such, flagellin might represent a previously unrecognized me-
diator of ARDS in gram-negative sepsis. This hypothesis is
currently under investigation in our laboratory.

LPS and flagellin exert contrasting influences on organ
damage. Liver injury and dysfunction are typical features of the
multiple organ failure complicating clinical gram-negative sep-
tic shock (27). The data presented here support a possible role
of flagellin as an initiator of such abnormalities. Indeed, flagel-
lin administration was associated with the occurrence of liver
damage, indicated by an increase in plasma aminotransferases
(Fig. 6A and B), significantly more pronounced than after LPS.
While a possible mechanism underlying this effect was the
marked oxidant stress generated by flagellin, additional stud-
ies, both morphological and functional, are required to more
precisely define the mechanisms of flagellin toxicity on this
organ.

Contrasting with their influences on the liver, LPS, but not
flagellin, induced renal damage (Fig. 6C). It is worth mention-
ing here that LPS produces a hypodynamic pattern of shock
with redistribution of systemic blood flow (9, 16, 21). The
decreased renal perfusion observed under these conditions (2,
31) is responsible for an early increase in plasma urea. Al-
though flagellin also induces arterial hypotension in mice (7),
its effects on systemic and regional blood flows are currently
unknown. However, the lack of increase of plasma urea in
response to flagellin indirectly suggests that it induces a hemo-
dynamic pattern different from that of LPS, an hypothesis that
remains to be characterized in detail.

It is noteworthy that the measurements of serum parameters
of gross organ damage, while in most cases correlate with the
magnitude with the degree of histological damage, do not
substitute for the histopathological analysis of tissue injury.
Additional studies investigating the specific nature and pat-
terns of the histological tissue damage induced by flagellin
versus LPS in the various organs will be required in the future.

Conclusions. A growing body of evidence indicates that the
flagellin subunit of the bacterial flagella represents an impor-
tant mediator of inflammation released by gram-negative bac-
teria. The present data further support this emerging concept,
by showing that flagellin has powerful pro-oxidant and proin-
flammatory effects in vivo. Future investigations are required
to determine the possible role of flagellin in clinical sepsis.

Such information might help to devise novel therapeutic strat-
egies, due to the theoretical possibility of neutralizing the ef-
fects of flagellin by specific antibodies.
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