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Flagellin, a Novel Mediator of Salmonella-Induced Epithelial
Activation and Systemic Inflammation: IkBa Degradation,
Induction of Nitric Oxide Synthase, Induction of
Proinflammatory Mediators, and Cardiovascular Dysfunction1

Tonyia Eaves-Pyles,† Kanneganti Murthy,* Lucas Liaudet, 2§¶ LászlóVirá g,* Gary Ross,‡

Francisco Garcia Soriano,3¶ Csaba Szabo´,*¶ and Andrew L. Salzman4*†§

Gram-negative sepsis is mediated by the actions of proinflammatory genes induced in response to microbes and their products.
We report that flagellin, the monomeric subunit of flagella, is a potent proinflammatory species released bySalmonella.Flagellin
(1 mg/ml) induces IkBa degradation, NF-kB nuclear translocation, and inducible NO synthase expression in cultured intestinal
epithelial cells (IEC). AflagellicSalmonellamutants do not induce NF-kB activation or NO production by cultured IEC. Antiserum
to flagellin blocks NO production in IEC induced by medium conditioned by a variety of motile Gram-negative enteric pathogens
(Escherichia coli, Salmonella muenchen, Serratia marcescens, Proteus mirabilis, and Proteus vulgaris). Flagellin, when injected
systemically (;10 mg/mouse), induces systemic inflammation characterized by the systemic expression of a range of proinflam-
matory cytokines and chemokines and of inducible NO synthase. At higher doses (;300 mg/mouse), flagellin induces shock,
characterized by hypotension, reduced vascular contractility in mice, and death. The effects of flagellin do not diminish in
C3H/HeJ LPS-resistant mice, indicating that the Toll-like receptor-4 receptor is not involved in flagellin’s actions. In LPS-resistant
mice, i.p. injection of S. dublin flagellin or medium conditioned by wild-type S. dublin induces serum IFN-g and TNF-a, whereas
medium conditioned by aflagellic mutants has no effect. Flagellin can be detected in the blood of rats with septic shock induced
by live bacteria at approximately 1 mg/ml. We propose that flagellin released by Gram-negative pathogens may contribute to the
inflammatory response by an LPS- and Toll-like receptor-4-independent pathway. The Journal of Immunology,2001, 166: 1248–1260.

Salmonellaeare Gram-negative, pathogenic micro-organisms
that gain entrance to the human host by penetrating enterocytes
in the intestinal mucosa. Enteroinvasion elicits a complex ge-

netic response in the gut mucosa, inducing the expression of free
radicals, cytokines, and chemokines associated with inflammation, tis-
sue injury, and shock (1–5). Translocation ofSalmonellaeinto the
mesenteric lymphatics and the systemic circulation further activates
proinflammatory gene expression in mononuclear cells, resulting in
constitutional symptoms and hemodynamic alterations of septic shock
(6). These effects are mediated by a broad range of cytotoxins, among
them NO, a reactive free radical synthesized fromL-arginine by in-

ducible NO synthase (iNOS)5 (7). At nanomolar concentrations, NO
functions as an endogenous antimicrobial factor, inhibiting oxygen
consumption by disrupting the catalytic activity of the iron center in
aconitase (8). Bacterial resistance to NO is dependent upon the in-
ducible up-regulation of NO dioxygenase, a microbial flavohemoglo-
bin that oxidizes NO via a peroxynitrite-like intermediate (9, 10).

De novo expression of iNOS in gut epithelial cells occurs in re-
sponse to direct microbial interaction (1) and indirectly through the
actions of proinflammatory cytokines induced by microbes and their
products (11). Despite marked species variation in the organization of
proinflammatorycis response elements of the iNOS promoter, the
transcription of both murine and human iNOS genes is dependent
upon the nuclear translocation of the cytosol-sequestered heterodimer
p50/p65 (NF-kB) of the Rel family (11–13). Intestinal epithelial cells
(IEC) stimulated by Gram-negative bacteria readily induce degrada-
tion of the cytosolic inhibitor IkBa, resulting in the nuclear translo-
cation and activation of NF-kB (14) and the transcriptional up-regu-
lation of nuclear iNOS mRNA (15). We now report that flagellin, a
monomeric constituent of bacterial flagella, represents a crucial proin-
flammatory activity released bySalmonella dublin, a monophasic se-
rotype making flagella (and so flagellin) of antigenic typeg,p.

Materials and Methods
In vitro experiments

Bacterial culture. Salmonella dublin(SD), Salmonella typhimurium, Sal-
monella muenchen, Proteus vulgaris, Proteus mirabilis,andSerratia marc-
escens(American Type Culture Collection, Manassas, VA),Pseudomonas
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aeruginosa, andEscherichia coli(clinical isolates provided by Ian Holder,
Ph.D., of the Shriners Burns Institute, Cincinnati, OH) were inoculated into
25 ml of brain heart infusion broth (BHI; Difco, Detroit, MI) and incubated
overnight at 37°C in a shaking incubator (New Brunswick Scientific, Edi-
son, NJ) to a stationary phase (1012 CFU/ml). The cultures were centri-
fuged at 10,000 rpm for 10 min, and the broth was sterile-filtered through
a 0.45-mm pore size filter.
Cell culture and infection. DLD-1 and Caco-2BBe cells (American Type
Culture Collection) between passages 5 and 15 were cultured in DMEM
supplemented with 10% FBS, 2 mM glutamine, 1% nonessential amino
acids, and antibiotics. RAW cells (American Type Culture Collection) be-
tween passages 5 and 15 were cultured in DMEM supplemented with 10%
FBS, 4 mM glutamine, 1.5 g/l sodium bicarbonate, 4.5 g/L glucose, 1.0
mM sodium pyruvate, and antibiotics. Cells were seeded onto 6- and 96-
well plates and 10-cm tissue culture plates and cultured to confluence. The
growth medium was replaced by DMEM without FBS or antibiotics im-
mediately before studies.
NO2

2/NO3
2 determination. The combined concentration of nitrite and

nitrate, the degradation products of NO in the culture medium, was deter-
mined by the Griess reaction following nitrate reduction as previously de-
scribed (11). Total nitrite/nitrate production is referred to in the text as NO
production.
Western blotting. Cells grown in six-well culture plates were washed once
in PBS and lysed in cold buffer containing 50 mM Tris (pH 8.0), 110 mM
NaCl, 5 mM EDTA, 1% Triton X-100, and 0.1 mM PMSF. The Bradford
assay (Bio-Rad, Hercules, CA) was used to determine protein concentra-
tions of each sample. Cell lysates were boiled in an equal volume of load-
ing buffer (4% SDS, 20% glycerol, 125 mM Tris-HCl (pH 6.8), and 10%
2-ME), and 50mg of each protein sample was loaded per lane on an 8–16%
Tris-glycine gradient gel (NOVEX, San Diego, CA). Electrophoresed pro-
teins were transferred to a nitrocellulose membrane (NOVEX) using the
NOVEX Xcell MiniGel system. Membranes were blocked with 10% non-
fat dried milk in TBS for 1 h before exposure to rabbit polyclonal anti-
IkBa antiserum (Santa Cruz Biotechnology, Santa Cruz, CA) and anti-
iNOS antiserum (gift from Robert Webber, Research Diagnostic
Antibodies, San Francisco, CA) at a dilution of 1/200 for 45 min. Blots
were washed twice in TBS containing 0.1% Tween-20, followed by the ad-
dition of peroxidase-conjugated anti-rabbit IgG (Sigma, St. Louis, MO) at a
dilution of 1/10,000 for 30 min. Blots were washed three times for 5 min per
wash in TBS containing 0.1% Tween-20, incubated in commercial ECL re-
agents (Amersham, Aylesbury, U.K.), and exposed to photographic film.
Nuclear protein extraction. Nuclear protein extracts were prepared after
cells were incubated with medium conditioned by SD (CM). Cells were
washed twice with ice-cold PBS and harvested by scraping into 1 ml of
PBS. After pelleting at 6,000 rpm for 5 min, cells were washed twice with
cold PBS, resuspended in one cell pellet volume of lysis buffer (1.5 mM
MgCl2, 0.2% (v/v) Nonidet P-40, 10 mM HEPES (pH 7.9), 10 mM KCl,
0.1 mM EDTA, 1 mM DTT, and 0.1 mM PMSF), and incubated on ice for
5 min with intermittent vortexing. Nuclei were collected from the cell
lysates by centrifugation (6,000 rpm for 5 min), then resuspended in one
cell pellet volume of extraction buffer (1.5 mM MgCl2, 25% (v/v) glycerol,
20 mM HEPES (pH 7.9), 420 mM NaCl, 0.1 M EDTA, 1 mM DTT, and
0.5 mM PMSF). After incubation on ice for 15 min with intermittent vor-
texing, nuclear proteins were collected by centrifugation (14,000 rpm for
15 min). Supernatants also were collected to ensure the elimination of
nuclear debris.
EMSA. An NF-kB oligonucleotide probe (59-AGT TGA GGG GAC TTT
CCC AGG-39; Santa Cruz Biotechnology) was labeled with [g-32P]ATP
using T4 polynucleotide kinase (Life Technologies, Gaithersburg, MD)
and then purified on a Bio-Spin chromatography column (Bio-Rad, Her-
cules, CA). Ten micrograms of nuclear protein extracts were preincubated
with EMSA buffer (1 mM EDTA, 1 mM DTT, 12 mM HEPES (pH 7.9),
4 mM Tris-HCl (pH 7.9), 5 mM MgCl2, 25 mM KCl, 12% glycerol, 50
ng/ml poly[d(I-C)], and 0.2 mM PMSF) on ice for 10 min, followed by the
addition of the radiolabeled probe for 20 min. The specificity of the binding
reaction was determined by incubating duplicate nuclear protein samples
with a 100-fold molar excess of unlabeled probe. Samples were resolved on
a nondenaturing polyacrylamide gel containing 5% acrylamide and run in
0.53 TBE (1 mM EDTA, 45 mM boric acid, and 45 mM Tris-HCl) at a
constant current (30 mA) for 1 h. Gels were transferred to Whatman 3M paper
(Clifton, NJ) and dried under a vacuum at 80°C for 1 h, followed by film
exposure to using an intensifying screen at270°C for approximately 3 h.
Purification and preparation of flagellins. Flagellin was purified from
SD and a congenic flagellin-deficient mutant according to well-established
methods (16). Bacterial isolates were used to incubate 1-l Erlenmeyer
flasks containing BHI infusion broth. Flasks were incubated at 35°C in an

orbital shaker incubator at 80 rpm for 16 h. Bacterial cells were harvested
by centrifugation at 5,0003 g for 30 min and then mixed with saline
solution to form a moderately thick suspension. The suspension was ad-
justed to pH 2.0 with 1 M HCl and maintained at that pH under constant
stirring for 30 min at room temperature. The bacterial cells, devoid of
flagella, were separated by centrifugation at 5,0003 g for 30 min. The
supernatant, which contained detached flagellin in monomeric form, was
further centrifuged at 100,0003 g for 1 h at 4°C tosediment the pH
2.0-insoluble material. The pH of the supernatant was adjusted to 7.2 with
1 M NaOH. Ammonium sulfate was added slowly with vigorous stirring to
achieve two-thirds saturation (2.67 M). The mixture was centrifuged at
15,0003 g for 15 min at 4°C. The precipitate was dissolved in approxi-
mately 5 ml of distilled water and then transferred to dialysis tubing (m.w.
cutoff, 50,000). Dialysis was conducted for 18 h at 4°C with constant
stirring in 4 l of distilled water. The dialyzed flagellin preparations were
then lyophilized and stored at270°C.

Recombinant flagellins ofS. muenchen, E. coli, P. vulgaris, P, mirabi-
lis, andS. marcescenswere prepared as follows. The gene fragment cor-
responding to aa 1–156 of the flagellin gene ofS. muenchenwas generated
by PCR amplification with a sense primer designated 1S (59-CGCGGATC
CCAATGGCACAAGTCATTAATACAAACA) and an antisense primer
designated 468A (59-TCCGCTCGAGTTAAATAGTTTCACCGTCGTT
GGCACC). The entire flagellin gene was amplified with primers 1S and
1530A (59-TCCGCTCGAGTTAACGCAGTAAAGAGAGGACGTTTTG).
Underlined nucleotides represent adaptor sequences added to the ends of
primers to maintain proper reading frame and facilitate cloning (BamHI
recognition sites on sense primers andXhoI sites on antisense primers).
Template DNA for PCR reactions was plasmid CL402, a clone of pBR322
containing a 3.8-kbEcoRI fragment ofS. muenchenchromosomal DNA

FIGURE 1. Salmonella-conditioned medium induces IkBa degradation
and NF-kB activation in Caco-2BBe cells.A, IkBa degradation was in-
duced in a time-dependent manner in Caco-2BBe cells stimulated with
CM. Confluent Caco-2BBe cells were stimulated by CM for 20, 30, or 60
min. Total protein was extracted, and equal amounts of protein were sub-
jected to SDS-PAGE gel electrophoresis, followed by immunoblotting for
IkBa as previously described (14). Blots were probed with a lapine poly-
clonal anti-IkBa antiserum (Santa Cruz Biotechnology). Unconditioned
medium (M) and unstimulated control cells (C) showed no degradation of
IkBa at 30 min. Cells stimulated with CM showed a loss of immunore-
active IkBa at 20 and 30 min. At 60 min poststimulation, IkBa is resyn-
thesized by the activation of NF-kB released through the degradation of
IkBa protein.B, Representative EMSA demonstrating NF-kB activation in
Caco-2BBe cells stimulated for 60 min with CM. Nuclear extracts from
unstimulated cells showed no NF-kB activation (C). NF-kB activation was
demonstrated in cells stimulated with flagellin for 60 min. To confirm the
specificity of the NF-kB signal, a 100-fold excess of cold oligonucleotide
was used as a competitor to inhibit the binding activity of NF-kB (COMP).
Gels representative of three to five independent determinations are shown.
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that harbors the 1.5-kb flagellin gene. PCR-generated flagellin DNA was
digested withBamHI plus XhoI, gel purified, and subcloned into the
BamHI/XhoI sites at the 39 end of the GST gene in expression vector
pGEX-5X-2 (Pharmacia Biotech, Piscataway, NJ) and pET 30C (Novagen,
San Diego, CA). Similarly DNA sequences corresponding to flagellin cod-
ing region ofE. coli, P. vulgaris, P. mirabilis, and S. marcescenswere
amplified by PCR and cloned into pRSET C vector (Invitrogen, San Diego,
CA). The correct reading frame and integrity of subcloned DNA were
verified by DNA sequence analysis.

A single colony ofE. coli DH5a (Life Technologies) containing the
desired plasmid was grown at 37°C in Luria broth containing 100mg of
ampicillin/ml to an A600 of 0.5 and then induced for 3 h with 0.5 mM
isopropyl-b-D-thiogalactoside. Following induction, bacteria were har-
vested and washed with STE buffer (10 mM Tris (pH 8), 50 mM NaCl, and
1 mM EDTA). Cells were suspended in STE buffer containing 100mg/ml
lysozyme, incubated 45 min on ice, and then adjusted to 5 mM DTT. After
two freeze-thaw cycles, the cell suspension was sonicated and clarified by
centrifugation at 10,0003 g. The soluble lysate was applied to a gluta-
thione-agarose column, washed with STE plus 5 mM DTT, and then eluted
with STE plus 5 mM DTT buffer containing 10 mM reduced glutathione.
The purity of each eluted fusion protein was analyzed by SDS-PAGE.
Purified proteins were dialyzed against PBS, quantified by the Bradford
method, and stored at270°C.
Antiserum. Polyclonal lapine antiserum directed against a recombinantS.
muenchenflagellin was prepared by Protein Express (Cincinnati, OH) as
follows. Serum was collected from New Zealand rabbits immunized with
a GST fusion of the N-terminus of recombinantS. muenchenflagellin,
corresponding to aa 1–156. The Ag was prepared by expression of a cDNA
clone obtained by PCR amplification of DNA fromS. muenchenusing a
sense primer designated 1S (59-CGCGGATCCCAATGGCACAAGT
CATTAATACAAACA) and an antisense primer designated 468A (59-TC
CGCTCGAGTTAAATAGTTTCACCGTCGTTGGCACC). Underlined
nucleotides represent adaptor sequences added to the ends of primers to
maintain proper reading frame and facilitate cloning (BamHI recognition
sites on sense primers andXhoI sites on antisense primers). The template
DNA for PCR was plasmid CL402, a clone of pBR322 containing a 3.8-kb
EcoRI fragment ofS. muenchenchromosomal DNA that harbors the 1.5-kb

flagellin gene. PCR-generated flagellin DNA were digested withBamHI
plusXhoI, gel purified, and subcloned into theBamHI/XhoI sites at the 39
end of the GST gene in expression vector pGEX-5X-2 (Pharmacia Bio-
tech). The correct reading frame and integrity of subcloned DNA was
verified by DNA sequence analysis.

In vivo and ex vivo experiments

Effect of flagellin and conditioned medium on inflammatory mediator
and iNOS expression in vivo.To test whether flagellin is capable of in-
ducing the systemic inflammatory alterations characteristic of Gram-neg-
ative sepsis, C57BL/6 mice were challenged with 10mg (;400mg/kg i.p.)
of purified SD flagellin. Mice were sacrificed at various time points (2, 4,
8, and 24 h postflagellin), and serum concentrations of TNF-a, IL-6, IL-
12p40, macrophage inflammatory protein-1a (MIP-1a), and IL-10 were
measured with ELISA (see below), and nitrite/nitrate levels were measured
with the modified Griess reaction (see above). In addition, at 24 h ileal
samples were obtained and processed for iNOS immunohistochemistry. In
an additional set of experiments, LPS-resistant C3H/HeJ mice were treated
with vehicle, 10mg/mouse purified flagellin, SD-conditioned medium (0.3
ml), or conditioned medium from aflagellic SD mutants (0.3 ml). Mice
were sacrificed at 3 h, and serum TNF-a and IFN-g levels were measured.
The presence of serum cytokines was detected by enzyme immunoassay.
Enzyme immunoassay plates (Corning Costar, Cambridge, MA) were
coated with 100ml of 5 mg/ml goat anti-murine cytokine neutralizing Abs
(R&D Systems, Minneapolis, MN) diluted in 0.1 M carbonate buffer (pH
9.6) and incubated at 4°C for 16 h. The plates were washed three times with
washing buffer (13 PBS (pH 7.4) and 0.5% Tween-20). After washing,
plates were incubated with blocking buffer (13 PBS (pH 7.4), 0.5%
Tween-20, and 2% BSA) at 37°C for 2 h. To prepare a standard curve,
serial dilutions of standard purified recombinant cytokines (R&D Systems)
were prepared in blocking buffer and added to the plates. Samples (100ml)
or standards were added to the plates followed by incubation for 2 h at
37°C, washing three times, and blocking for 15 min at room temperature.
Plates were incubated with 100ml of 10 mg/ml rabbit anti-murine cytokine
Ab at 37°C for 2 h. After incubation, plates were washed three times with
washing buffer and incubated with 100ml of 2 mg/ml goat anti-rabbit IgG
(whole molecule) HRP-conjugated Ab (Calbiochem, San Diego, CA) at

FIGURE 2. Purification of proinflammatory ac-
tivity of Salmonella-conditioned media.A, SDS-
PAGE gel demonstrating silver-stained SD-released
protein(s) purified by standard protein purification
methods. Equal amounts of total protein were loaded
in each lane.B, IkBa degradation in Caco-2BBe cells
stimulated with SD-released protein(s). Confluent
Caco-2BBe cells were exposed for 20, 30, or 60 min
to 1/200 dilution of purified fractions of CM. Un-
stimulated cells served as controls (C). Cells were
washed, and total eukaryotic protein was extracted
and equal amounts of protein were subjected to SDS-
PAGE gel electrophoresis, followed by immunoblot-
ting of IkBa as described in Fig. 1A. Lane 1, Sterile
BHI. Lane 2, BHI medium inoculated with SD and
grown for 18 h. Conditioned medium was filtered to
eliminate intact bacteria and medium containing se-
creted proteins from SD was collected.Lane 3, Con-
ditioned medium was run over an anion exchange
column (fast protein liquid chromatography), and
fractions that induced NO production in IFN-g (100
U/ml)-primed DLD-1 cells were pooled and electro-
phoresed.Lane 4, Conditioned medium fractionated
by fast protein liquid chromatography, followed by
gel filtration. Fractions that induced NO production
were pooled and electrophoresed.Lane 5, Purified
SD flagellin as previously described (16). Gels rep-
resentative of three to five independent determina-
tions are shown.
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37°C for 2 h. Plates were washed three times with washing buffer and then
incubated with 150ml of K Blue Substrate (Neogen, Lexington, KY), and
the color was developed for 20 min at room temperature. Following color
development, the plates were read using an automated microplate reader
(Molecular Devices, Menlo Park, CA) at a wavelength of 650 nm. For
iNOS immunohistochemistry, ileum was fixed and processed for immuno-
histochemistry as previously described (17). Tissue samples were fixed for
3 h in 4% paraformaldehyde and cryoprotected by a 1-h incubation in 10,
20, and 30% sucrose in 0.1 M sodium cacodylate buffer. The tissues were
then placed on tissue holders covered with a thin layer of OCT (a water
soluble glycol & resin compound; Tissue-Tek) and frozen in distilled freon
22 in liquid nitrogen. Eight-micron thin sections were placed onto slides
and stained with the anti-nitrotyrosine Ab. The blocking solution consisted
of 4% fatty acid-free BSA, 10% goat serum, and 3% Triton X-100 in 0.1
M PBS, pH 7.2. The iNOS immunoreactivity was detected using iNOS
mAb (provided by Robert Webber, Research Diagnostic Antibodies). Samples
were incubated with Ab at 2mg/ml for 3 h. The Ab binding on tissue sections
was visualized by a 1-h incubation with an anti-murine IgG conjugated to
Texas Red (1/100 dilution in PBS). Slides were examined under a Nikon
Diaphot-TND epifluorescence inverted microscope (Melville, NY).
Hemodynamic studies.Male C3H/OuJ mice and C3H/HeJ (25 g) were
anesthetized i.p. with ketamine (50 mg/kg) and xylazine (5 mg/kg). Main-
tenance doses of ketamine (10 mg/kg) and xylazine (1 mg/kg) were given
when necessary (interdigital reflex). Under deep anesthesia, polyethylene
catheters (PE 10) were inserted into the left jugular vein for the i.v. ad-
ministration of compounds and into the right carotid artery. The carotid
artery catheter was connected to a pressure transducer for blood pressure
measurement. Pressure signals were recorded using a MacLab A/D con-
verter and were continuously displayed on a Macintosh computer (Cuper-
tino, CA). Following a 20-min stabilization period, baseline hemodynamic
parameters were recorded. The animals were then randomized to the i.v.
injection of recombinantS. muenchenflagellin (10 mg/kg),E. coli LPS (10
mg/kg), or vehicle (10 mM PBS), given as a slow bolus over 1 min (200
ml), and were then observed for the next 4 h. At this time point, mice were
euthanized by exsanguination, immediately followed by thoracolaparot-
omy to allow excision of the aorta. The aorta was cleared from periadven-
titial fat and cut into 1- to 2-mm-wide rings, mounted in organ baths filled
with warmed (37°C) and oxygenated (95% O2 and 5% CO2) Krebs’ solu-
tion. Isometricforces were measured with isometric transducers (Kent
Scientific, Litchfield, CT), digitized using a MacLab A/D converter, and
stored and displayed on a Macintosh computer. A tension of 1 g was
applied, and the rings were equilibrated for 60 min, followed by mea-
surements of the concentration-response curves to phenylephrine
(10210 to 3 3 1025 M) and acetylcholine (1029 to 3 3 1025 M).
Induction of bacterial sepsis in rats and quantification of serum levels of
flagellin by enzyme immunoassay.S. marcescenswas grown overnight in
nutrient broth and then harvested by centrifugation. The cell pellet was
washed twice with PBS and suspended in PBS at a concentration of 3.33
105 CFU/ml. Three milliliters of bacteria (13 109 CFU/ml) were injected
into male 250-g Wistar rats (i.p.). Blood samples were collected at 0, 4, and
8 h. Serum was collected after centrifugation of blood at 14,000 rpm for 15
min. The centrifugation step was repeated three times to remove any con-
taminating bacteria. Plasma samples were tested negative for colony-form-
ing viable bacteria after centrifugation. Serum samples were screened by
ELISA using Immulon 2HB Microtiter plates (Dynex, Chantilly, VA). The
plate wells were coated overnight at 4°C with 0.5mg of murine anti-
flagellin Abs in 50 mM sodium carbonate buffer (pH 9.3). After each step,
unbound reagents in the wells were removed by repeated washing with
PBS and 0.05% Tween 20. Wells were blocked with 5% nonfat dry milk
(NFDM) and 1% BSA in PBS for 1 h. Following blocking, serum samples
were diluted 1/1 with 1% BSA in PBS, and then 100ml was added to each
well. Bacterially expressed and purified recombinantSerratia marcescens
flagellin protein serially diluted in 1% BSA was used as standard for quan-
titative measurements. Plates were incubated overnight at 4°C with gentle
shaking. Rabbit anti-flagellin polyclonal Abs (1/2000) were added to the
wells and incubated at room temperature with gentle shaking for 2 h. To
detect Ag-Ab complexes, the wells were treated with 100ml of peroxidase-
conjugated goat anti-rabbit IgG used at a 1/2000 dilution in 1% NFDM/
PBS. The peroxidase enzyme substrate 3,39,5,59-tetramethylbenzidine was
used at a volume of 100ml/well. After 5 min at room temperature the
reaction was stopped by adding 25ml of 0.1 M H2SO4, and the absorbance
was measured at 450 nm.
Statistical Analysis. Numerical results are reported as the mean6 SEM of
three or more independent experiments. Gels or immunohistochemical pic-
tures shown are representative of results obtained in three or more inde-
pendent experiments. For analysis of the numerical data, ANOVA fol-

lowed by Tukey’s test was used to compare mean values. Statistical
differences were declared significant forp , 0.05.

Results
Flagellin influences inflammatory gene expression bySalmonella

Sterile-filtered CM grown overnight to a stationary phase (1012

CFU/ml) was added to cultured human IEC, Caco-2BBe, and
DLD-1. CM (1/100 dilution) induced IkBa degradation (Fig. 1A)
and the nuclear translocation of NF-kB (Fig. 1B) at 30 and 60 min
poststimulation, respectively. Addition of CM (1/100–50,000 di-
lution) to DLD-1 cells primed for 2 h with IFN-g (100 U/ml)
induced high levels of NO production (64mM nitrate/nitrite;
EC50 5 1/1,600 dilution) over 16 h of incubation.

Hexane extraction of CM revealed that the NO-inducing and
IkBa-degrading activities resided in the aqueous phase. Proteoly-
sis of the CM abrogated the NO-inducing activity, suggesting the
contribution of a protein species. Protein components of CM were
concentrated by 55–60% ammonium sulfate precipitation and di-
alyzed against 10 mM NaOH at 4°C for 72 h using a m.w. cutoff
of 10,000. The retained proteins (Fig. 2A, lane 2) were added to
IFN-g-primed DLD-1 cells, analyzed for NO production (EC50 5
3 mg/ml), then separated by anion exchange chromatography.
Eluted fractions were added to IFN-g-primed DLD-1 cells and
analyzed for their ability to induce NO production. SDS-PAGE
analysis of the peak NO-inducing fraction (EC50 5 850 ng/ml)
revealed a partial purification (Fig. 2A, lane 3). Samples were fur-
ther separated by Sephadex-75 gel filtration, and fractions were
analyzed following exposure to IFN-g-primed DLD-1 cells. NO-
inducing activity in the CM was concentrated in a single peak
(EC50 5 660 ng/ml). SDS-PAGE analysis disclosed a single 55-
kDa band (Fig. 2A, lane 4). At each stage of the purification, the
fractions of peak NO-inducing activity also retained the ability to
stimulate IkBa degradation (Fig. 2B).

FIGURE 3. Bacteria-conditioned medium induces NO production in
DLD-1 cells. Addition of CM (1/200 dilution) to DLD-1 cells primed for
2 h with IFN-g (100 U/ml) induced NO production over 16 h of incubation,
comparable to the level of induction produced by the cytokine combination
of IL-1b and IFN-g. Medium conditioned by an aflagellic SD mutant did
not induce NO production. A similar induction of NO production was
obtained with sterile-filtered medium conditioned byE. coli andP. aerugi-
nosa (Ps. a.).The combined concentration of nitrite and nitrate was de-
termined by the Griess reaction following nitrate reduction. There were
seven to nine determinations per experimental group or time point.
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Microsequence analysis of the 55-kDa band identified the N-ter-
minal sequence as (K)TASGVSTLINEDAAAAK. A GenBank data-
base search produced an exact match with 14 identified forms of SD

flagellin. Purified flagellin migrated by SDS-PAGE analysis in an
identical fashion as the purified activity in the conditioned medium
(Fig. 2A, lane 5) and induced IkBa degradation (Fig. 2B, lane 5).

FIGURE 4. Purified flagellin induces IkBa degradation, NF-kB activation, and NO synthesis in Caco-2BBe cells.A, IkBa degradation was induced in a time-
dependent manner in Caco-2BBe cells stimulated with SD-purified flagellin. Confluent Caco-2BBe cells were exposed for 10, 20, 30, or 60 min to 1mg/ml of SD-purified
flagellin, purified as previously described (16). Total protein was extracted, and equal amounts of protein were subjected to SDS-PAGE, followed by immunoblotting of
IkBa as described in Fig. 1A. Unstimulated cells showed no loss of IkBa immunoreactivity (C). Cells exposed to SD-purified flagellin demonstrated IkBa degradation
at 20 and 30 min, with a reappearance at 60 min.B, Representative EMSA demonstrating NF-kB activation in Caco-2BBe cells stimulated for 30, 60, or 120 min with
SD-purified flagellin. Nuclear extracts from cells stimulated with flagellin were incubated with32P-labeled NF-kB oligonucleotides to determine NF-kB activation as
described in Fig. 1B. Nuclear extracts from unstimulated cells showed no NF-kB activation (C). NF-kB activation was demonstrated in cells stimulated with flagellin at
30, 60, or 120 min. To confirm the specificity of the NF-kB signal, a 100-fold excess of cold oligonucleotide was used as a competitor to inhibit the binding activity of
NF-kB (COMP).C, Addition of purified flagellin to Caco-2BBe cells primed for 2 h with IFN-g (100 U/ml) dose-dependently induced NO production over 16 h of
incubation. The combined concentration of nitrite and nitrate was determined by the Griess reaction following nitrate reduction. There were seven to nine determinations
per experimental group or time point.D, Purified SD flagellin induces iNOS protein expression in cultured human intestinal epithelial cells. DLD-1 and Caco-2BBe cells
were primed for 2 h with 0.5 ng/ml IL-1b or 100 U/ml IFN-g followed by the addition of 1mg/ml purified SD flagellin for approximately 16 h.Upper, IFN-g-primed
DLD-1 cells exposed to flagellin or IL-1b showed induction of iNOS expression. Individual cytokines and flagellin alone did not up-regulate iNOS protein expression in
either cell line.Lower, IFN-g-primed Caco-2BBe cells exposed to flagellin or IL-1b showed induction of iNOS expression. Individual cytokines and flagellin alone did
not up-regulate iNOS protein expression in either cell line. There were three to five determinations per experimental group.
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Aflagellic Salmonellamutants do not induce NO production by
cultured IEC

To establish the relative importance of flagellin to the CM-medi-
ated induction of NO by IFN-g primed DLD-1 cells, we compared
the effect of CM obtained from wild-type SD (SL7276) and an
aflagellic SD mutant (SL7276; Fig. 3). CM produced by wild-type
SD potently induced synthesis of NO comparable to that stimu-
lated by the cytokine combination of IL-1b and IFN-g. In contrast,
CM produced by the aflagellic SD mutant induced only slightly
more NO than BHI alone. We also observed a high level of in-
duction of NO production by CM obtained from clinical isolates of
other flagellated Gram-negative bacillary pathogens, such asE.
coli andP. aeruginosa(Fig. 3).

Effect of purified flagellin on IkBa stability, NF-kB activation,
and NO production

Because NF-kB activation regulates iNOS transcription (11–13),
we tested the effect of SD CM and purified flagellin on the stability
of IkBa expression. Caco-2BBe cells stimulated by 1mg/ml of
SD-purified flagellin underwent a loss of immunoreactive IkBa 20
and 30 min poststimulation, followed by its reappearance at 60 min
(Fig. 4A). The loss of IkBa preceded NF-kB binding activity,
which was detected 30, 60, and 120 min after exposure of cells to
flagellin (Fig. 4B). As predicted by the replenishment of IkBa
protein at 60 min (Fig. 4A), NF-kB binding activity was dimin-
ished at 120 min (Fig. 4B). The specificity of the binding activity
was confirmed by competition with a 100-fold excess of cold oli-
gonucleotide competitor (Fig. 4B).

IFN-g primed DLD-1 and Caco-2BBe cells incubated for 18 h
with purified SD flagellin or recombinantS. muenchenflagellin
dose-dependently induced NO production (EC50 5 2.5 ng/ml),
with a threshold-inducing concentration of 100 pg/ml (Fig. 4C).
Maximal NO production plateaued at a flagellin concentration of 5
ng/ml (p , 0.05) and was comparable to the levels of NO induced
by the cytokine combination of IL-1b and IFN-g, potent inducers
of iNOS expression (15). Similar to the action of IL-1b (1, 11, 15),
flagellin did not induce detectable levels of NO in cultured intes-
tinal epithelial cells in the absence of IFN-g. The requirement for
IFN-g is probably secondary to the presence of IFN-g-inducible
Stat1 and IRF-1 consensus elements in the 59 human iNOS en-
hancer, a region located 10.3 kb upstream of the transcription ini-
tiation site that is required to support iNOS expression in a tran-
sient reporter assay in DLD-1 cells (15).

The effect of flagellin on iNOS protein expression was deter-
mined by Western analysis of extracts from DLD-1 and Caco-
2BBe cells exposed to purified flagellin derived from SD. Stimu-
lation by IFN-g, IL-1b, or flagellin alone did not induce the
expression of detectable immunoreactive iNOS protein (Fig. 4D).
In IFN-g-treated cells, in contrast, IL-1b and flagellin elicited in-
creased iNOS expression in both cell lines. In addition, ELISA
measurements of the supernatants of Caco-2BBe cells stimulated
with purified SD flagellin (1mg/ml) revealed secretion of IL-6
(from undetectable levels to 2166 12 pg/ml at 24 h). Purified SD
flagellin, in the presence of IFN-g (but not without IFN-g costimu-
lation), induced the production of IL-8 (from undetectable levels to
87 6 3 pg/ml at 24 h). Thus, flagellin is able to elicit a general
proinflammatory response from human epithelial cells (18, 19).

To establish the overall contribution of flagellin to the induction
of IkBa degradation in intestinal epithelial cells, we compared the
effect of CM obtained from wild-type SD (SL7276) and the
aflagellic SD mutant (SL7276; Fig. 5). CM produced by wild-type
SD (1/200 dilution) potently induced IkBa degradation by Caco-
2BBe cells. In contrast, CM produced by the aflagellic SD mutant

(1/200 dilution) had no effect on IkBa expression. We also ob-
served that CM produced byE. coli and P. aeruginosainduced
IkBa degradation comparable to the effect of CM from wild-type
S. dublin(Fig. 5).

Flagellin induces inflammatory genes independent of LPS

Media conditioned by the aflagellic mutant of SD (SL7276) failed
to induce NO production in IFN-g-primed DLD-1 cells, suggesting
that flagellin may be the predominant proinflammatory exotoxin
released by SD. Since LPS is a well-established Gram-negative
endotoxin, we conducted the following series of investigations to
exclude its contribution to the flagellin-induced inflammatory re-
sponses. 1) The level of immunoreactive IkBa was unaltered by
exposure of Caco-2BBe cells to purifiedS. typhimuriumLPS (1
mg/ml) (20), in contrast to the effect of purified SD flagellin. 2)
Cotreatment of IFN-g primed DLD-1 cells with an LPS binding
agent, polymyxin B (10mg/ml), blocked NO production induced
by 1mg/ml of LPS purified fromS. typhimurium(Sigma, catalogue
L-7261), but not by 1mg/ml of purified SD flagellin (Fig. 6A). 3)
The content of LPS in 1mg of purified SD flagellin, as measured
by the chromogenicLimulusamebocyte assay (1), was,20 pg. As
we previously reported,S. typhimuriumLPS at a concentration of
,1 mg/ml is unable to induce iNOS expression and NO production
in cultured human intestinal epithelial cells (1). 4) In C3H/HeJ
LPS-resistant mice, i.p. injection of purified SD flagellin or con-
ditioned medium of the wild-type parent strain of SL7276 induced
serum IFN-g and TNF-a, whereas conditioned medium from
SL7276 aflagellic mutants had no effect (Fig. 6B). In further sup-
port of the LPS-independent role of flagellin on proinflammatory
gene expression, addition of recombinantS. muenchenflagellin
(purified over a polymyxin B column) to IFN-g-primed DLD-1
and Caco-2BBe cells dose-dependently induced NO production
(data for Caco-2BBe cells shown in Fig. 7A). 5) Full-length, but
not truncated, recombinant N-terminalS. muenchenflagellin (aa
1–156) induced NO synthesis in IFN-g-primed DLD-1 cells (data
not shown).

FIGURE 5. Conditioned bacterial medium induces IkBa degradation in
Caco-2BBe cells. IkBa degradation was induced in a time-dependent man-
ner in Caco-2BBe cells exposed for 30 or 60 min to BHI (lane A), medium
conditioned by wild-type SD or aflagellic SD (lane B), and medium con-
ditioned byE. coli or P. aeruginosa(lane C). Total protein was extracted,
and equal amounts of protein were subjected to SDS-PAGE, followed by
immunoblotting of IkBa as described in Fig. 1A. BHI-treated cells showed
no loss of IkBa immunoreactivity (lane A). Cells exposed to CM demon-
strated IkBa degradation at 30 min, with a reappearance at 60 min,
whereas aflagellic SD did not induce IkBa degradation (lane B). Medium
conditioned byE. coli andP. aeruginosademonstrated a similar pattern as
wild-type SD (lane C). Gels representative of three to five independent
determinations are shown.
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Taken together, the above data support the conclusions that 1)
the proinflammatory activation induced by flagellin is not an arti-
fact secondary to LPS contamination, and 2) flagellin derived from
Salmonella sp.is a potent inflammatory stimulus of NO production
by cultured intestinal epithelial cells.

Anti-flagellin antiserum blocks induction of NO production
induced by flagellins of various motile Gram-negative bacteria

To further implicate flagellin as the relevant NO-inducing species,
we next tested whether anti-flagellin Abs would neutralize the pro-
duction of NO induced by conditioned medium or recombinant
flagellin. As a positive control, lapine antiserum raised against the
N-terminus ofS. muenchenflagellin abolished the NO-inducing
activity of recombinantSalmonella muenchenflagellin in IFN-g
primed Caco-2BBe cells (Fig. 7A). The antiserum also abolished
the NO-inducing activity of recombinant flagellins (Fig. 7B) or
conditioned medium (Fig. 7C ) derived from a series of Gram-
negative motile bacterial species (E. coli, S. muenchen, S. marc-
escens, P. mirabilis, andP. vulgaris). The latter data imply that
flagellin may represent the crucial factor in the induction of NO
production by CM obtained from flagellated Gram-negative
bacilli.

Flagellin induces inflammatory gene expression in mice

Retention of the flagellin monomer within the growing polymeric
filament is dependent upon the presence of the HAP2 cap protein,
which is located at the distal terminus of the intact flagellum.
HAP2 gene-deficient mutants produce and excrete flagellin mono-
mers into the surrounding media at a high rate (.1/s) (21). Release

of flagellin also appears to occur in wild-typeSalmonella, as
shown by its purification from SD CM.

To test whether flagellin, independent of live bacteria, is capable
of inducing the systemic inflammatory alterations characteristic of
Gram-negative sepsis, C57BL/6 mice were challenged with 10mg
(;400 mg/kg i.p.) of purified SD flagellin. Flagellin induced a
prototypic inflammatory response, demonstrated by up-regulated
serum concentrations of TNF-a, IL-6, IL-12p40, MIP-1a, IL-10,
and nitrite/nitrate (Fig. 8). Similar results were obtained in
BALB/c mice injected with recombinantS. muenchenflagellin
(data not shown).

The production of TNF-a, MIP-1a, IL-6, and IL-10 peaked
within 2 h of purified SD flagellin injection, whereas IL-12p40
production and NO peaked at approximately 4 h and 8 h post-
flagellin, respectively (Fig. 8,A–F). The threshold dose of purified
SD flagellin for induction of the inflammatory response was 0.3
mg/mouse (;12 mg/kg), with a dose-dependent increase in the
production of the mediators between 0.3–10mg/mouse (i.e.,;12–
400 mg/kg; Fig. 9,G andH). The degree and time course of the
cytokine, chemokine, and NO production induced by 10mg of
flagellin were comparable to the inflammatory response elicited by
E. coli LPS (30–100mg/mouse) or by staphylococcal enterotoxin
B (100 mg/mouse) (22–24). Immunohistochemical studies of the
ileum of flagellin-treated C57BL/6 mice localized iNOS expres-
sion to the apex of the villi and, to some extent, the crypt (Fig. 9).

Flagellin induces shock in mice

To demonstrate that flagellin induces hemodynamic instability
characteristic of septic shock, endotoxin-responsive C3H/OuJ

FIGURE 6. The proinflammatory effect of flagellin is
independent of LPS.A, Polymyxin blocks LPS-induced,
but not flagellin-induced, production of NO in Caco-2BBe
cells. Cotreatment of IFN-g (100 U/ml)-primed DLD-1
cells with an LPS-binding agent, polymyxin B (10mg/
ml), blocked NO production induced by 1mg/ml of LPS
purified fromS. typhimurium, but not by 1mg/ml of pu-
rified SD flagellin (n 5 12; p , 0.01).B, Systemic flagel-
lin injection induces serum cytokine expression in LPS-
resistant mice. C3H/HeJ mice were treated with vehicle,
10 mg/mouse purified flagellin, SD-conditioned medium
(broth), or conditioned medium from aflagellic SD mu-
tants (aflagellic broth). Mice were sacrificed at 3 h, and
serum TNF-a and IFN-g levels were measured. Purified
flagellin and SD-conditioned medium, but not conditioned
medium from aflagellic SD mutants, induced the produc-
tion of IFN-g and TNF-a. There were three to five deter-
minations per experimental group.
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mice were injected i.v. with recombinantS. muenchenflagellin (10
mg/kg; i.v.;n 5 10) or a saline vehicle control (n 5 5). In response
to a challenge of 10 mg/kg flagellin (i.e.,;300 mg/mouse), the
mean arterial pressure remained at baseline levels for 2 h, followed
by severe hypotension, respiratory distress, cyanosis, and death
between 2–4 h (Fig. 10). Saline-treated vehicle controls, in con-
trast, were normotensive and free of respiratory distress for the
duration of the 4 h period of observation. Thoracic aortae from
flagellin-treated mice demonstrated an ex vivo loss of vascular
contractility, a classic feature of Gram-negative bacilli induced
systemic inflammation and shock (Fig. 10). A potential confound-
ing effect of endotoxin contamination was investigated by also
testing the flagellin responses in the LPS-resistant C3H/HeJ mice.
This latter strain of mice is resistant to the LPS effects because it
lacks functional Toll-like receptor-4 (TLR-4) receptors (25). In
agreement with previous studies, i.v. injection ofE. coli LPS (10
mg/kg) in the C3H/OuJ mice caused a time-dependent fall in mean
arterial blood pressure (e.g., from 1026 4 to 786 3 mm Hg at 4 h;
n 5 6), whereas no significant drop in blood pressure was observed
in the C3H/HeJ mice (mean arterial blood pressure at 0 and 4 h
after LPS injection, 896 5 and 866 7 mm Hg, respectively;n 5

4). However, i.v. flagellin injection (10 mg/kg) induced similar
effects on blood pressure, vascular responsiveness, and mortality,
in both the LPS-responsive (C3H/OuJ) and the LPS-resistant
(C3H/HeJ) mice (Fig. 10), indicating that 1) the effect of flagellin
was not mediated by LPS contamination, and 2) the hypotensive
and shock-inducing effects of flagellin are not mediated by acti-
vation of the TLR-4 receptor. Reduction of the flagellin challenge
to 1 mg/kg i.v. produced moderate progressive hypotension with-
out mortality and significant ex vivo vascular hypocontractility at
6 h (data not shown).

Flagellin circulates in the blood of septic rats

The proinflammatory and shock-inducing effects of flagellin sug-
gested that free circulating flagellin might mediate some of the
septic responses to Gram-negative infection. To establish that free
flagellin circulates in the early phase of sepsis, rats were chal-
lenged with a lethal i.p. dose ofS. marcescens(3 3 108 CFU).
Before infection, the blood was sterile (Fig. 11A), and circulating
serum flagellin was undetectable (Fig. 11B). Four hours after chal-
lenge, rats became bacteremic (Fig. 11A), and the serum flagellin
concentration increased to approximately 400 ng/ml (Fig. 11B).

FIGURE 7. Antiserum to flagellin inhibits NO production induced by Caco-2BBe cells exposed to bacteria-conditioned medium or recombinant flagel-
lin. A, RecombinantS. muenchenflagellin induced a concentration-dependent increase in NO production in IFN-g-primed (100 U/ml) Caco-2BBe cells.
B, Medium conditioned by various motile Gram-negative pathogens (E. coli, S. muenchen, S. marcescens, andP. mirabilis) induced NO production in
IFN-g primed (100 U/ml) Caco-2BBe cells.C, Recombinant flagellins cloned from various motile Gram-negative pathogens (E. coli, S. muenchen, S.
marcescens, andP. mirabilis) induced NO production in IFN-g primed (100 U/ml) Caco-2BBe cells. NO production was inhibited by preincubation (1 h
at room temperature) of recombinant flagellin (A andC) or conditioned medium (B) with a 1/100 dilution of lapine polyclonal antiserum generated against
recombinantS. muenchenflagellin. Incubation with preimmune serum was not inhibitory. There were three to five determinations per experimental group.
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Rats became morbidly ill at 8 h, with a 50% mortality rate at 12 h.
Parallel to these observations, the level of bacteremia and flagel-
lemia increased sharply at 8 h postchallenge.

Discussion
We have identified a major proinflammatory activity in CM as
flagellin. We demonstrate that purified and recombinantSalmo-
nellaflagellins play an unexpected, but powerful, role in activating
inflammatory responses in human intestinal epithelial cells in vitro
and in eliciting a systemic activation of proinflammatory cytokines
and NO and shock in vivo. The mechanism of action of flagellin
involves the induction of IkBa degradation and NF-kB activation.
Conditioned broth obtained from a flagellin-deficient mutant had
no effect on NO production, IkBa degradation, and NF-kB acti-
vation, indicating that flagellin is the major, if not exclusive, proin-
flammatory stimulus released bySalmonella.

Flagellin is a 55-kDa monomer obtained from bacterial flagella,
a polymeric rod-like appendage extending from the outer mem-
brane of Gram-negative bacteria that propels the organism through
its aqueous environment (26). In addition to their role in motility,
flagella may also act as a virulence factor. Flagella aid bacteria in
attaching to epithelial cells, assisting bacterial invasion (27).

Flagellin-deficient mutants ofP. mirabilis invade renal epithelial
cells less efficiently and fail to induce pyelonephritis, unlike wild-
type strains (28). Flagella may also play a key role in up-regulating
IL-8 secretion in gastric epithelial cells stimulated byHelicobacter
pylori (29).

It is generally accepted that LPS released from the bacterial cell
wall is the trigger of the inflammatory response to Gram-negative
pathogens (30). This conclusion is based on substantial data re-
vealing that 1) parenteral administration of LPS produces a lethal
shock state in experimental animals; 2) LPS can be measured in
the circulation of the majority of patients with symptomatic Gram-
negative infection; and 3) LPS induces proinflammatory responses
in cultured cells. However, several lines of recent evidence suggest
that LPS may not be the sole proinflammatory stimulus of clinical
inflammation induced by motile enteric Gram-negative bacilli.
First, incontrovertible differences exist between LPS-induced
shock and bacterial sepsis. LPS does not faithfully reproduce the
kinetics, magnitude, and distribution of proinflammatory gene
expression typical of experimental models of live Gram-negative
infection or clinical sepsis (31, 32). Second, the passive immuni-
zation of anti-LPS antisera has not increased survival from sepsis

FIGURE 8. A—H, Flagellin induces the production of
inflammatory mediators in vivo.A–F,C57BL/6 mice were
treated with vehicle or 10mg/mouse flagellin at time zero,
and plasma TNF-a, MIP-1a, IL-6, IL-12p40, IL-10, and
nitrate levels were measured at 0–24 h.G andH, Dose-
dependency of the flagellin-induced inflammatory response
(0.3–10mg/mouse flagellin). Dose-responses were deter-
mined at 4 h, except for TNF-a and MIP-1a, where dose-
responses were determined at 90 min postflagellin injection.
There were four to six mice per time point or experimental
group.
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in pivotal clinical trials (33, 34). Increasingly, it is proposed that
inflammatory injury and shock in Gram-negative infection may
also be triggered by microbial stimuli other than LPS.

Our data suggest that flagellin, the subunit of bacterial flagella,
may be an additional proinflammatory factor induced by motile
Gram-negative bacilli. This hypothesis is supported by the follow-
ing observations. 1) Flagellin is a potent stimulus of inflammation
and shock in LPS-resistant mice. 2) Flagellin appears to act as an
exotoxin; free flagellin is released by motile Gram-negative bac-
teria in vitro and appears in the blood of septic rats. The concen-
tration of flagellin detected in vivo in septic rats was several orders
of magnitude in excess of that required to induce NF-kB activation
and inflammatory mediator production in cultured cells in vitro. 3)
Flagellin induces alterations in key proinflammatory signaling
pathways and in the expression of free-radical generating enzymes.
4) Flagellin injection potently induces the expression of iNOS and
proinflammatory cytokines in vivo and at higher doses induces a
shock-like state, associated with hypotension, vascular dysfunc-
tion, and mortality. 5) Flagellated bacteria, purified flagellin, and
medium conditioned by flagellated bacteria all readily induce
IkBa degradation, NF-kB activation, and iNOS expression in
transformed human epithelial cells and murine macrophages. 6)
Medium conditioned by a flagellin-deficient mutant has no effect
on IkBa stability, NF-kB activation, and iNOS expression. 7) Par-
enteral administration of medium conditioned by aflagellic mu-
tants has no proinflammatory effect in LPS-resistant mice. 8) Poly-
clonal antiserum to flagellin eliminates the NO-inducing activity of

medium conditioned by multiple motile Gram-negative bacillary
pathogens.

The eukaryotic receptors responsible for flagellin-induced
NF-kB activation and proinflammatory gene expression remain to
be identified. Based on the results of the study in the C3H/HeJ
mice, TLR4 (a crucial receptor involved in LPS signaling) does not
play a role in flagellin signaling. Recent data show that a broad
variety of Gram-positive and Gram-negative bacterial proteins
stimulate proinflammatory signaling pathways in IECs in a TL4-
independent manner via binding to TLR2 (35–41). Studies in our
laboratory are currently underway to assess the role of TLR2 in
flagellin-induced NF-kB degradation and iNOS expression in hu-
man cells.

The majority of infections in the critical care setting are pro-
duced by flagellated Gram-negative bacilli, such asE. coli,
Pseudomonas aeruginosa, Enterobacter cloacae, S. marcesens,
Campylobacter jejuni, Yersinia enterocolitica, Citrobacter freun-
dii, andP. mirabilis. The relative contribution of flagellin to sep-
sis-induced shock and mortality induced by these organisms re-
mains to be determined. Presumably, multiple virulence factors, in
particular LPS, trigger the systemic proinflammatory host response
to motile Gram-negative pathogens. It should be additionally noted
that sepsis is readily induced by nonflagellated infectious species,
in which flagellin clearly does not play a role, includingRickettsia,
fungi, yeast,Babesia, Gram-positive bacteria, hemorrhagic vi-
ruses,P. falciparum, and Gram-negative diplococci and nonmotile
Gram-negative bacilli.

FIGURE 9. Systemic flagellin injection induces iNOS
expression in the intestinal epithelium in mice. C57BL/6
mice were treated with vehicle or 10mg/mouse flagellin for
24 h, followed by immunohistochemical staining for iNOS
of intestinal samples as previously described (43). While no
iNOS staining was localized in vehicle-treated control an-
imals (upper panel), flagellin induced a massive expression
of iNOS, which almost exclusively localized to the basal
intestinal epithelial cells (lower panel). Magnification,
3100. Immunohistochemical pictures shown are represen-
tative of four to six slides per group.
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FIGURE 10. Flagellin induces shock in mice. Anesthetized, 8-wk-old male C3H/OuJ (A–CandG–H) and LPS-resistant C3H/HeJ (D–F andI–J) mice
were treated with recombinantS. muenchenflagellin (10 mg/kg i.v.) or saline vehicle control (0.2 ml). Treatment with 10 mg/kg flagellin produced severe
hypotension within 3 h. Representative tracings are shown of vehicle-treated mice (A andD) and flagellin-treated mice demonstrating hypotension (B and
E) and mortality (C andF). g, Flagellin induces progressive hypotension (n 5 10) and mortality (7 of 10 animals at 4 h) in BALB/c mice compared with
saline-treated controls (n 5 5; p, p , 0.05).H, Flagellin induces progressive hypotension (n 5 7) and mortality (four of seven animals at 4 h) in C3H/HeJ
mice compared with saline-treated controls (n 5 4; p, p , 0.05). Hypotension was associated with a severe reduction in the ex vivo contractility of thoracic
aortic rings harvested at 220–240 min from mice surviving flagellin treatment (10 mg/kg i.v.). Flagellin induced hypocontractility in C3H/OuJ (I) and
C3H/HeJ (J) mice compared with saline-treated controls (p , 0.05). In the vascular ring studies, four or five rings per group were used.
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Given its considerable potency and its probable release in the
host during active infection, flagellin may be an important stimulus
of in vivo inflammation and shock induced by motile Gram-neg-
ative enteric bacilli. However, the doses of flagellin needed to
induce hypotension and shock were orders of magnitude higher
than the doses of flagellin required to induce proinflammatory me-
diator expression. In this respect, flagellin behaves similar to LPS.
Nevertheless, the causative role of flagellin in bacteremic shock
remains to be clarified. The possibility that flagellin induces sys-
temic inflammation and shock in synergy with LPS or other bac-
terial components must also be investigated in further studies. We
hypothesize that differences in the rate of flagellin release at sites
of infection might represent a clinically relevant virulence factor.
It may also be expected that antibiotics might influence the rate of
release of monomeric flagellin, akin to their well-established effect
on LPS release. Further work must determine whether neutraliza-
tion of flagellin represents a novel anti-inflammatory or anti-sepsis
strategy.

While our current manuscript was in review, a related study
appeared, identifying flagellin as a novel factor of enteroaggrega-
tive E. coli (EAEC)–induced epithelial cell activation (42). Similar
to our findings, the soluble, heat-stable, IL-8-inducing factor re-
leased by these EAEC bacteria in culture was identified as flagel-
lin. It was found that flagella purified from EAEC isolates potently
induce IL-8 release from Caco-2 cells, while an engineered

aflagellar mutant did not induce the release IL-8. Finally, it was
found that cloned EAEC flagellin expressed in nonpathogenicE.
coli as a polyhistidine-tagged fusion protein maintained its proin-
flammatory activity. These findings coupled with our present find-
ings demonstrate that flagellin production and release may be a
novel mechanism by which various bacteria induce intestinal and
systemic inflammation. Our findings have obvious implications for
diagnosis and vaccine development.
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