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Abstract: Background: Previous studies have demonstrated that flagellin, a component of bacterial 

flagella, engages Toll-Like receptor 5 (TLR-5) causing the activation of the Myeloid Differentiation 

Factor-88 (MYD-88) pathway that leads to the production of pro-inflammatory cytokines including 

Tumor Necrosis Factor–alpha (TNF-�) and Interleukin-12 (IL-12). In physiological levels, cytokines 

can aid in protection against infectious agents. However, excessive production of cytokines can lead to 

septic shock during sepsis. 

Objective: In this study, we aimed at investigating the effect of denatured flagellin on hindering the 

effects induced by intact flagellin or flagellated Pseudomonas aeruginosa on the Toll-Like Receptor-5 

(TLR-5) in mice. 

Methods: Mouse mononuclear cells (MNCs) were cultured with intact flagellin, heat-denatured flagel-

lin, TLR-5 antagonist, Pseudomonas aeruginosa, and TLR-4 antagonist each alone or in combinations. 

Supernatants were collected at 4 hours post incubation to assess the levels of IL-12 and TNF-� by 

Enzyme-Linked ImmunoAssay (ELISA). Furthermore, groups of BALB/c mice were injected intrape-

ritoneally (IP) with Pseudomonas aeruginosa, LPS-RS, intact flagellin, and denatured flagellin, each 

alone or in different combinations. Serum levels of IL-12 and TNF-� were measured at 2, 4, and 6 

hours post injections of Pseudomonas aeruginosa or intact flagellin. 

Results: Pretreatment with denatured flagellin significantly reduced the amount of TNF-� and IL-12 

produced both in vitro and in vivo by intact flagellin or Pseudomonas aeruginosa.

Conclusion: Denatured flagellin suppressed the production of the pro-inflammatory cytokines induced 

by intact flagellin or Pseudomonas aeruginosa both in vitro and in vivo, probably by blocking TLR5. 

Denatured flagellin might be considered as an anti-septic shock agent.�

Keywords: TLR-5, flagellin, Anti-mTLR5-IgG, TLR-4, LPS-RS, cytokines. 

1. INTRODUCTION 

 The engagement of Flagellin with Toll Like Receptor-5 
(TLR-5), expressed by different cell types including im-
munocompetent cells, results in the initiation of a signaling 
pathway that leads to the activation of the nuclear factor NF-
�B and the production of pro-inflammatory cytokines includ-
ing Tumor Necrosis Factor–alpha (TNF-�) and Interleukin-
12 (IL-12) [1-3]. TNF-�, mainly produced by macrophages, 
is considered as an endogenous pyrogen and contributes to 
the promotion of sepsis [4]. IL-12, also produced by macro-
phages, is implicated in the development of an adaptive im-
mune response during sepsis [5]. 

 Since Pseudomonas aeruginosa (P. aeruginosa) is a 
flagellated bacterium that has Lipopolysaccharide (LPS) in  
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its outer membrane, it can activate two signaling pathways; 
one initiated by flagellin-TLR-5 engagement and the other 
by LPS-TLR-4 engagement. In the former case, pro-
inflammatory cytokines are produced and in the latter both 
pro-inflammatory cytokines and Type I interferon’s are pro-
duced [6].  

 The presence of an elevated concentration of flagellin in 
the plasma of human patients suffering from Gram-negative 
sepsis suggests that it might be responsible for the inflamma-
tory response. Moreover, it was implicated that flagel-
lin/TLR-5 signaling promoted the pathophysiology of sepsis. 
The pro-inflammatory potency of flagellin appears in the 
development of cardiovascular collapse and acute lung in-
flammation in mice models. Additionally, it was reported 
that Salmonella flagellin was responsible for cytokine release 
from intestinal epithelial cells in culture, and when it was 
injected intraperitoneally into lipopolysaccharide (LPS)-
resistant C3H/HeJ mice, it caused shock-like syndrome [7, 
8]. 
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 Knowing that bacterial flagellin elicits a sepsis-like sys-
temic inflammatory response in mice via the production of 
pro-inflammatory cytokines, we hypothesized that denatured 
flagellin might decrease pro-inflammatory cytokines produc-
tion; thus, alleviating septic shock. In this study, we investi-
gated the effect of denatured flagellin on hindering intact flag-
ellin and Pseudomonas aeruginosa from inducing the produc-
tion of the pro-inflammatory cytokines TNF-� and IL-12.  

2. MATERIALS AND METHODS  

2.1. Reagents and Preparations 

 Flagellin extracted from Salmonella typhimurium 
(FLA_ST) (Invivogen 3950 sorrento Valley Blvd. suite 100, 
San Diego CA-92121-USA) was used by preparing a suspen-
sion of 50�g of the lyophilized powder in 0.5 ml endotoxin- 
free water and will be referred to as intact flagellin. Denatured 
flagellin was prepared by heating at 70 ° C in a water bath for 
20 minutes since it is thermolabile. Anti-mTLR-5-IgG (Invi-
vogen 3950 Sorrento Valley Blvd. suite 100, San Diego CA-
92121-USA) was suspended in sterile distilled water to a final 
concentration 100�g/ml, Lipopolysaccharide extracted from 
Rhodobacter sphaeroides (TLR-4 antagonist, Invivogen 3950 
Sorrento Valley Blvd. suite 100, San Diego CA-92121-USA), 
was prepared by reconstituting 5 mg of the lyophilized powder 
in 1ml endotoxin-free water. Desired dilutions were used to 
reach final concentrations for each experiment. 

2.2. Pseudomonas aeruginosa Strain PAK 

 P. aeruginosa strain PAK was grown overnight in Luria 
Bertani (LB) agar. The colonies were then suspended in ster-
ile distilled water; for the in vitro studies, a concentration of 
2.5x10

5
CFU/ml was used (each 0.2 ml containing 

5x10
4
CFU), and for the in vivo studies, a concentration of 

5x10
6
CFU/ml was used (each 0.2 ml containing 10

6
CFU). 

2.3. Treatment of Mice and Procurement of Specimens 

 Sixty three female Balb/c mice were obtained from the 
Animal Care Facility at the American University of Beirut, 
all procedures followed were reviewed and approved by the 
Institutional Animal Care and Usage Committee of the 

American University of Beirut. Mice were divided into 7 
groups of 9 mice each and received intraperitoneal (IP) injec-
tions of P. aeruginosa, LPS-RS (TLR-4 antagonist), intact 
flagellin, and denatured flagellin, each alone or in different 
combinations at altered time points as shown in Table 1.
Two, four and six hours post-injection, 3 mice of each group 
were bled by cardiac puncture, pooled and serum was sepa-
rated for the measurement of TNF-alpha and IL-12 levels.  

2.4. Provision of Mononuclear Cells (MNCs) and Cell 
Culture 

 Blood was collected from 20 Balb/c mice by cardiac 
puncture and mononuclear cells (MNCs) were isolated using 
Ficoll -Isopaque. Collected cells were suspended in culture 
medium, (RPMI, 10% FBS and 1% L-Glutamine) and then 
seeded in a 48 well plate, at 2x10

5
cells /well/0.2ml. Cells 

were incubated at 37�C and 5% CO2 for 4 hours with vary-
ing concentrations and combinations of intact flagellin, heat-
denatured flagellin, Anti-mTLR5IgG (TLR-5 antagonist), P. 
aeruginosa, and LPS-RS as shown in Table 2. Denatured 
flagellin, Anti-mTLR5IgG and LPS-RS were added to the 
cells at 1 hour prior to the addition of other reagents. Follow-
ing incubation for 4 hours, supernatants were collected for 
the assessment of IL-12 and TNF-� levels.  

2.5. TNF-� and IL-12 Levels 

 Serum and supernatants TNF-� and IL-12 Levels were 
determined using ELISAkits (Abcam company, Moscow, 
Russia) according to the manufacturer’s protocol. 

2.6. Statistical Analysis 

 The unpaired student T-test was implemented to assess 
the sample variations between groups using the Graphpad 
online software. Results were considered to be statistically 
significant when p value was <0.05.  

3. RESULTS  

3.1. TNF-� Levels in Cells Supernatants 

 TNF-� levels of supernatants from cells treated with heat 
denatured flagellin were significantly lower than levels in 

Table 1. The protocol used for the treatment of mice. 

Group Description Treatment Challenge 

 T(-1hr) T (0hr) 

Negative Control Group  Saline 

Positive Control Group  Intact Flagellin (0.2 ml of 5 �g/ml) 

Test Group 1  Denatured Flagellin (0.2 ml of 5 �g/ml) 

Test Group 2  P. aeruginosa (0.2 ml of 5x106CFU/ml)

Test Group 3 LPS-RS (0.1 ml of 100 �g/ml) P. aeruginosa (0.2 ml of 5x106CFU/ml)

Test Group 4 Denatured Flagellin (0.2 ml of 5 �g/ml) LPS-RS 

(0.1 ml of 100 �g/ml) 

P. aeruginosa (0.2 ml of 5x106CFU/ml)

Test Group 5 Denatured Flagellin P. aeruginosa (0.2 ml of 5x106CFU/ml)
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supernatants obtained from cells treated with intact flagellin 
(p=0.028) (Fig. 1). 

3.2. TNF-� Levels in Sera 

 When only denatured flagellin was administered to mice 
before the infection with P. aeruginosa, it caused a signifi-
cant decrease in TNF-� levels at 6 hours as compared to 
mice only infected with P. aeruginosa (p=0.012). The treat-
ment of mice with LPS-RS in addition to heat denatured 
flagellin prior to P. aeruginosa infection led to a significant 
decrease at 2 hours (p = 0.0007) and 6 hours (p=0.004) post-
challenge with P. aeruginosa. Hence, the decrease was fur-
ther pronounced at 2 hours and 6 hours when LPS-RS was 
added as compared to the group treated only with denatured 
flagellin and infected with P. aeruginosa (Fig. 2). 

3.3. IL-12 Levels in Cells Supernatants  

 IL-12 levels of supernatants from cells treated with heat-
denatured flagellin were significantly lower than levels in 
supernatants obtained from cells treated with intact flagellin. 
Cells pretreated with heat-denatured flagellin and LPS-RS 
prior to P. aeruginosa infection showed a significant de-
crease of IL-12 levels as compared to levels in supernatants 
from cells pretreated with LPS-RS followed by infection 
with P. aeruginosa (p=0.0004) (Fig. 3). 

3.4. IL-12 Levels in Sera 

 At 6 hours post infection, mice that received heat dena-
tured flagellin and LPS-RS prior to administration of P. 
aeruginosa, had a significant lower IL-12 serum level at 6 
hours as compared to mice infected only with P. aeruginosa 
(p=0.0113) . Mice given denatured flagellin and challenged 
with P. aeruginosa had a significant decrease in serum levels 
of IL-12 at 2 and 4 hours post-infection as compared to the 
group that had received only P. aeruginosa (p=0.0017, 
p=0.0039) (Fig. 4). 

4. DISCUSSION 

 During infection, the binding of flagellin to TLR-5 con-
tributes to the production of pro-inflammatory cytokines 
including TNF-� and IL-12 [2, 9]. These cytokines, when 
produced in physiological amounts, play a protective role 
against infectious agents. However, if produced in excessive 
amounts they can contribute to septic shock. And this has 
been reported by Krakauer who showed that the binding of 
Super antigens to MHC class II molecules caused the activa-
tion of both antigen-presenting cells and T lymphocytes. 
Hence, the resulting excessive production of pro-
inflammatory cytokines may lead to fever, hypotension, and 
shock [10]. 

 Reports have indicated that flagellin can induce systemic 
inflammation [7, 9, 10] and that flagellin/TLR5 signaling 
elicits several mechanisms that are instrumental in the 
pathophysiology of sepsis [11]. Moreover, flagellin was 
shown to be responsible for myocardial inflammation and 
contractile dysfunction during sepsis and that pro-
inflammatory cytokine TNF-� can decrease heart rate and 
contractility [12, 13]. 

 This study focused on detecting methods of blocking the 
interaction of intact flagellin and TLR-5 and or the signaling 
pathway that occurs as a result of flagellin engaging TLR-5. 
To rule out the effect of LPS as confounding factor, LPS-RS, 
a TLR-4 antagonist was used, when experiments made use of 
a flagellated Gram-negative organism (P. aeruginosa). 

 The approach was to decrease the levels of pro-
inflammatory cytokines produced in vitro and in vivo by 
pretreatment of MNCs with heat-denatured flagellin prior to 
administration of intact flagellin or Gram-negative flagel-
lated Pseudomonas aeruginosa. The results indicated that the 
pre-treatment of MNCs did significantly decrease the levels 
of TNF-� and IL-12. 

 The in vitro results concurred with the in vivo results 
when the groups of mice that were pretreated with denatured 

 

Table 2. Protocol for determining the in vitro effect of denatured flagellin on intact Flagellin and Pseudomonas aeroginosa. 

Well Description Cells Preparations 

 T(-2hr) T(-1hr) T (0hr) 

Negative Control Well MNCs   

Positive Control Well MNCs  Intact Flagellin (0.2 ml of 0.1 �g/ml) 

Test Well 1 MNCs Denatured Flagellin (0.2 ml of 0.1 �g/ml)  

Test Well 2 MNCs Denatured Flagellin (0.2 ml of 0.1 �g/ml) Intact Flagellin (0.2 ml of 0.1 �g/ml) 

Test Well 3 MNCs  P. aeruginosa (0.2 ml of 2.5x105CFU/ml)

Test Well 4 MNCs Anti-mTLR5IgG (0.2 ml of 0.5 �g/ml)  

+ LPS_RS (0.2 ml of 1 �g/ml)

P. aeruginosa (0.2 ml of 2.5x105CFU/ml)

Test Well 5 MNCs Denatured Flagellin + LPS_RS P. aeruginosa (0.2 ml of 2.5x105CFU/ml)

Test Well 6 MNCs  LPS_RS (0.2 ml of 1 �g/ml) P. aeruginosa (0.2 ml of 2.5x105CFU/ml)

Test Well 7 MNCs Anti-mTLR5IgG (0.2 ml of 0.5 �g/ml) P. aeruginosa (0.2 ml of 2.5x105CFU/ml)
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Fig. (1). TNF-� levels in MNCs supernatants after 4 hours of incubation with different combinations of intact flagellin, and /or denatured 

flagellin, Anti-mTLR-5IgG, P. aeruginosa, and LPS-RS. The average of duplicate run for each sample is shown along with the standard de-
viations*.Abbreviations: MNC: mononuclear cells, LPS-RS: Lipolpolysaccharide from Rhodobacter Spheroides, Anti-TLR5IgG. 

Fig. (2). Serum TNF-� levels at 2, 4 and 6 hours post- injection in the different groups of mice. The average of duplicate runs for each sample 

is shown along with the standard deviations. Denatured flagellin decreased levels of TNF-� at 4 and 6 hours post- injection with P. aerugi-
nosa. Abbreviations: LPS-RS: Lipolpolysaccharide from Rhodobacter Spheroides.

Fig. (3). IL-12 levels in MNCs supernatants after 4 hours of incubation with different combinations of intact flagellin, and/ or denatured flag-

ellin, anti-mTLR-5IgG, P. aeruginosa, and LPS-RS. The average of duplicate run for each sample is shown along with the standard devia-
tions*. Abbreviations: MNC: mononuclear cells. LPS-RS: Lipolpolysaccharide from Rhodobacter Spheroides , Anti-TLR5IgG. 

Fig. (4). Serum Il-12 levels at 2, 4 and 6 hours post injection of the different groups of mice. The average of duplicate run for each sample is 

shown along with the standard deviations. Denatured flagellin decreased levels of TNF-� at 4 and 6 hours post injection with P. aeruginosa.

Abbreviations are indicated as: LPS-RS: Lipolpolysaccharide from RhodobacterSpheroides.
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flagellin prior to intact flagellin or P. aeruginosa challenge 
showed significantly decreased levels of TNF-� and IL-12. 

 It is of note that the levels of TNF-� and IL-12 after 4 
hours were higher in the group of mice that have received 
LPS-RS and P. aeruginosa than the group that received only 
P. aeruginosa. Likewise, IL-12 level was higher in the group 
of mononuclear cells treated with LPS-RS and P. aeruginosa
then that treated only with P. aeruginosa. This could be at-
tributed to the fact that LPS-RS contains lipopeptide con-
taminants that can stimulate Toll-like Receptor-2 (TLR-2), 
and could be responsible for the high levels of TNF-� and 
IL-12 produced after 4 hours [14].  

CONCLUSION 

 In conclusion, heat denatured flagellin appeared to block 
the engagement of flagellin to Toll-Like Receptor-5, or binds 
elsewhere on the cell to antagonize the signaling pathway 
generated by flagellin-TLR-5 interaction. In doing so, it sup-
pressed excessive production of pro-inflammatory cytokines. 
Overproduction of pro-inflammatory cytokines may in part 
be the cause of septic shock. The use of heat-denatured flag-
ellin along with other modified bacterial constituents could 
be considered in the treatment of septic shock. In future stud-
ies using x-ray crystallography and spectroscopic techniques, 
the structure of denatured flagellin can be compared to intact 
flagellin and structure-function relationships can be properly 
defined. 
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