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Abstract: Sepsis remains a leading cause of death worldwide. Despite years of extensive 

research, effective drugs to treat sepsis in the clinic are lacking. In this study, we found a novel 

imidazopyridine derivative, X22, which has powerful anti-inflammatory activity. X22 dose-

dependently inhibited lipopolysaccharide (LPS)-induced proinflammatory cytokine production in 

mouse primary peritoneal macrophages and RAW 264.7 macrophages. X22 also downregulated 

the LPS-induced proinflammatory gene expression in vitro. In vivo, X22 exhibited a significant 

protection against LPS-induced death. Pretreatment or treatment with X22 attenuated the sepsis-

induced lung and liver injury by inhibiting the inflammatory response. In addition, X22 showed 

protection against LPS-induced acute lung injury. We additionally found that pretreatment 

with X22 reduced the inflammatory pain in the acetic acid and formalin models and reduced 

the dimethylbenzene-induced ear swelling and acetic acid-increased vascular permeability. 

Together, these data confirmed that X22 has multiple anti-inflammatory effects and may be a 

potential therapeutic option in the treatment of inflammatory diseases.
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Introduction
Sepsis, a whole-body inflammatory response triggered by an infection, remains a 

critical health problem and a major cause of death even in many modern intensive 

care units.1,2 Research efforts in the field of sepsis have focused primarily on the 

innate immune system, and typically have conceptually viewed sepsis as a syndrome 

of hyperinflammation.3,4 Reports pointed out cercal ligation and puncture (CLP) and 

lipopolysaccharide (LPS) were used for the establishment of sepsis animal model.5–7 

Although CLP may greatly mimic the progression and characteristics of human sepsis, 

the high consistency and reproducibility of CLP-induced septic animal were seriously 

influenced by the little different procedures of CLP.6,8 However, Gram-negative bacteria 

are among the most important pathogens of sepsis and their LPS content is regarded 

as an important stimulator of the mammalian innate immune system that triggers the 

systemic inflammatory reaction.9 In sepsis, the large amount of cytokines produced 

causes edema, cellular metabolic stress, and, ultimately, tissue necrosis.10,11 Cytokines 

also induce vasodilatation and transient increase in capillary permeability producing 

extravasation of plasma proteins.12 The proinflammatory cytokines, such as tumor 

necrosis factor (TNF)-α and interleukin (IL)-6, are primarily involved in promoting 

inflammatory processes and play an important role in sepsis.10,13 The inhibitory targeting 

of cytokines has been identified as an important potential strategy for treating sepsis.

correspondence: Yali Zhang
chemical Biology research center, 
school of Pharmaceutical sciences, 
Wenzhou Medical University, University 
Town, Wenzhou, Zhejiang 325035, 
People’s republic of china
Tel +86 577 8669 9892
email ya-li000@163.com 

Yuanrong Dai
Department of Pulmonary Medicine, The 
2nd Affiliated Hospital, Wenzhou Medical 
University, Wenzhou, Zhejiang 325035, 
People’s republic of china
email daiyr@126.com 

Journal name: Drug Design, Development and Therapy
Article Designation: Original Research
Year: 2016
Volume: 10
Running head verso: Ge et al
Running head recto: X22 attenuated inflammatory response in vivo and in vitro
DOI: http://dx.doi.org/10.2147/DDDT.S101449

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/DDDT.S101449
mailto:ya-li000@163.com
mailto:daiyr@126.com


Drug Design, Development and Therapy 2016:10submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1948

ge et al

Many efforts have been made to explore anti-inflammatory 

drugs; however, there are no effective drugs to treat sepsis 

in a clinical setting. Activated drotrecogin alfa, originally 

marketed for severe sepsis, has not been found to be useful, 

and was withdrawn from the market in 2011.14 Eritoran, a syn-

thetic tetraacylated lipid A, showed positive results in Phase 

I and Phase II clinical trials of severe sepsis.15 However, a 

Phase III clinical study for severe sepsis failed.16 Addition-

ally, TAK242 was developed to inhibit the early stage of 

LPS signaling in host cells, but a clinical trial of TAK242 

failed to suppress the cytokine storm in patients with severe 

sepsis.17 Thus, the development of novel anti-inflammatory 

agents for treating sepsis is urgent.

Benzimidazole and imidazopyridine have been shown 

to have anti-inflammatory activity in previous reports.18 

Accordingly, we designed and synthesized a series of novel 

derivatives based on the structures of benzimidazole and imi-

dazopyridine and evaluated their anti-inflammatory activity 

in vitro.19 X22, one of the imidazopyridine derivatives (the 

chemical structure is listed in Figure 1), exhibited its inhibi-

tory activity on the LPS-induced production of TNF-α and 

IL-6 in RAW 264.7 macrophages.19 In addition, X22 was 

found to attenuate the high fat diet-induced arterial injuries 

and prevent the retinal ischemia-reperfusion injury through 

its anti-inflammatory effects.20,21 Based on these results, we 

wanted to find out whether X22 has the potential to treat sepsis. 

Herein, we will use LPS to induce mice sepsis for evaluating 

the anti-inflammatory activity of X22 in vitro and the protec-

tive effects of X22 on an endotoxin shock in vivo model.

Materials and methods
animals
Institute of Cancer Research (ICR) mice and male C57BL/6 

mice weighing 18–22 g were obtained from the Animal Center 

of Wenzhou Medical College (Wenzhou, People’s Republic 

of China). The animals were housed at a constant room tem-

perature with a 12:12 hour light–dark cycle, and fed a standard 

rodent diet and water. The animals were acclimatized to the 

laboratory for at least 3 days before being used in experiments. 

Protocols involving the use of animals were approved by 

the Wenzhou Medical College Animal Policy and Welfare 

Committee (approval documents: wydw2013-0167). All 

animal care and experiments were performed in accordance 

with the approved protocols and the ‘The Detailed Rules and 

Regulations of Medical Animal Experiments Administration 

and Implementation’ (Document No. 1998–55, Ministry of 

Public Health, People’s Republic of China).

reagents
LPS, acetic acid, and formalin solution were purchased from 

Sigma (Sigma-Aldrich Co., St Louis, MO, USA). Saline was 

prepared as a 0.9% NaCl solution. X22 was synthesized and 

characterized as previously described.16 The murine IL-6 

and TNF-α enzyme-linked immunosorbent assay (ELISA) 

Kits were obtained from eBioscience (eBioScience, San 

Diego, CA, USA). Trizol-reagent and the two-step M-MLV 

Platinum SYBR Green quantitative polymerase chain reac-

tion SuperMix-UDG kit were purchased from Invitrogen 

(Invitrogen, Carlsbad, CA, USA) Biotechnology (Santa 

Cruz, CA, USA).

Primary cell preparation and culture
Mouse peritoneal macrophage (MPM) preparation was 

conducted as previously described.22 Briefly, ICR mice 

were stimulated by an intraperitoneal injection of 2 mL 

thioglycollate solution per mouse and kept in pathogen-free 

conditions for 3 days before peritoneal macrophage isolation. 

Total peritoneal macrophages were harvested by washing 

the peritoneal cavity with Roswell Park Memorial Institute 

(RPMI)-1640 medium (8 mL per mouse), centrifuged, then 

the pellet was resuspended in RPMI-1640 medium with 10% 

fetal calf serum (FBS), 100 U/mL penicillin, and 100 mg/mL 

streptomycin. Peritoneal macrophages were cultured on 35 

mm plates and maintained at 37°C in 5% CO
2
-humidified air. 

Nonadherent cells were removed by washing with medium 

at 4 hours after seeding. Experiments were undertaken after 

the cells adhered firmly to the culture plates.

Methyl thiazolyl tetrazolium assay
Mouse peritoneal macrophages were seeded into 96-well 

plates at a density of 5,000 cells per well in RPMI-1640 

medium. Cells were incubated at 37°C in 5% CO
2
 for 24 hours. 

Cells were cultured with 40, 20, 10, 5, and 2.5 μM tested X22 

or an equal volume of saline for 24 hours before the MTT 

assay. A fresh solution of methyl thiazolyl tetrazolium (MTT) 

(5 mg/mL) prepared in phosphate-buffered solution (PBS) 

was added to each single well. The plate was then incubated 

Figure 1 The chemical structure of X22.
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in an incubator with 5% CO
2
 for 4 hours. Afterwards, cells 

were dissolved with 150 μL dimethyl sulfoxide (DMSO),  

and the optical density was read at 490 nm. Viability was 

defined as the ratio (expressed as a percentage) of absorbance 

of treated cells to DMSO treated cells.

Determination of TnF-α and il-6
The TNF-α and IL-6 levels in the medium, serum, and bron-

choalveolar lavage fluid (BALF) were determined by ELISA 

analysis following the instructions of the manufacturer of 

the kit. Mouse peritoneal macrophages and RAW 264.7 

macrophages were seeded into 6-well plates at a density of 

40,000 cells per well in an RPMI-1640 medium. Cells were 

incubated at 37°C in 5% CO
2
 for 24 hours. Cells were cultured 

with a series of concentrations (40, 20, 10, 5, and 2.5 μM) of 

X22 or an equal volume of saline for 30 minutes, which was 

followed by the treatment of 0.5 μg/mL LPS. After treatment, 

the cells were incubated for 24 hours. The media were collected 

to measure the amount of TNF-α and IL-6. The total amount of 

the inflammatory factors in the culture medium was normalized 

to the total protein quantity of the viable cell pellets.

real-time quantitative polymerase chain 
reaction
Total RNA was extracted from cells, lung, or liver tis-

sues (50–100 mg) using TRIZOL according to the 

manufacturer’s protocol. Both reverse transcription and 

quantitative polymerase chain reaction were carried out 

using a two-step M-MLV Platinum SYBR Green quantita-

tive polymerase chain reaction SuperMix-UDG kit. The 

Eppendorf Mastercycler ep realplex detection system was 

used for real-time quantitative polymerase chain reaction 

(RT-qPCR) analysis. The primers for the genes selected for 

the analysis, namely, inducible nitric oxide synthase (iNOS), 

cyclooxygenase-2 (COX-2), TNF-α, IL-6, IL-1β, and β-actin 

were synthesized by Invitrogen. The primer sequences 

used are shown as follows: mouse TNF-α sense primer: 

5′-TGGAACTGGCAGAAGAGG-3′, mouse TNF-α antisense 

primer: 5′-AGACAGAAGAGCGTGGTG-3′; mouse IL-6 

sense primer: 5′-GAGGATACCACTCCCAACAGACC-3′, 
mouse  IL-6  ant i sense  pr imer :  5 ′ -AAGTGCAT 

CATCGTTGTTCATACA-3 ′; mouse COX-2 sense 

primer: 5′-TGGTGCCTGGTCTGATGATG-3′, mouse 

COX-2 antisense primer:  5 ′-GTGGTAACCGCT 

CAGGTGTTG-3 ′ ;  mouse  iNOS sense  p r imer : 

5′-CAGCTGGGCTGTACAAACCTT-3′, mouse iNOS 

antisense primer: 5′-CATTGGAAGTGAAGCGTTTCG-3′; 
mouse  IL-1β  sense  pr imer :  5 ′ -ACTCCTTAGT 

CCTCGGCCA-3 ′, mouse IL-1β antisense primer: 

5′-CCATCAGAGGCAAGGAGGAA-3′; mouse β-actin sense 

primer: 5′-TGGAATCCTGTGGCATCCATGAAAC-3′,  
mouse β-actin antisense primer: 5′-TAAAACGCAGCTCA

GTAACAGTCCG-3′. The amount of each gene was deter-

mined and normalized to the amount of β-actin.

acute toxicity test
In the acute toxicity test, 30 C57BL/6 mice (aged 8 weeks) 

were randomly divided into three groups (five animals/sex/

group). The vehicle group was injected 0.2 mL saline by tail 

vein, while the X22 groups were injected a single dose of 

25 mg/kg and 50 mg/kg of X22 in 0.2 mL saline. All animals 

had free diet and water for 7 days and their body weight was 

recorded every 24 hours.

lPs-induced septic mortality and sepsis 
in c57Bl/6 mice
As mice injected with X22 at 50 mg/kg showed no obvious 

toxicity, we used 20 mg/kg as the maximum concentration 

for further in vivo study. For septic mortality experiment, 

male C57BL/6 mice, weighing 18–22 g, were treated with 

20 mg/kg of an X22 solution by tail vein injection 15 minutes 

before a 20 mg/kg LPS injection. Negative control animals 

received only an equal volume of saline. After the LPS injec-

tion, mice were monitored every 24 hours for 7 days; we set 

explicitly death as standard for mortality and recorded the 

mortality for 7 days. For sepsis experiment, male C57BL/6 

mice, weighing 18–22 g, were treated with 10 or 20 mg/kg 

of an X22 solution by tail vein injection 15 minutes before 

a 20 mg/kg LPS injection, or a 20 mg/kg X22 solution by 

tail vein injection 15 minutes after 20 mg/kg LPS injection. 

Negative control animals received only an equal volume of 

saline. Mice were anesthetized and sacrificed 6 hours after 

LPS injection. Blood samples were collected from the right 

ventricle orbital veniplex using a heparinized syringe with 

a needle. Lung and liver tissues were harvested.

lung and liver histopathology and 
immunohistochemistry analysis
Lung and liver tissues were fixed in 4% paraformaldehyde 

solution, embedded in paraffin, and sectioned at 5 μm. 

After dehydration, sections were stained with hematoxylin 

and eosin according to the previously reported methods. 

A pathologist blindly scored each lung injury according to 

the following four categories: alveolar congestion, hemor-

rhage, neutrophil infiltration into the airspace or vessel wall, 

and thickness of alveolar wall/hyaline membrane formation. 

Each category was graded on a 0- to 4-point scale: 0= no 

injury; 1= injury up to 25% of the field; 2= injury up to 50% 
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of the field; 3= injury up to 75% of the field; and 4= diffuse 

injury.23 Liver histological scoring was performed accord-

ing to Adawi et al with slight modification.24 The degree of 

hepatocellular necrosis and inflammatory cell infiltration 

was quantitatively assessed blindly at the Department of 

Pathology as follows: 1, minimal; 2, moderate; 3, submas-

sive; and 4, massive. The immunohistochemistry analysis 

was performed following the staining protocol for the anti-

CD68 antibody.

lPs-induced acute lung injury (ali)
Male C57BL/6 mice, weighing 18–22 g, were treated with 

10 or 20 mg/kg of an X22 solution by tail vein injection 

15 minutes before 5 mg/kg of LPS was administered by intra-

tracheal instillation, or 20 mg/kg of an X22 solution by tail 

vein injection 15 minutes after 5 mg/kg of LPS was admin-

istered by intratracheal instillation. For the LPS intratracheal 

instillation, the mice were anesthetized by ether. Their necks 

were then dissected to visualize the trachea. Mice were then 

intubated with a 25-gauge catheter. LPS was instilled through 

the intratracheal catheter at a dose of 5 mg/kg, and diluted to 

a total volume of 1 mL/kg with saline to induce ALI. Control 

mice were instilled with the same volume of saline (1 mL/kg) 

intratracheally. After LPS instillation, the neck was sutured 

with nylon thread and the mice were left to recover. Six 

hours after LPS administration, animals were euthanized to 

collect the BALF and lung tissue samples. Collection of the 

BALF was performed three times through a tracheal cannula 

with autoclaved physiological saline, instilled up to a total 

volume of 3 mL.

acetic acid-induced vascular permeability 
assay in icr mice
Model animals received 200 μL each of 10% azovan blue 

solution in saline injected intravenously and 300 μL of acetic 

acid (0.7%) injected intraperitoneally. Following 30 minutes 

after the acetic acid injection, the peritoneal fluid was col-

lected in a sterile and heparinized PBS (1 mL) solution. The 

total peritoneal fluid was evaluated by an optical density 

assay (620 nm).

Dimethylbenzene-induced ear swelling 
in mice
Ear swelling was induced by smearing of dimethylbenzene 

(20 μL/ear) in the right ear, while the left ear was smeared 

with an equal volume of saline as a negative control. The 

thickness of both ears was measured by a Vernier caliper 

after swelling, in each mouse.

Chemically-induced inflammatory 
abdominal constrictions in mice
Abdominal constrictions caused by the intraperitoneal injec-

tion of acetic acid (0.6%) were monitored. Male ICR mice 

weighing 18–22 g were pretreated with X22 (20 mg/kg, tail 

vein injection) 15 minutes before the injection of acetic acid. 

After the challenge, pairs of mice were placed in separate 

boxes, and the number of abdominal constrictions was 

cumulatively counted.

Formalin-induced inflammatory 
nociception in mice
Mice were injected under their paw surface of the right hind 

paw with 20 μL of 2.5% formalin in PBS. The mice were 

observed simultaneously from 0 to 30 minutes following 

the injection of formalin. The amount of time spent licking 

the injected paw was timed with a chronometer and was 

considered indicative of pain.

statistical analysis
The results are presented as standard error of mean ( ± SEM). 

The statistical significance of differences between groups 

was obtained by Student’s t-test. A P-value of less than 0.05 

(P,0.05) was considered indicative of significance.

Results
cytotoxicity
Before our study, we tested the cytotoxicity of X22 in mouse 

peritoneal macrophages by MTT after 24 hours of treatment 

of the cells with different concentrations (2.5, 5, 10, 20, and 

40 μM) of X22. The treatment with X22 displayed no obvi-

ous toxicity in MPMs, as shown in Figure 2, indicating that 

X22, even at 40 μM, was relatively safe.

X22 inhibited lPs-induced production 
of proinflammatory cytokines in MPMs
Subsequently, to determine the anti-inflammatory effect 

of X22, the level of the proinflammatory cytokines, IL-6, 

and TNF-α, induced by LPS, was monitored in both MPMs 

and RAW 264.7 macrophages. The MPMs and RAW 264.7 

macrophages were treated with LPS (0.5 μg/mL) in the 

presence or absence of X22 for 24 hours and then the 

medium was examined for the production of proinflam-

matory cytokines by ELISA analysis. The data presented 

in Figure 3A and B revealed that pretreatment with 

X22 could dose-dependently decrease the LPS-induced 

production of TNF-α and IL-6 in MPMs. Specifically, 

the results indicated that the LPS-induced expression of 
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inflammatory cytokines was inhibited the most by X22 

at 20 and 40 μM. Similar results were observed in RAW 

264.7 macrophages, where X22 also inhibited the LPS-

induced TNF-α and IL-6 secretion (Figure 3C and D). 

After considering the results of the cytotoxicity and the 

anti-inflammatory activities, the concentration of 20 μM 

was selected for further studies.

Next, we examined whether the compound X22 exerts 

any inhibitory effects on the messenger RNA (mRNA) 

expression of TNF-α, IL-6, IL-1β, and COX-2 by real-time 

quantitative polymerase chain reaction analysis. MPMs were 

treated with LPS (0.5 μg/mL) in the presence or absence of 

X22 for 6 hours and LPS significantly induced the expres-

sion of proinflammatory genes (Figure 3E). The results show 

that pretreatment with X22 at 20 μM obviously inhibited 

the LPS-induced TNF-α, IL-6, IL-1β, and COX-2 mRNA 

expression.

X22 effectively protects mice from 
lPs-induced mortality
The body weight of the X22-treated groups (25 and 

50 mg/kg, tail vein injection) was not different from that 

of the control group (Figure 4A), which indicates that X22, 

even at the high dose of 50 mg/kg, is not toxic in mice. 

Male C57BL/6 mice injected with LPS (20 mg/kg) in the 

presence of X22 pretreatment (tail vein injection) were 

monitored for 7 days to assess their survival rates. The 

data presented in Figure 4B revealed that LPS alone caused 

80% of mice death within 48 hours, whereas pretreatment 

with X22 at 20 mg/kg prior to LPS injection significantly 

improved the survival rate compared with the LPS-treated 

group alone.

X22 decreases TnF-α expression 
in serum
X22 was further evaluated for its anti-inflammatory benefits 

to animals. Mice were treated with X22 at 20 or 10 mg/kg 

before being administered LPS at 20 mg/kg or treated with 

X22 at 20 mg/kg after being administered LPS at 20 mg/kg.  

Mice in the negative control group were treated with vehicle 

(saline) and those in the positive control group were injected 

with LPS alone at 20 mg/kg. All mice were sacrificed 

6 hours after LPS injection and the plasma TNF-α level was 

determined by ELISA analysis. The result revealed that the 

serum level of TNF-α both in the X22 pre-LPS challenged 

groups and X22 post-LPS challenged group was significantly 

decreased compared to the LPS alone group, as shown in 

Figure 5. This result indicated that X22 has an obvious anti-

inflammatory activity in vivo.

effect of X22 on reducing sepsis-induced 
inflammation and histopathological 
changes in lung and liver tissues
Lung is one of the primary organs affected in septic shock. 

Real-time polymerase chain reaction analysis was used 

to verify the profiles of the selected genes TNF-α, IL-1β, 

IL-6, and iNOS, which were found to be involved in the 

inflammatory response in mouse lung after the LPS chal-

lenge. The mRNA levels of these four genes in the lung 

were significantly induced by LPS and suppressed by X22 

both in X22 pre-LPS challenged groups and X22 post-LPS 

challenged group (Figure 6A–D). These results suggested 

that X22 significantly inhibits the transcription of the LPS-

induced inflammatory genes in lung. Furthermore, LPS 

injection induced structural change and inflammatory cells 

Figure 2 effect of X22 on MPMs and raW 264.7 macrophage viability analyzed by an MTT assay.
Notes: MPMs (50,000 cells/ml) (A) or raW 264.7 (80,000 cells/ml) (B) macrophages were seeded in 96-well plates and treated with the indicated concentration of X22 
for 24 hours. all values are given as the mean ± seM of three independent experiments.
Abbreviations: DMsO, dimethyl sulfoxide; MPMs, mouse peritoneal macrophages; seM, standard error of mean.
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Figure 3 X22 inhibited LPS-induced inflammatory cytokine expression in vitro.
Notes: (A and B) MPMs or (C and D) raW 264.7 macrophages were pretreated with X22 (2.5, 5, 10, 20, and 40 μM) for 30 minutes, followed by incubation with lPs (0.5 μg/ml)  
for 24 hours. il-6 and TnF-α levels in the culture medium were measured by elisa analysis and normalized to the total protein. The results are presented as the percent 
of lPs control. each bar represents the mean ± SEM of three independent experiments. Statistical significance relative to the LPS group is indicated, *P,0.05; **P,0.01. 
(E) MPMs were pretreated with X22 (20 μM) for 30 minutes followed by incubation with lPs (0.5 μg/mL) for 6 hours. The mRNA levels of inflammatory cytokines were 
quantified by real-time qPCR analysis using β-actin mrna as the internal control. each bar represents the mean ± SEM of three to five independent experiments (*P,0.05, 
**P,0.01 relative to the lPs group).
Abbreviations: cOX-2, cyclooxygenase-2; DMsO, dimethyl sulfoxide; elisa, enzyme-linked immunosorbent assay; il-6, interleukin-6; il-1β, interleukin-1β; lPs, 
lipopolysaccharide; qPcr, quantitative polymerase chain reaction; TnF-α, tumor necrosis factor-α; MPMs, mouse peritoneal macrophages; seM, standard error of mean.

α β

α

α

infiltration in lung tissues compared with the control group 

(Figure 6E and G). Figure 6F shows the semiquantitative 

lung injury score, which further reveals the protective effects 

of X22. Compared with the LPS group, the X22 pre-LPS 

challenged groups and X22 post-LPS challenged group had 

normal lung structure, very little histopathological changes, 

and macrophage infiltration.

Similar results were observed in the liver tissue as well. 

As shown in Figure 7A–D, compound X22 significantly 

inhibited the sepsis-induced upregulation of TNF-α, IL-6, 
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iNOS, and IL-1β transcripts in the liver tissue of both the X22 

pre-LPS challenged groups and X22 post-LPS challenged 

group. In addition, we also observed the effect of compound 

X22 on the changes of liver function. In particular, sepsis 

clearly induced the increase of alanine aminotransferase and 

aspartate transaminase, the markers of liver function, whereas 

X22 attenuated such changes of liver function (Figure 7E 

and F). Staining with hematoxylin and eosin showed that the 

liver sections from the sepsis group underwent liver structural 

changes and inflammatory cell infiltration, whereas in the 

negative control, X22 pre-LPS challenged groups, and X22 

post-LPS challenged group, such changes were not evident 

(Figure 7G). Figure 7H shows the semiquantitative liver injury 

score, which further reveals the protective effects of X22.  

Macrophage infiltration was detected by CD68 immuno-

histochemical staining analysis. The results of this analysis 

revealed that, as shown in Figure 7I, compared with the LPS 

group, X22 pre-LPS challenged groups and X22 post-LPS 

challenged group reduce the sepsis-induced large amount of 

macrophage infiltration.

effect of X22 on lPs-induced ali
To further characterize the anti-inflammatory effects of 

X22 in vivo, we assessed LPS-induced ALI in C57BL/6 

mice. Treatment with X22 markedly attenuated ALI as 

indicated by the observed amelioration of histological 

changes (Figure 8A) and Figure 8B shows the semiquanti-

tative lung injury score. Treatment with X22 also reduced 

the ALI-induced increase of total number of cells in BALF 

(Figure 8C). Meanwhile, X22 also inhibited the LPS-induced 

expression of TNF-α and IL-6 in BALF (Figure 8D and E), 

and TNF-α in serum (Figure 8F). We next analyzed the 

proinflammatory gene expression in lung tissue. The data, 

presented in Figure 8G–I, indicate that pretreatment of mice 

with X22 dose-dependently reduced the ALI-induced IL-6, 

IL-1β, and COX-2 mRNA transcription. In particular, the 

X22 post-LPS challenged group exhibited similar effects 

as the X22 pre-LPS challenged groups. Taken together, our 

results revealed that X22 has the ability to attenuate ALI by 

inhibiting the inflammatory response.

Treatment with X22 inhibited 
inflammation-related reactions in 
chemically-induced inflammatory models
We further examined the beneficial effects of X22 on 

inflammation-related models challenged by other stimuli. 

Dimethylbenzene-induced ear swelling has been widely used 

Figure 4 X22 attenuated lPs-induced septic shock in vivo.
Notes: (A) Male icr mice were injected intravenously with vehicle or X22 (25 and 50 mg/kg) and the body weight was recorded for 7 days. (B) Male c57Bl/6 mice were 
pretreated with X22 (tail vein injection, 20 mg/kg) or vehicle, followed by injection of lPs (tail vein injection, 20 mg/kg). survival rates were recorded for 7 days at an interval 
of 24 hours after the lPs injection. n=10 animals in each group. **P,0.01 versus lPs group.
Abbreviations: cOn, control; icr mice, institute of cancer research mice; lPs, lipopolysaccharide.

Figure 5 X22 decreased TnF-α expression in the serum of septic mice.
Notes: Male c57Bl/6 mice were treated with lPs (tail vein injection, 20 mg/kg) 
15 minutes before X22 (tail vein injection, 10 and 20 mg/kg) or 15 minutes after X22 
(tail vein injection, 20 mg/kg) injection. Mice were anesthetized and killed 6 hours 
after lPs injection. The TnF-α level in serum was detected by elisa analysis. 
*P,0.05, **P,0.01 versus lPs group.
Abbreviations: cOn, control; elisa, enzyme-linked immunosorbent assay; lPs, 
lipopolysaccharide; TnF-α, tumor necrosis factor-α.
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Figure 6 X22 attenuated sepsis-induced lung injury in mice.
Notes: Male c57Bl/6 mice were treated with lPs (tail vein injection, 20 mg/kg) 15 minutes before X22 (tail vein injection, 10 and 20 mg/kg) or 15 minutes after X22 (tail vein 
injection, 20 mg/kg) injection. Mice were anesthetized and killed 6 hours after the LPS injection. The expression of inflammatory mediators in lung tissue, including TNF-α (A), 
il-6 (B), inOs (C), and il-1β (D), was analyzed by real-time qPcr using β-actin mrna as the internal control (*P,0.05, **P,0.01 relative to the lPs group). (E) compound 
X22 attenuated sepsis-induced histopathological change in lung tissue (h&e staining, 200×). (F) The lung injury score was determined. (G) cD68 immunostaining was used 
for the detection of macrophage infiltration in the lung tissue, (200×).
Abbreviations: cOn, control; h&e staining, hematoxylin and eosin staining; il-6, interleukin-6; il-1β, interleukin-1β; inOs, inducible nitric oxide synthase; lPs, 
lipopolysaccharide; qPcr, quantitative polymerase chain reaction; TnF-α, tumor necrosis factor-α.

α

β

as an inflammation model in vivo.25 We found that compared 

to the dimethylbenzene group, pretreatment with X22 (20 

mg/kg, tail vein injection) could significantly reduce the ear 

swelling, as shown in Figure 9A. Furthermore, we found that 

ICR mice pretreated with X22 (20 mg/kg, tail vein injection) 

15 minutes before intraperitoneal injection of acetic acid 

showed less writhing number (Figure 9B). Additionally, 

pretreatment with X22 also reduced the acetic acid-induced 

vascular permeability using azovan blue dye (Figure 9C).

We also evaluated the inhibitory effects of X22 on 

formalin-induced inflammatory nociception (both first and 

second phase) in ICR mice. The results show that pretreatment 

with X22 could reduce the licking times of the mouse which 

was stimulated by formalin, with an inhibition of 50.2% in 

the first phase (0–10 minutes after formalin injection) and an 

inhibition of 95.3% in the second phase (15–30 minutes after 

formalin injection), as illustrated in Figure 9D and E. The 

results strongly suggest that X22 is able to effectively inhibit 
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Figure 7 X22 attenuated sepsis-induced liver injury in mice.
Notes: Male c57Bl/6 mice were treated with lPs (tail vein injection, 20 mg/kg) 15 minutes before X22 (tail vein injection, 10 and 20 mg/kg) or 15 minutes after X22 
(tail vein injection, 20 mg/kg) injection. Mice were anesthetized and killed 6 hours after the lPs injection. (A–D) The expression of the inflammatory mediators in liver 
tissue, including TnF-α (A), il-6 (B), inOs (C), and il-1β (D), was analyzed by real-time qPcr using β-actin mrna as the internal control (*P,0.05, **P,0.01). X22 
lowered serum alT (E) and serum asT (F) expression in septic mice (*P,0.05, **P,0.01 relative to the lPs group). (G) compound X22 attenuated the sepsis-induced 
histopathological change in liver tissue (h&e staining, 200×). (H) The liver injury score was determined based on “g”. (I) cD68 immunostaining was used for the detection 
of macrophage infiltration in the liver tissue, (200×).
Abbreviations: alT, alanine aminotransferase; asT, aspartate transaminase; cOn, control; h&e staining, hematoxylin and eosin staining; il-6, interleukin-6; il-1β, 
interleukin-1β; lPs, lipopolysaccharide; inOs, inducible nitric oxide synthase; qPcr, quantitative polymerase chain reaction; TnF-α, tumor necrosis factor-α.
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the inflammatory response induced by chemical stimuli, such 

as acetic acid and formalin, in vivo.

Discussion
Numerous preclinical and clinical studies show that patients 

with conditions, such as trauma and burns, are highly 

prone to infection induced by sepsis which often causes 

septic shock and multiorgan failure.26–29 At present, the 

current treatments for sepsis include antimicrobial and 

non-antimicrobial therapies.30 Leone et al30 thought the 

empiric use of new cephalosporin or tygecycline should 

not be recommended in patients because of the high risk 

of multidrug resistant pathogen carriage. The inefficacy of 

antibiotics against key pathogens makes their use in severe 

sepsis unsafe.31 Among non-antimicrobial therapy, anti-

inflammatory therapy is the main strategy. Steroids and 

nonsteroidal anti-inflammatory drugs have long been used 

as major therapeutic anti-inflammatory agents.32,33 High 

doses of steroids have failed to show a benefit in severe 

sepsis and whether a low dose of hydrocortisone should be 
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Figure 8 effect of X22 on lPs-induced acute lung injury.
Notes: Mice were treated by intratracheal instillation of lPs. six hours later, mice were anesthetized and killed. lung tissues and BalF were collected for further tests. 
(A) compound X22 attenuated lPs-induced histopathological change in lung tissue (h&e staining, 200×) (magnification: ×200, scale bar: 100 μm). (B) The lung injury score 
was determined. (C–F) effects of X22 on total cells in BalF (C), TnF-α (D), and il-6 (E) levels in BalF, and TnF-α (F) levels in serum (*P,0.05, **P,0.01 relative to the 
lPs group). (G–I) The expression of inflammatory mediators in lung tissue, including IL-6 (G), il-1β (H), and cOX-2 (I), was analyzed by real-time qPcr using β-actin mrna 
as the internal control (*P,0.05, **P,0.01 relative to the lPs group).
Abbreviations: BALF, bronchoalveolar lavage fluid; CON, control; COX-2, cyclooxygenase-2; H&E staining, hematoxylin and eosin staining; IL-6, interleukin-6; IL-1β, 
interleukin-1β; lPs, lipopolysaccharide; qPcr, quantitative polymerase chain reaction; TnF-α, tumor necrosis factor-α.

αα

β

used in severe sepsis still needs to be confirmed by ongoing 

studies.30 The substantial body of accumulated evidence 

from cellular and animal models and the trends from human 

studies suggest that nonsteroidal anti-inflammatory drugs 

may have beneficial effects in sepsis and further study is 

warranted.34 Low-dose of acetyl salicylic acid appears to 

be beneficial in the prevention and treatment of sepsis and 

systemic inflammatory response syndrome.35 However, the 

serious side effects of acetyl salicylic acid, including renal 

impairment and increased bleeding, cannot be ignored by 

us.36,37 Accordingly, the need to find novel and effective 

therapeutic approaches for sepsis is all the more urgent.
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Figure 9 Effects of X22 on chemically-induced inflammation in vivo.
Notes: (A) ear swelling induced by dimethyl benzene. (B) acetic acid-induced writhing response. (C) acetic acid-induced vascular permeability. Formalin-induced nociception 
mice, (D) first-inflammatory phase, 0–10 minutes after formalin induction, and (E) second-inflammatory phase, 15–30 minutes after formalin induction. Control animals 
received saline (0.9% nacl). each value represents the mean ± SEM of six mice, and asterisks indicate the significant difference of pretreated group and model group to the 
corresponding saline group (*P,0.05, **P,0.01, ***P,0.01 relative to the lPs group).
Abbreviations: lPs, lipopolysaccharide; OD value, optical density value; seM, standard error of mean.

In our previous studies, we synthesized many mono-

carbonyl curcumin analogs and evaluated their anti-

inflammatory activity, and some exhibited promising 

pharmacological effects and are currently undergoing 

preclinical evaluation.38,39 However, the water insoluble 

activity of these active compounds limits their usefulness in 

the treatment of sepsis. X22, which was synthesized based 

on the structure of imidazopyridine, exhibited obvious 

anti-inflammatory activity19 and water solubility. Thus, we 

considered X22 as a promising anti-inflammatory candidate 

for treating sepsis. Here, we show that X22 dose-dependently 

inhibited LPS-induced TNF-α and IL-6 production in MPMs 

and RAW 264.7 macrophages (Figure 3A–D). Although X22 

exhibits similar inhibitory rates against TNF-α and IL-6 to 

previously reported compounds, the water solubility of X22 

gives it more potential for clinical study. Upon LPS stimula-

tion, various inflammatory mediators, such as cytokines and 

enzymes, are induced at varying magnitudes.40 The mRNA 

levels of TNF-α, IL-6, IL-1β, and COX-2 were shown to 

be upregulated by LPS induction. X22, at 20 μM, reduced 

the expression of inflammatory genes in LPS treated MPMs 

(Figure 3E).

As a major endotoxin, LPS from Gram-negative bacte-

ria has been implicated as a major cause of sepsis. In vivo, 

20 mg/kg LPS was employed to induce sepsis in animals, 

which can cause a variety of organ failures, such as lung and 

liver tissue.41 After LPS injection, the peak levels of inflam-

matory cytokines induced by LPS were at between 1.5 and 

4 hours and tissue injury began from 6 hours,5 so we choose 

6 hours to evaluate the tissue protective effects of X22 in 

sepsis. As expected, animals receiving X22 either prior to 

LPS or after LPS were protected from LPS-induced septic 

death improving the survival rate by 50% and they exhibited 

attenuated lung and liver injuries (Figures 4–7). However, 

Kim et al report their novel synthetic histone deacetylase 

inhibitor, 9a (20 mg/kg), improved survival rate by 30%.42 

Mohanty et al reported that TAF-5 played a protective effect 

in lethal shock. With the oral dose of 10 and 30 mg/kg, the 

animals’ survival rate were 20% and 30%, respectively.43 

These results elucidated X22 has the potential to be a can-

didate for reducing the mortality of sepsis.

To elucidate the anti-inflammatory mechanism of X22 

in vitro and in vivo, we did a lot of work. Several reports 

pointed out that imidazopyridine derivatives were inhibitors 
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of COX-2;44 we have detected COX-2 activity. However, 

X22 has no effect on inhibiting the activity of COX-2 (data 

not shown). In response to LPS stimulation, MAPKs are 

phosphorylated and NF-κB are activated.45 In our two previ-

ous studies, we found that X22 attenuates obesity-induced 

arterial injuries by inhibiting NF-κB activation and prevents 

the retinal ischemia-reperfusion injury via the inhibition of 

MAPKs.20,21 However, we found no effects of X22 on the 

phosphorylation of MAPKs and NF-κB activation in both 

MPMs and RAW 264.7 macrophages (data not shown). 

Unfortunately, our study does not shed any light on the 

anti-inflammatory mechanism of X22 in LPS-induced sep-

sis. In future work, we will explore the anti-inflammatory 

mechanism of X22.

Conclusion
In summary, the main findings of the present study, both 

in vitro and in vivo, demonstrate the preventive role of 

X22 against the LPS-induced inflammatory response, 

sepsis-induced lung and liver injuries, and septic mortal-

ity. Although continued research is required to examine 

the underlying anti-inflammatory mechanism of X22, these 

results clearly suggest the therapeutic potential of X22 in the 

treatment of sepsis. In addition, we also found that X22 has 

the ability to prevent LPS-induced ALI, dimethylbenzene-

induced ear swelling, acetic acid-caused writhing response 

and vascular permeability, and formalin-induced inflam-

matory nociception. Taken together, we found that X22 

may be a potential agent for treating inflammatory diseases, 

including sepsis.
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