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Abstract Curcumin has a wide range of biological activities. This study investigated the anti-

inflammatory activity of a triazole curcumin derivative (TAC)—especially its effect on lipopolysac-

charide (LPS)-induced acute lung injury (ALI) in mice and possible targets. In the xylene-induced

ear edema experiment, the inhibition rate of TAC against mice ear edema was 23.8%–78.2% over a

dose range of 2.5–40 mg/kg 4 h after administration. At a dose of 10 mg/kg, the anti-inflammatory

activity of TAC reached a peak at 4 h with an inhibition rate of 73.1%. This was significantly better

than the positive control drug sodium diclofenac (DCF). TAC can also effectively reduce the degree

of pulmonary edema injury in mice. H&E and Masson staining showed that the inflammatory and

pathological indicators of LPS-induced lung injury were significantly improved by TAC. MTT tests

illustrated that TAC showed weak cytotoxicity against RAW264.7 cells, and inhibited TNF-a and

IL-6 release induced by LPS. Western blotting indicated that TAC decreased the expression of NF-

jB and AP-1 in LPS pre-treated RAW264.7 cells, but failed to influence the expression of NF-jB in

IL-1b pre-treated HET293T-Myd88�/� cells. Docking studies show that TAC could bind to the

hydrophobic pocket of the CD2-TLR4 complex and expressed a high binding affinity. In conclu-

sion, TAC exerts its anti-inflammatory effects by targeting the MD2-TLR4 signaling pathway, thus

suggesting that it may be a promising candidate for the treatment of acute lung injury.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Uncontrolled inflammation is a key factor in the pathogenesis of var-

ious acute and chronic diseases, such as COVID-19 (Panoskaltsis, et al.

2021; Michels, et al. 2021). Acute lung injury (ALI) is a typical feature

of patients with severe COVID-19 infection, which triggers an extreme

immune response known as a ‘‘cytokine storm” (Coperchini, et al.

2021; Leist, et al. 2020). Thus, studying ALI in patients with

COVID-19 can deepen our understanding of cytokine storms and

improve disease prognosis. Current diagnosis and treatment guidelines

for COVID-19 recommend glucocorticoids for patients with severe

pneumonia; however, high-dose corticosteroids may lead to prolonged

hospitalization, superinfection, and risk of various potential sequelae

(Deng 2020). Therefore, developing a safe and effective drug for ALI

treatment is a clinical priority.

ALI is a life-threatening clinical disease in critically ill patients. It is

characterized by a strong inflammatory response in the lungs (Wang,

et al. 2019). It is a diffuse inflammatory reaction in the lungs caused

by various pathogenic factors inside and outside the lungs, and it is

clinically characterized by respiratory distress and refractory hypox-

emia followed by respiratory failure (Hughes and Beasley 2017). It is

currently the main cause of death in critically ill patients. Adrenal sil-

ver glucocorticoids can be used for a short period of 1–2 days when

ALI is life-threatening, but routine use is not recommended

(Cepkova and Matthay 2006; Tu, et al. 2017). Non-cortisol anti-

inflammatory drugs such as ibuprofen and sodium diclofenac (DCF)

are used in the early stage of ALI and show a certain therapeutic effect

(Niitsu, et al. 2011).

Curcumin is a natural product with symmetrical polyphenol struc-

ture isolated from the spice turmeric. Its anti-inflammatory and antiox-

idant activity has been demonstrated in numerous clinical trials and

multiple indications (Nelson, et al. 2017; Kocaadam and S�anlier
2017). However, curcumin is limited in its medicinal effect due to its

poor in vitro stability as well as unsatisfactory in vivo pharmacokinetic

and pharmacodynamic properties (Campbell, et al. 2021). Thus, most

of the reported structural modification work focused on changing the

parent structure to develop curcumin analogs with improved stability,

efficacy, and potency while retaining parent structure safety character-

istics (Tang, et al. 2022; Wang, et al. 2015; Zhang, et al. 2018). A pre-

vious structural study in vivo indicated that curcumin rapid metabolism

was predominantly caused by the methylene between 1,3-diketones,

which has a strong nucleophilic activity and can effectively combine

with drug-metabolizing metalloenzymes (Caprioglio, et al. 2016).

Therefore, we introduced 1,2,3-triazole into the active methylene of

1,3-dione and found that a triazole curcumin (TAC, Fig. 1) suppressed

lung cancer cell proliferation by inhibiting NF-jB/STAT3 signaling

pathways (Zhi, et al. 2022). Moreover, considering the inextricable link

between tumors and inflammation, we want to investigate the anti-

inflammation activities of TAC and test its therapeutic potential in

ALI while also evaluating its possible mechanism of action.
Fig. 1 Structure of TAC.
2. Materials and methods

2.1. Agents, animals, and cell culture

TAC was synthesized in our laboratory (Chemical biology
Research Center, Changshu Institute of Technology). Starting

material 3,4-dichloro benzyl bromide reacted with sodium
azide to yield benzyl azide, which reacted with propiolic alco-
hol, the triazole alcohol intermediate was chlorinated and

reacted with acetylacetone, finally condensed with vanillin in
the presence of tributyl borate and boric anhydride (Zhi,
et al. 2022). In cell experiments, TAC and the positive control
DCF (JK scientific, China) were solubilized in DMSO and

diluted with cell culture medium at an initial concentration
of 100 lM with DMSO concentrations below 2% in all cell
experiments. In animal experiments, TAC and the positive

control drug DCF for oral administration were suspended in
0.5% carboxymethylcellulose sodium (CMC-Na) (Bian, et al.
2021).

RAW264.7 macrophages (China Cell Line Bank) were cul-
tured in RPMI 1640 medium containing 10% fetal bovine
serum and 1% penicillin/streptomycin. MYD88 knockout
HEK293T cells (Myd�/�, Beyotime, China) were cultured in

DMEM containing 10% fetal bovine serum and 1% peni-
cillin/streptomycin. Both cells were cultured in a 5% CO2

humidified incubator at 37 �C. The cells grew adherently,

and the culture medium was changed every two days.
Male Kunming mice weighing 20–22 g were purchased

from the Laboratory Animal Center of Nantong University.

The animals were fed a standard diet and water for at least
3 days prior to the start of the experiment. They were fasted
for 2 h before administration and given free drinking water.

Animal care and experimental procedures were approved by
the Animal Policy and Welfare Committee of Changshu Insti-
tute of Technology (Changshu, China).

2.2. Mice ear edema model

Mice were orally administered TAC or DCF. After 30 min,
20 mL of xylene was evenly smeared on the front and back of

the right ear. Mice were euthanized with ketamine after a cer-
tain time, both ears were cut off, and the same part of both
ears was removed with a 7 mm punch and weighed. The weight

of the right ear piece minus the weight of the left ear piece indi-
cated the degree of edema, and the anti-inflammatory inhibi-
tion rate = 1�(edema degree/weight of the left ear piece)

(Khan, et al. 2021).

2.3. Lipopolysaccharide (LPS)-induced acute lung injury in
mice

Mice were orally administered TAC or DCF, and LPS (5 mg/
kg) was instilled in the trachea 2 h after administration. Mice
were euthanized with ketamine 6 h later (Xiao, et al. 2020).

Pulmonary edema assessment. Left lung tissue was collected,
blotted, weighed, and then placed in an oven at 80 �C for 48 h
to obtain dry weight. Tissue edema was assessed by calculating

the ratio of wet lung weight (W) to dry lung weight (D).
Histopathological evaluation. The right upper lobe tissues of

the mice in different experimental groups were collected,
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washed twice with PBS, fixed in 4% paraformaldehyde solu-
tion, and stored at 4 �C. Samples were embedded in paraffin
and sliced at the same position (about 5 mm). Sections were

stained with hematoxylin-eosin (H&E) and Masson, respec-
tively, and observed and filmed under a microscope
(200 � magnification, Nikon).

Immunohistochemical assessment. Tissue samples were
deparaffinized in xylene. After treatment with 30% H2O2, sec-
tions were blocked in 5% bovine serum albumin and incubated

with anti-TLR-4 or anti-MyD88 primary antibodies overnight
at 4 �C. After incubation with HRP-labeled secondary anti-
body for 2 h, staining was performed and examined under a
microscope (200 � magnification).

2.4. Acute toxicity and effect on the viability of RAW264.7 cells

A CMC-Na suspension of TAC at a maximum concentration

of 0.2 g/mL was prepared, oral administration at the rate of
10 mL/kg body was given to the Kunming mice. Sixteen mice
were taken and divided into 4 groups, with 4 mice in each

group. The TAC treatment group mice were orally adminis-
trated with TAC suspension, with single doses of 2000, 1000,
and 500 mg/kg body weight, respectively. The control group

had a normal diet. After administration, external appearance
including mortality, unusual developments in the skin and
eyes, behavioral changes were examined (Devi, et al. 2022).

MTT assay was done as previously reported.(Shang, et al.

2021) RAW264.7 cells in logarithmic growth phase were
digested with trypsin, diluted with medium to 1 � 104 cells/
mL, and cultured in 96-well plate (90 lL of cell suspension

per well) for 4 h. Adding TAC and DCF at different concen-
trations (0, 1, 3, 10, 30, and 100 lM led to three wells per con-
centration). These continued to culture for 20 h. Later, 15 mL
of MTT (5 mg/mL, Solarbio, China) was added and incubated
for another 4 h. We then removed the supernatant and added
100 mL of DMSO to each well. Samples were agitated at low

speed for 10 min, and the absorbance of each well was mea-
sured at 490 nm to calculate the cell viability.

2.5. Measurement of inflammation related cytokine

Duration of tested agents and LPS treatment referred to the
reported method (Bian, et al. 2021).The RAW264.7 cells in
the logarithmic growth phase were digested with trypsin,

and the cells were diluted to 1 � 104 cells/mL and inocu-
lated into a 24-well plate; 400 lL of cell suspension was
added to each well and incubated for 4 h. TAC (1 and

3 lM) or DCF (3 lM) were added with three replicate wells
for each concentration. Cells were then cultured for
another 12 h. After treatment with LPS (final concentration

1 lg/mL, Beyotime, China) for 6 h, the cells were cen-
trifuged at 1000 r/min for 10 min at room temperature to
collect the supernatant. The content of TNF-a and IL-6
was determined according to the standard operating proce-

dure of the ELISA kit.

2.6. Western blot analysis

(Shen, et al. 2020) Cells (RAW264.7, HET293T-MyD88�/�) in
the logarithmic growth phase were digested with trypsin, and
the cells were then diluted to 1 � 105 cells/mL and seeded into
6-well plates with 1 mL of cell suspension per well for 4 h. Dif-
ferent concentrations of TAC (1 or 3 lM, three replicate wells
were set for each concentration) were added, and the culture

was continued for 12 h. The RAW264.7 cells were treated with
LPS (final concentration of 1 lg/mL) for 6 h. HET293T-
MyD88�/� cells were stimulated with IL-1 b (final concentra-

tion of 10 ng/mL) for 6 h. RIPA cell lysis buffer (400 lL, con-
taining PMSF and phosphatase inhibitor, Beyotime, China)
was then added and incubated at 0 �C for 30 min, and cen-

trifuged at 4 �C for 5 min to obtain the cytoplasmic fraction
using a BCA protein detection kit (Beyotime, China, China)
to measure the protein concentration. Protein samples were
run on 12% SDS-PAGE and then transferred to PVDF mem-

branes. The blots were incubated with specific primary anti-
bodies NF-jB and c-JUN (CST, USA) overnight at 4 �C.
The samples were then washed with TBST and incubated with

1:5000 dilution of HRP-conjugated secondary antibody for 1 h
at room temperature. ECL developer solution (Beyotime,
China) was added for imaging.

2.7. Docking study

(Xue, et al. 2022) The 3D structure of TAC was energy-

optimized under the MMFF94 force field. Target protein pro-
cessing used AutoDock tools to repair residues, add hydrogen
atoms and remove ligands and redundant structures such as
water and co-solvents. The docking of TAC with the target

protein was completed using the computer-aided drug design
software AutoDockVina 1.1.2. and MGLTools. Binding site
analysis used PyMOL.

2.8. Statistical analysis

SPSS 20.0 software was used for analysis, and the data in the

same group were expressed as mean ± standard deviation
(SD). One-way comparisons between two groups were per-
formed using the independent sample t-test. One-way analysis

of variance (one-way ANOVA) was used for the comparison
of means among multiple groups. P < 0.05 indicates a signifi-
cant difference.
3. Results and discussion

3.1. TAC showed good anti-inflammatory activity in mice

The xylene-induced ear edema model has been widely used for
screening drug anti-inflammatory activities to its easy opera-

tion and good reproducibility (Khan, et al. 2021). Thus, we
adopted the xylene-induced ear edema model to evaluate the
anti-inflammatory inhibition rate of TAC and DCF in vivo

4 h after oral administration at varying doses and times. The
TAC inhibition rate against ear edema in mice ranged from
23.8% to 78.2% (2.5 to 40 mg/kg, respectively, Fig. 2A). The

anti-inflammatory activity of TAC increased with increasing
dose and was better than that of the control drug DCF at
doses of 2.5 mg/kg, 5 mg/kg, 10 mg/kg, and 20 mg/kg. At
40 mg/kg, the anti-inflammatory activity of TAC was compa-

rable to that of DCF. Overall, TAC anti-inflammatory perfor-
mance was superior to that of DCF at low doses, and the
differences were negligible when the dose was increased.



Fig. 2 Anti-inflammatory activity and cytotoxicity of TAC and DCF. A: Anti-inflammatory activity of TAC and DCF at different doses

4 h after orally administration, each column represents the mean ± SD (n = 10). B: Orally anti-inflammatory activity of TAC and DCF

at the same dose of 10 mg/kg at different administration times, each column represents the mean ± SD (n = 10). C: Effect of TAC and

DCF on pulmonary edema in ALI mice, each column represents the mean ± SD (n = 6). D: Effects of DCF and TAC on the cell viability

of RAW264.7 cells, error bars indicate the means ± SD of three independent replicates. All comparisons were analysed with Student’s t-

test. *P < 0.05 vs. DCF, §P < 0.05 vs. placebo.
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Fig. 2B shows the anti-inflammatory activities of 10 mg/kg
TAC and DCF at different administration times. After 1 h of
administration, the anti-inflammatory activity of TAC

increased with time and reached a peak at 4 h with inhibition
rate of 73.1%. This then gradually decreased, but still had a
certain anti-inflammatory activity at 24 h. Compared with

DCF, the activity of TAC was higher than DCF at 2 h, 4 h,
8 h, and 12 h, but the difference was not significant at other
time points. The anti-inflammatory activity of TAC was still

high 12 h after oral administration. This means that TAC
may be used as a potential long-acting anti-inflammatory drug.
We also evaluated the activity of curcumin against xylene-
induced inflammation in mice at 100 mg/kg. After 4 h of

administration, the inhibition rate was 21.5%, which was sig-
nificantly weaker than its triazole derivative TAC.

3.2. TAC can mitigate LPS-induced acute lung injury

Induction of acute lung injury in mice by instillation of LPS
offers accurate dosage, good repeatability, relatively simple

detection method, clear inflammatory events, and can reflect
the entire physiological process of acute inflammation; thus,
it is widely used to study inflammation physiology and dis-

cover new pro-inflammatory resolution molecules (Huang,
et al. 2020). During acute lung injury, the pulmonary vascular
barrier is damaged resulting in a widening of the intercellular
space. Fluid infiltration from the blood vessels into the intersti-
tial space results in an increase in the weight of the lung tissue
(de Oliveira, et al. 2019). Therefore, we calculated the W/D

values of LPS-treated mouse lungs to observe the effect of
TAC on the severity of LPS-induced pulmonary edema.

The experimental results showed that the W/D value of the

placebo group was 3.5. After LPS treatment, the pulmonary
edema obviously increased with a W/D value of 8.3. Fig. 2C
shows that all test drug groups had lower W/D values. The left

lung W/D value of 5 mg/kg TAC in ALI mice was comparable
to 10 mg/kg DCF. At a TAC of 10 mg/kg, the W/D value was
4.3, and the degree of pulmonary edema was significantly
reduced. In conclusion, under the dose of 5 mg/kg or 10 mg/

kg, DCF can reduce the pulmonary interstitial fluid exudation
and decrease the degree of pulmonary edema injury in mice.

3.3. Histopathological analysis

The weight of lung tissue increases during ALI because inflam-
matory cells in the blood migrate to the lung interstitium

through the damaged endothelial cell, and the alveolar struc-
ture is destroyed (de Oliveira, et al. 2019). Part of the alveolar
tissue is damaged and repaired abnormally, thus resulting in

abnormal structure and fibrosis (Pinheiro, et al. 2019). The
degree of lung tissue damage and fibrosis in ALI mice can be
assessed through histopathological analysis.
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H&E staining showed that the overall structure of the lung
tissue of the mice in the placebo group was normal with clear
alveolar structure (Fig. 3). There was no vascular congestion

and dilation (black arrow) in the tissue, and no obvious inflam-
matory cell infiltration in the tissue. In the LPS model group,
the overall lung structure was abnormal, and many alveoli

were atrophied and collapsed in the tissue. The black arrow
in the figure indicates many alveolar epithelial cells shed and
necrotic; the tissue interstitium was congested (blue arrow).

The overall structure of the lung tissue of the mice in the
TAC treatment group was basically normal, the alveolar struc-
ture of the tissue was clear, the alveolar epithelial cells did not
obviously fall off (black arrow), and there was no vascular

congestion or expansion in the tissue interstitium. Compared
with the LPS model group, the normal alveolar structure
was less damaged in the TAC treatment group: The degree

of alveolar cavity edema, fusion, collapse, and rupture were
significantly reduced. Meanwhile, there was less exudation of
inflammatory immune cells and red blood cells. Pathological

changes were significantly reduced versus the LPS model
group.

Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville,

MD, USA) was used for analysis of Masson-stained pictures.
Fig. 3 HE- and Masson-stained sections of the right upper lobe of A

obtained from the analysis of Masson-stained samples, error bars indic

placebo.
The same blue color was selected as the unified standard for
judging the degree of positivity in all of the pictures. The tissue
area, fibrous tissue area, and fibrosis rate of each photo were

obtained. Masson staining showed almost no fibrosis in nor-
mal lung tissue, but the degree of fibrosis in the LPS model
group was close to 10%. Compared with the LPS model

group, the TAC-treated mice had a significantly lower fibrosis
rate, especially at 10 mg/kg. The fibrosis rate was only 1%.
These results indicate that the inflammatory and pathological

indicators of LPS-induced lung injury were significantly
improved in the TAC administration group. TAC can effec-
tively reduce the degree of pulmonary fibrosis in mice with
ALI. Attenuating fibrosis in ALI by pro-inflammatory resolu-

tion provides a new strategy for critically ill COVID-19
patients.

3.4. Immunohistochemistry analysis

Extensive preclinical evidence suggests that targeting the mye-
loid differentiation 2 (MD2), toll-like receptors 4 (TLR4), and

myeloid differentiation factor 88 (MyD88) signaling pathways
is an effective approach for the treatment of sepsis and ALI (-
LI mice (x 200). The histogram is the proportion of fibrous tissue

ate the means ± SD of three independent replicates. *P < 0.05 vs.
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Płóciennikowska, et al. 2015). The TLR superfamily plays a
crucial role in host defense and inflammation. TLR4 and its
accessory protein MD2 complex are the only receptors for

LPS recognition. Activation of TLR4 will recruit MyD88, acti-
vate NF-jB and AP-1, and ultimately lead to the production
of proinflammatory cytokines (Liu, et al. 2020). Therefore,

to further study the mechanism by which TAC exerts anti-
inflammatory activities, we analyzed the expression of TLR4
and MyD88 in lung cells of ALI mice by

immunohistochemistry.
The immunohistochemical results are shown in Fig. 4. The

TLR4 protein was mainly expressed on the normal cell mem-
brane, and thus TLR4 protein-positive cells were seen in the

placebo group. The expression of TLR4 and MyD88 proteins
in the LPS group were significantly enhanced versus the pla-
cebo group. The expression levels of TLR4 and MyD88 pro-

teins decreased after TAC treatment. This suggests that the
in vivo anti-inflammatory effect of TAC is associated with
altered expression of TLR4 and MyD88.

3.5. Acute toxicity and effect on the viability of RAW264.7 cells

The acute toxicity study of TAC showed that all Kunming

mice treated with different doses were healthy, active, and
showed no signs of toxicity. TAC did not show any behavioral
changes in all the treated mice at the highest dose of 2000 mg/
kg body weight.

The MTT assay was used to examine the effects of DCF
and TAC on the viability of RAW264.7 cells. The viability
of RAW264.7 cells gradually decreased with increasing DCF

and TAC doses after 4 h of co-culture with different concen-
trations of DCF and TAC (Fig. 2D). TAC showed weaker
cytotoxicity from 3 to 100 mg/kg. Especially at a dose of

100 mg/kg, the viability of RAW264.7 cells after TAC treat-
ment was close to 80%. The results reflect the advantages of
curcumin derivatives in terms of cellular safety.

3.6. TAC inhibits the of pro-inflammatory cytokine release

induced by LPS

To test the in vitro anti-inflammatory activity of TAC, we used

ELISA to detect the effect of TAC on inflammatory factors in
LPS-stimulated RAW264.7 cells. Both TNF-a and IL-6 in the
placebo group were present in trace amounts (Fig. 5A). The
Fig. 4 Immunohistochemistry analyze the expression of TLR
levels of TNF-a and IL-6 were significantly increased in
RAW264.7 cells after 6 h of treatment with LPS. The levels
of TNF-a and IL-6 in the tested drug groups were significantly

decreased versus the LPS group. More specifically, there was
no significant difference in the expression levels of TNF-a
and IL-6 between 3 mM DCF and 1 mM TAC. After 3 mM
TAC treatment, the contents of TNF-a and IL-6 in
RAW264.7 cells were significantly decreased versus the same
dose of DCF. The results showed that TAC could significantly

reduce the cellular inflammatory storm induced by LPS stimu-
lation. The immune system is usually over-activated in ALI,
thus leading to the production of a cytokine storm. This in
turn releases many inflammatory factors such as TNF, IL-6,

IL-18, and IFN-c (Soni, et al. 2016). Of these, the interleukin
factors and pro-inflammatory cytokine TNF-a are considered
to be the most likely biomarkers to effectively predict the

development and dynamics of inflammation.

3.7. TAC targets the MD2-TLR4-MyD88 signaling pathway

The immunohistochemical results showed that TAC could
affect the expression levels of TLR4 and MyD88. Activation
of the TLR4-MyD88 pathway led to the production of pro-

inflammatory cytokines NF-jB and AP-1 (Zhu, et al. 2020).
Therefore, to further validate the effect of TAC on the
TLR4-MyD88 pathway, we used Western blotting to detect
the effect of TAC on the expression of NF-jB and AP-1 in

RAW264.7 cells (Fig. 5B). The expression of NF-jB was sig-
nificantly increased after RAW264.7 cells were incubated with
LPS. For the two groups of TAC-pretreated RAW264.7 cells,

the expression of NF-jB and AP-1 decreased with increasing
dose. Combined with the results of immunohistochemical
experiments, we see that TAC can suppress the TLR4-

MyD88 signaling pathway, thus reducing the production of
the pro-inflammatory cytokines NF-jB and AP-1.

To further validate the effect of TAC to the TLR4-MyD88

signaling pathway, we used IL-1b to induce HET293T-
Myd88�/� and produce an inflammatory response. We used
this to detect the expression of NF-jB. IL-1b can bind to
IL-1R1 and IL-1R2, activate NF-jB signaling pathway, and

induce the synthesis and expression of chemokines GRO-2
and CXCL9 (Luo, et al. 2018). As shown in Fig. 5C, the
expression of NF-jB was significantly increased after incuba-

tion of HET293T-MyD88�/� cells with IL-1b. However, the
4 and MyD88 of the right upper lobe of ALI mice (x 200).



Fig. 5 Effects of TAC and DCF on LPS-stimulated RAW264.7 inflammatory factors TNF-a and IL-6 by ELISA, and effect of TAC on

the expression of NF-jB and c-JUN. B: RAW264.7 cells; C: HET293T-MyD88�/� cells. ***p < 0.001 vs. control.

Therapeutic potential of a triazole curcumin in inflammation 7
expression of NF-jB did not change after incubation with IL-
1b in HET293T-MyD88�/� cells pretreated with different
doses of TAC. Indeed, MyD88 is a key adaptor molecule in

TLR pathway signaling transduction. Specifically blocking
the self-polymerization of MyD88 can prevent the formation
of Myddosome complexes and the transduction of inflamma-

tory signaling (Zheng, et al. 2020). MyD88 gene knockout
attenuates paraquat-induced acute lung injury (Shen, et al.
2017).

Curcumin can regulate inflammatory mediators and treat
inflammatory diseases.by binding to TLRs and regulating
downstream NF-jB, mitogenactivated protein kinases
(MAPK), AP-1 and other signaling pathways (Kotha and

Luthria 2019). Due to TAC retains the parent structure of cur-
cumin, showed similar pharmacological effects. Meanwhile,
curcumin can down-regulate NF-jB through acting on several

pathways, such as peroxisome proliferator-activated receptor
gamma (PPARc) (Li, et al. 2019; Zhu, et al. 2019), tyrosine
kinases (Golonko, et al. 2019), angiotensin II (Howell, et al.
2013), etc. Here, TAC failed to influence the expression of
NF-jB in HET293T-MyD88�/� cells further demonstrating
that TAC exerts an anti-inflammatory effect by specifically

suppressing the TLR4-MyD88 signaling pathway.

3.8. Docking study

TAC can exert an anti-inflammatory activity by targeting the
TLR4-MyD88 signaling pathway; thus, we selected MyD88
protein and CD2-TLR4 complex related to this signaling path-

way for molecular docking studies to determine possible tar-
gets with their specific modes of action. We downloaded the
co-crystal structure of the target protein from PDB, and used
the docking program AutoDockVina and MGLTools to com-

plete this work. Docking results showed that the CD2-TLR4
complex could be docked to then express a high binding affin-
ity free energy of � 8.9 kcal/mol for TAC. As shown in

Fig. 6B, TAC is incorporated in the MD2 pocket in a Y-
shape. The binding model shows that TAC and LPS occupy

http://diseases.by


Fig. 6 Docking mode of TAC with MD2-TLR4, and co-crystallization structure of LPS-MD2-TLR4 (3FXI). A and B: Ligand is shown

on the surface. C, D, E and F: Ligand is shown by licorice. —hydrophobic interaction, —hydrogen bond, —p-p stacking.
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the target site of MD2-TLR4 in a similar posture. This illus-

trates the competitive binding ability of TAC (Fig. 6A, 6B).
Multiple b-sheets of MD2 form a large hydrophobic pocket

with a total surface area of about 1000 Å (Park, et al. 2009).
The inner surface of the MD2 ligand-binding pocket is largely

covered by hydrophobic residues, making it suitable for bind-
ing of bulky hydrophobic ligands. One of the phenyl rings of
TAC penetrates into the hydrophobic pocket of MD2 and

interacts with ILE52 and PHE121 in the form of hydrophobic
interactions (Fig. 6C). Another benzene ring of TAC interacts
with ILE153 in the form of hydrophobic interaction. It is espe-

cially rare that the methoxy group on the benzene ring inter-
acts with the thiol group of CYS133 through hydrogen
bonding (Fig. 6D). Cys133 is the only free sulfhydryl group

exposed in the hydrophobic pocket, and it can be a potential
drug-binding site for inhibition of TLR4 signaling. The tria-
zole pharmacophore interacts with PHE151 in the form of p-
p stacking (Fig. 6E). This p-p stacking interaction greatly con-

tributes to the stable docking structure. Meanwhile, the
dichlorophenyl ring interacts with ILE44, ILE63, PHE76,

and PHE147 via hydrophobic interactions (Fig. 6F). TAC con-
tains unsaturated carbonyl groups, but the interaction between
TAC and MD2 does not appear to involve covalent binding.

The MD2-TLR4 complex is the only receptor capable of

recognizing LPS (Park, et al. 2009). The co-crystal structure
of LPS-MD2-TLR4 showed that LPS binds to MD2 via sev-
eral amino acid residues such as Phe-121, Phe-126, Tyr-131,

and Lys-132. Molecular simulation docking results indicated
that TAC and MD2-TLR4 could form key hydrogen bonds
and hydrophobic interactions. Thus, TAC was thought to

exert an anti-inflammatory effect by interfering with the bind-
ing of the LPS to the TLR4-MD2 complex.

4. Conclusions

In summary, this study investigated the anti-inflammatory activity of

TAC and explored its possible targets. Multilevel experiments showed

that TAC exhibited good anti-inflammatory activity both in vivo and
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in vitro and could significantly inhibit LPS-induced ALI in mice. The

results show that the intervention of TAC on the MD2-TLR4 pathway

can effectively reduce the inflammatory response, but its specific mech-

anism and targets still need further study.
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