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Abstract. Trienones are curcuminoid analogues and are 
minor constituents in the rhizomes of numerous Curcuma 
plant species. Studies investigating the biological activities of 
trienones, particularly their anti‑inflammatory activities, are 
limited. In the present study, the trienone 1,7‑bis(4‑hydroxy‑3‑ 
methoxyphenyl)‑1,4,6‑heptatrien‑3‑one (HMPH) was struc‑
turally modified from curcumin using a novel and concise 
method. HMPH was shown to exhibit potential anti‑inflamma‑
tory effects on lipopolysaccharide (LPS)‑activated RAW264.7 
macrophages. Furthermore, LPS‑induced nitric oxide secre‑
tion in RAW264.7 cells was markedly and dose‑dependently 
inhibited by HMPH; in addition, HMPH had a greater efficacy 
compared with curcumin. This inhibition was accompanied by 
the suppression of inducible nitric oxide synthase and cyclo‑
oxygenase‑2 expression, as well as pro‑inflammatory cytokine 
secretion. To elucidate the molecular mechanism underlying 
the anti‑inflammatory effects of HMPH, the effects of this 
compound on nuclear factor‑κB (NF‑κB) translocation were 
assessed. HMPH significantly inhibited the translocation of 

p65 NF‑κB into the nucleus to a greater extent than curcumin, 
thus indicating that HMPH has more potent anti‑inflammatory 
activity than curcumin. In addition, an in silico modelling 
study revealed that HMPH possessed stronger binding energy 
to myeloid differentiation factor 2 (MD2) compared with that 
of curcumin, and indicated that the anti‑inflammatory effects 
of HMPH may be through upstream inhibition of the inflam‑
matory pathway. In conclusion, HMPH may be considered a 
promising compound for reducing inflammation via targeting 
p65 NF‑κB translocation and interfering with MD2 binding.

Introduction

Macrophages have been reported to have a significant 
role in contributing to poor clinical outcomes in sepsis 
and infections caused by gram‑negative bacteria  (1,2). 
During infection, lipopolysaccharide  (LPS), an important 
component of gram‑negative bacteria, binds to the Toll‑like 
receptor 4  (TLR4)/myeloid differentiation factor 2  (MD2) 
complex in macrophages, which leads to the induction of 
immune exacerbation  (3). An uncontrolled macrophage 
inflammatory response can cause tissue damage, systemic 
inflammation and various chronic inflammatory diseases (4). 
The potentiation of TLR4/MD2 by LPS drives activation of 
nuclear factor‑κB (NF‑κB) and constitutive inflammatory 
signalling by binding to the promoter of inflammatory genes (5). 
Activation of NF‑κB occurs through the inducible degradation 
of its inhibitor, IκBα, which is triggered through the phosphor‑
ylation of IKK complexes, thereby causing the ubiquitination 
and proteasomal degradation of IκBα. Degradation of IκBα 
results in a rapid and transient nuclear translocation of the 
NF‑κB transcription factor (6). Numerous NF‑κB target genes 
are involved in the inflammatory response, including inducible 
nitric oxide synthase (iNOS), cyclooxygenase (COX)‑2 and 
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inflammatory cytokines (7,8). Inhibition of the LPS‑stimulated 
formation of the TLR4/MD2 complex and NF‑κB activation in 
macrophages has been proposed as a target of intervention for 
acute and chronic inflammatory diseases (9,10).

Several natural compounds derived from the Curcuma 
species have been revealed to be promising compounds for the 
development of novel drugs. Among them, turmeric (Curcuma 
longa L.) is a species of plant belonging to the Zingiberaceae 
family and has been investigated as a rich source of bioactive 
compounds (11). Curcuminoids are multifunctional polyphe‑
nolic compounds found in the rhizome of turmeric (12). The 
natural trienone analogue of curcumin,1,7‑bis(4‑hydroxy‑3‑me
thoxyphenyl)‑1,4,6‑heptatrien‑3‑one (HMPH), has previously 
been isolated as a minor component from C. longa (13). Few 
studies have investigated the biological activities of trienones. 
Trienones have previously been shown to possess cytotoxicity 
against KB oral cancer cells (14), PC‑3 prostate cancer cells (15) 
and oral squamous cell carcinoma cells (16), as well as inhibitory 
effects on steroid 5‑α reductase activity (17) and TNF‑α produc‑
tion (18). To the best of our knowledge, the anti‑inflammatory 
activity of trienones in LPS‑activated RAW264.7 macrophages 
has not yet been precisely elucidated by comparing the results 
with curcumin. The anti‑inflammatory activity of curcumin has 
been reported to be associated with the suppression of iNOS (19) 
and COX‑2 (20) in LPS‑activated RAW264.7 cells by targeting 
various transcription factors, including NF‑κB signalling 
proteins. In addition, curcumin has been shown to interfere with 
the binding of LPS to the TLR4/MD2 complex, consequently 
suppressing activation of the inflammatory pathway  (21). 
However, the drawbacks of curcumin are its low oral bioavail‑
ability, instability at physiological pH, low solubility in water 
and rapid metabolism (22,23). This has prompted researchers 
to search for novel curcuminoid analogues with powerful 
therapeutic potential to use as anti‑inflammatory agents for the 
treatment of various inflammatory diseases, or to use this class 
of compounds as the backbone for designing new drugs.

The present study aimed to investigate the anti‑inflam‑
matory effect of HMPH, which is structurally related to 
curcumin from C. longa  in LPS‑activated macrophages. In 
order to ensure a sufficient supply of HMPH, a novel method 
of synthesis of this compound from curcumin was devel‑
oped. Subsequently, the anti‑inflammatory role of HMPH on 
iNOS/nitric oxide (NO), COX‑2 and pro‑inflammatory cyto‑
kine production was investigated. Furthermore, to clarify the 
mechanism of action of HMPH, the critical regulatory protein 
p65 NF‑κB and the interaction of HMPH with MD2 were 
additionally evaluated using an in silico modelling study.

Materials and methods

Synthesis of HMPH. Curcumin was obtained from C. longa  
as described previously (24). Curcumin (1.2 g, 3.24 mmol) was 
dissolved in tetrahydrofuran (THF; 30 ml) and NaBH4 (50 mg, 
1.32 mmol) was added. The reaction mixture was stirred at 
room temperature for 4 h. Water (200 ml) was then added and 
the mixture was extracted with EtOAc. The organic phase 
was washed with water, dried over anhydrous Na2SO4 and the 
solvent was evaporated until dry. The obtained crude product 
was dissolved in THF (30 ml) and p‑toluenesulfonic acid 
monohydrate (50 mg) was then added. The reaction mixture 

was refluxed for 3 h, water was added and the mixture was 
extracted with EtOAc (2x100 ml). The combined organic phase 
was washed with water and dried over anhydrous Na2SO4; the 
solvent was evaporated and the residue was chromatographed 
on a silica column (particle size, <0.063 mm; silica gel 60; 
EMD Millipore) using hexane‑EtOAc (3:2) and further puri‑
fied on a Sephadex LH‑20 column eluted with MeOH to yield 
HMPH (Fig. 1A). A total of 240 mg (21% overall yield from 
curcumin) of HMPH was obtained  (Fig.  S1). The 1H and 
13C NMR (Figs. S2 and S3) and mass spectral data (data not 
shown) were consistent with the reported values (24).

Cell line and culture. The mouse macrophage cell line, 
RAW264.7 was purchased from American Type Culture 
Collection. Cells were cultured in RPMI‑1640 medium 
(Corning, Inc.) supplemented with 10% foetal bovine serum 
(Biochrom, Ltd.), 1% penicillin/streptomycin and 2 mM stable 
L‑glutamine (Gibco; Thermo Fisher Scientific, Inc.) in an 
atmosphere containing 95% humidity and 5% CO2 at 37˚C. 
In all experiments, the cell line was cultured for 24 h and cell 
passages 21‑30 were used for experimentation.

Measurement of cytotoxicity. To measure cell viability of 
HMPH, the MTT assay (Sigma‑Aldrich; Merck  KGaA) 
was performed. RAW264.7 cells were plated into 96‑well 
plates at a density of 3x105 cells/cm2. After 24 h, cells were 
pretreated with HMPH or curcumin at different concentra‑
tions (0.63‑20  µM) for 1  h at 37˚C, then incubated with 
LPS (10 ng/ml) (Escherichia coli 0111:B4; Sigma‑Aldrich; 
Merck KGaA) for 24 h. After a 3 h incubation period with MTT 
(0.5 mg/ml) solution, the formazan crystals were dissolved in 
DMSO and absorbance was measured at 560 nm.

Measurement of NO production. RAW264.7 cells 
(3.0x105 cells/cm2) were cultured in 96‑well plates. To avoid the 
direct interaction of the test compounds with LPS and the pres‑
ence of a high inflammatory background, cells were pretreated 
with the test compounds for 1 h prior to LPS stimulation. Briefly, 
cells were incubated with HMPH or curcumin (0.63‑20 µM), 
an inhibitor of IκBα phosphorylation (BAY 11‑7082; 10 µM; 
Sigma‑Aldrich; Merck KGaA) and an anti‑inflammatory drug 
(dexamethasone; 10 µM; Sigma‑Aldrich; Merck KGaA) for 1 h 
prior to LPS (10 ng/ml) stimulation for 24 h. Nitrite concentra‑
tion in the cultured medium was measured using Griess reagent 
(Sigma‑Aldrich; Merck KGaA) (25). The optical density was 
measured at 540 nm.

Measurement of inflammatory cytokines. RAW264.7 cells were 
plated at a density of 3.0x105 cells/cm2 in 96‑well plates for 
24 h. Cells were treated with HMPH and curcumin at different 
concentrations (5‑20 µM) and BAY 11‑7082 (10 µM) for 1 h 
followed by LPS (10 ng/ml) stimulation for 24 h. Subsequently, 
culture medium was analysed using ELISA kits for TNF‑α (cat. 
no. 430904), IL‑6 (cat. no. 431304) and IL‑1β (cat. no. 432604), 
according to the manufacturer's protocols (BioLegend, Inc.).

Preparation of nuclear and cytosolic extracts. RAW264.7 cells 
were pretreated with HMPH and curcumin (5‑20 µM) and 
BAY 11‑7082 (10 µM) for 1 h followed by LPS (10 ng/ml) stimula‑
tion for 15 min. Nuclear and cytoplasmic extracts were prepared 
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using NE‑PER™ Nuclear and Cytoplasmic Extraction Reagents 
(cat. no. 78835; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's guidelines. The nuclear and cytoplasmic proteins 
were then assessed by western blot analysis.

Western blot analysis. RAW264.7 cells were cultured at a 
concentration of 3.0x105 cells/cm2 on 6‑well plates. Cells were 
pretreated with HMPH and curcumin (5‑20 µM), BAY 11‑7082 
(10 µM) and dexamethasone (10 µM) for 1 h, then cells were 
activated with LPS (10 ng/ml) for 15 min for p65 NF‑κB detec‑
tion or 24 h for iNOS and COX‑2 detection. Cells were washed 
three times with ice‑cold PBS and lysed with lysis buffer 
containing protease inhibitors (Cell Signaling Technology, 
Inc.). Cell lysates were centrifuged at 12,000 x g for 15 min 
at 4˚C. The supernatant was collected and protein concentra‑
tions were determined using the detergent compatible protein 
assay kit (BioRad Laboratories, Inc.). Briefly, 30‑50 µg protein 
was loaded, separated by SDS‑PAGE on 7.5 and 10% gels, 
and then transferred to polyvinylidene fluoride membranes. 
The membranes were blocked with 5% non‑fat dry milk in 
Tris‑buffered saline and 0.1% Tween‑20 (TBST) for 1 h at room 
temperature, and incubated with primary antibodies against 
iNOS (1:1,000; cat. no. 13120), COX‑2 (1:1,000; cat. no. 4842), 
p65 NF‑κB (1:1,000; cat. no. 8242), β‑actin (1:5,000; cat. 
no. 4967) and lamin B1 (1:1,000; cat. no. 13435) (Cell Signaling 
Technology, Inc.) at 4˚C overnight. Each membrane was then 
washed with TBST followed by incubation with anti‑rabbit 
HRP‑conjugated secondary antibody (1:2,000; cat. no. 7074; 
Cell Signaling Technology, Inc.) at room temperature for 1 h 
under agitation. Blots were visualized using the chemilumines‑
cent HRP detection reagent (EMD Millipore). GeneSys software 
version 1.2.5.0 (Synoptics, Ltd.) was used to acquire iNOS, 
COX‑2 (HMPH treatment group) and associated β‑actin images, 
and Image  Lab™ Touch Software (Bio‑Rad Laboratories, 
Inc.) was used to acquire the images of p65 NF‑κB, lamin B1, 
COX‑2 (curcumin treatment group) and associated β‑actin. 
Signal intensities were densitometrically semi‑quantified using 
ImageJ V1.8.0 software program (National Institute of Health).

Immunofluorescence staining. RAW264.7 cells (3.0x105 
cells/cm2) were seeded on coverslips on 24‑well plates for 24 h. 
Cells were pretreated with HMPH (20 µM), curcumin (20 µM) 
or BAY 11‑7082 (10 µM) for 1 h, and were then treated with LPS 
(10 ng/ml) for 15 or 30 min. Cells were washed three times with 
ice‑cold PBS, fixed in pre‑cooled methanol (‑20˚C) for 5 min 
and immersed in cold acetone. The fixed cells were blocked in 
1% bovine serum albumin (Sigma‑Aldrich; Merck KGaA) in 
PBS containing 0.1% Tween‑20 (PBST) for 30 min and then 
incubated with anti‑p65 NF‑κB antibody (1:200; cat. no. 8242; 
Cell Signalling Technology, Inc.) at room temperature for 1 h. 
After washing in PBST, the cells were incubated with anti‑rabbit 
secondary antibody conjugated with Alexa Fluor‑488 (1:400; cat. 
no. 4412S; Cell Signaling Technology, Inc.) alongside propidium 
iodide (2.5 µg/ml) at room temperature for 1 h. The coverslips 
were mounted on microscope slides and images were captured 
using a Leica TCS SP5 II laser scanning confocal microscope 
(Leica Microsystems GmbH).

Pretreatment with compounds before LPS stimulation. 
RAW264.7 cells (3.0x105  cells/cm2) were seeded on 6‑well 
plates and incubated at 37˚C for 24 h in an incubator containing 
5% CO2. Cells were incubated in the presence or absence of 
various concentrations of HMPH and curcumin (5‑20 µM) and 
BAY 11‑7082 (10 µM) for 1 h, and were washed three times with 
serum‑free medium before incubation with LPS (10 ng/ml) for 
24 h. The culture supernatant was collected and the nitrite accu‑
mulated in the supernatant was determined by the Griess assay.

Molecular docking analysis. The crystal structure of human 
MD2‑lipid IVa complex (PDB code 2E59) was used as the 
initial coordinates for the molecular docking calculations 
using AutoDock4.2 (26). The docking input files and analysed 
docking results were generated from AutoDockTools1.5.6 (26). 
A grid box dimension of 60x60x60  Å3 with a spacing of 
0.375 Å between the grid points was created and centred on 
the ligand. The Lamarckian genetic algorithm was employed 
for the docking calculations to enable modification of the gene 
population (27). The docking parameters were as follows: A 
total of 250 independent runs, a population size of 150, and 
a maximum of 25,000,000 energy evaluations. MD2 protein 
was set rigid but all torsional bonds of the ligand were freely 
rotated. Non‑polar hydrogens of the molecule were merged and 
each atom was assigned with Gasteiger partial charges. The 
lowest docked energy of each conformation in the most popu‑
lated cluster was selected for the detailed analysis and further 
study. Visualisation of the docking results was performed 
using Biovia Discovery Studio Visualizer (Dassault Systèmes).

Molecular Mechanics/Poisson Boltzmann Surface Area 
(MM/PBSA) free energy analysis. The energy minimisations of 
the docked MD2‑HMPH and MD2‑curcumin complexes were 
performed using the SANDER module of AMBER16 pack‑
ages (28). To remove bad contacts, the systems were minimised 
starting with the steepest descent followed by the conjugate 
gradient. The minimized complexes were solvated by water 
molecules. Then, the systems were heated progressively from 0 
to 300 K for 100 ps and equilibrated at 300 K for 200 ps in the 
canonical (NVT) and isothermal‑isobaric (NPT) ensembles, 
respectively. The last snapshot obtained from the equilibrated 

Figure 1. Chemical structure and cytotoxicity of HMPH. (A) Structure of 
HMPH. (B) Cytotoxic effect of HMPH. RAW264.7 macrophages were pre‑
treated with HMPH and curcumin at indicated concentrations (0.63‑20 µM) 
for 1 h followed by LPS (10 ng/ml) treatment for 24 h. Cell viability was 
investigated using MTT assay. Data are presented as the mean ± SEM of three 
independent experiments performed in triplicate. HMPH, 1,7‑bis(4‑hydroxy‑3‑
methoxyphenyl)‑1,4,6‑heptatrien‑3‑one; LPS, lipopolysaccharide.
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phase was used as the suitable structure of the complex for 
calculating the binding free energy value using the MM/PBSA 
module (∆GMM/PBSA) in the AMBER16 programme; this meth‑
odology provides more reliable binding energy values.

Statistical analysis. Data are presented as the mean ± SEM of 
three independent experiments. Statistical significance was eval‑
uated by one‑way or two‑way ANOVA followed by Bonferroni 
multiple comparison test. P<0.05 was considered to indicate a 
statistically significant difference. The statistical analyses were 
performed using GraphPad Prism 6 (GraphPad Software, Inc.).

Results

Effect of HMPH on cell viability. The present study investi‑
gated the effect of HMPH on the cell viability of RAW264.7 
macrophages. Cells were treated with the test compounds in 
increasing concentrations between 0.63 and 20 µM, followed 
by treatment with LPS (10 ng/ml) for 24 h. HMPH did not 

affect the viability of RAW264.7 cells at concentrations up to 
20 µM in combination with 10 ng/ml LPS; similar results were 
observed for curcumin (Fig. 1B).

Effect of HMPH on NO production and iNOS protein expres‑
sion levels in LPS‑activated RAW264.7 macrophages. The 
present study further explored the inhibitory activity of HMPH 
on NO in LPS‑activated RAW264.7 macrophages. The inhibi‑
tory effect of HMPH on NO in LPS‑activated RAW264.7 cells 
was assessed by Griess assay. The results revealed that LPS 
significantly induced NO production compared with in the 
control cells (without LPS treatment) (Fig. 2A). Pretreatment 
with HMPH, at concentrations ranging between 0.63 and 
20 µM, significantly inhibited LPS‑induced NO secretion in 
a dose‑dependent manner, whereas curcumin suppressed NO 
production at higher concentrations of 1.25‑20 µM (Fig. 2A). 
These findings indicated that HMPH was more effective 
than curcumin at inhibiting NO production. The suppression 
of iNOS protein expression levels by HMPH were further 

Figure 2. HMPH suppresses NO production and iNOS protein expression levels in LPS‑activated RAW264.7 macrophages. (A) NO production upon stimula‑
tion with LPS (10 ng/ml) with or without HMPH and curcumin (0.63‑20 µM) was detected by Griess assay. Cell lysates were prepared from RAW264.7 cells 
pretreated with or without HMPH and curcumin for 1 h followed by LPS treatment for 24 h. (B) Protein expression levels of iNOS were determined by western 
blotting. The representative images of iNOS and β‑actin were from two different parts of the same blotted membranes, with an exposure time of 15 min for iNOS 
and 10‑25 sec for β‑actin. (C) Relative expression levels of iNOS were semi‑quantified by scanning densitometry and normalized to β‑actin. Data are presented 
as the mean ± SEM of three independent experiments. #P<0.05, ##P<0.01, ###P<0.001 vs. control group; *P<0.05, **P<0.01, ***P<0.00 vs. LPS‑stimulated group; 
δδP<0.01, δδδP<0.001 vs. curcumin‑treated group. HMPH, 1,7‑bis(4‑hydroxy‑3‑methoxyphenyl)‑1,4,6‑heptatrien‑3‑one; LPS, lipopolysaccharide; NO, nitric 
oxide; iNOS, inducible nitric oxide synthase.
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investigated in LPS‑activated RAW264.7 cells. Upon LPS stim‑
ulation, the protein expression levels of iNOS were significantly 
increased (Fig. 2B and C). Pretreatment with 5‑20 µM HMPH 
and curcumin significantly decreased the protein expression 
levels of iNOS in LPS‑activated macrophages compared 
with LPS treatment alone. The anti‑inflammatory drugs 
dexamethasone and BAY 11‑7082 also significantly inhibited 
NO production and iNOS protein expression compared with 
LPS‑treated cells.

Effect of HMPH on COX‑2 protein expression levels in 
LPS‑activated RAW264.7 macrophages. As curcumin has 
been shown to inhibit COX‑2 protein expression  (20), the 
present study investigated the inhibition of COX‑2 expression 
by HMPH. HMPH at 20 µM (Fig. 3A and B) significantly inhib‑
ited the protein expression levels of COX‑2 in LPS‑activated 
RAW264.7 macrophages; curcumin exhibited a similar 
effect at the same concentration. Compared with HMPH and 

curcumin, dexamethasone possessed a stronger inhibitory 
effect on COX‑2 protein expression (Fig. 3).

Effect of HMPH on inflammatory cytokine production in 
LPS‑activated RAW264.7 macrophages. The present study 
also investigated the suppression of cytokine production in 
LPS‑activated macrophages using ELISA. Upon stimula‑
tion with LPS for 24 h, the production of TNF‑α (Fig. 4A), 
IL‑6  (Fig.  4B) and IL‑1β  (Fig.  4C) was significantly 
increased. Pretreatment of cells with HMPH at 10‑20 µM 
markedly inhibited LPS‑induced TNF‑α, IL‑6 and IL‑1β 
production (Fig. 4A‑C). Curcumin exhibited a similar trend 
with regards to suppression of these inflammatory cytokines. 
BAY 11‑7082 (10 µM) also significantly inhibited the produc‑
tion of all inflammatory cytokines measured.

Effect of HMPH on LPS‑activated NF‑κB translocation in 
RAW264.7 macrophages. NF‑κB is an important signalling 
protein involved in the activation of inflammation (7,8). The 
present study further investigated the effect of HMPH on the 
suppression of p65 NF‑κB nuclear translocation. Upon LPS 
stimulation, p65 NF‑κB translocated into the nucleus (Fig. 5). 
HMPH (10‑20 µM) significantly suppressed p65 NF‑κB trans‑
location into the nucleus; however, HMPH had no effect on 
p65 NF‑κB expression in the cytoplasm (Fig. 5A). The mecha‑
nism of action of HMPH on the suppression of p65 NF‑κB 
translocation was greater than that of curcumin  (Fig. 5B). 
BAY  11‑7082 (10  µM) also significantly suppressed the 

Figure 3. HMPH suppresses COX‑2 expression in LPS‑activated RAW264.7 
macrophages. (A) Protein expression levels of COX‑2 were determined by 
western blotting. For HMPH treatment group, the representative images of 
COX‑2 (exposure time: 20 min) and β‑actin (exposure time: 1 min) were from 
two different parts of the same blotted membranes. For the curcumin treatment 
group, the two representative images of COX‑2 (exposure time: 1.20 min) and 
β‑actin (exposure time: 1 min) were taken from different membranes. The 
COX‑2 blotting image from the curcumin treatment group was acquired using 
a different imaging system. (B) Relative expression levels of COX‑2 were 
semi‑quantified by scanning densitometry and normalized to β‑actin. Data 
are presented as the mean ± SEM of three independent experiments. ##P<0.01, 
###P<0.001 vs. control group; *P<0.05, **P<0.01, ***P<0.001 vs. LPS‑stimulated 
group. HMPH, 1,7‑bis(4‑hydroxy‑3‑methoxyphenyl)‑1,4,6‑heptatrien‑3‑one; 
LPS, lipopolysaccharide; COX‑2, cyclooxygenase 2.

Figure 4. Inhibitory effect of HMPH on the production of inflammatory 
cytokines in LPS‑activated RAW264.7 cells. Cells were pretreated with dif‑
ferent concentrations (5‑20 µM) of HMPH and curcumin for 1 h and then 
treated with LPS for 24 h. (A) TNF‑α, (B) IL‑6, and (C) IL‑1β levels in the 
culture media were detected using ELISA kits. Data are presented as the 
mean ± SEM of three independent experiments. #P<0.05, ###P<0.001 vs. con‑
trol group; **P<0.01, ***P<0.001 vs. LPS‑stimulated group. HMPH, 1,7‑bis(4‑
hydroxy‑3‑methoxyphenyl)‑1,4,6‑heptatrien‑3‑one; LPS, lipopolysaccharide.
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translocation of p65 NF‑κB into the nucleus. These findings 
are consistent with the results obtained from immunofluores‑
cence staining of p65 NF‑κB in RAW264.7 cells treated with 
LPS for 15 min (Fig. S4) and 30 min (Fig. S5). After treatment 
with HMPH, p65 NF‑κB protein expression, as indicated by 
green fluorescence, was retained mainly in the cytoplasm of 
LPS‑activated macrophages, similar to that observed in cells 
treated with BAY 11‑7082 (Figs. S4 and S5). Cells pretreated 

with curcumin exhibited both nuclear and cytoplasmic locali‑
sation of NF‑κB following LPS stimulation, indicating a less 
pronounced effect than that observed in response to HMPH.

Effect of pretreatment with HMPH on LPS stimulation 
in RAW264.7 macrophages. To investigate whether the 
anti‑inflammatory effect of HMPH on the LPS‑induced inflam‑
matory response was due to its effect on the cells, RAW264.7 
cells were pretreated with HMPH for 1 h and were then thor‑
oughly washed to remove HMPH before LPS stimulation for 
24 h. Curcumin was used for comparison with HMPH treatment. 
Notably, inhibition of NO production was still observed after the 
removal of HMPH (5‑20 µM) and curcumin (10‑20 µM) prior 
to LPS stimulation (Fig. 6). BAY 11‑7082 (10 µM) completely 
inhibited NO production after the washout, this finding was 
similar to that observed in cells treated with 20 µM HMPH. 
These data suggested that HMPH may act on cells and exert 
anti‑inflammatory action prior to LPS stimulation.

Effect of HMPH on MD2. Previous results demonstrated that 
HMPH could inhibit inflammatory responses in activated 
macrophages and the inhibition of LPS‑induced inflamma‑
tion may be through the complex formation of HMPH with 
MD2  (10,21). The binding of HMPH to the MD2 protein 
pocket was subsequently assessed and compared with the 
binding of curcumin. Molecular docking was applied to predict 
the possible interaction between HMPH and the MD2 protein 

Figure 5. HMPH suppresses LPS‑activated p65 NF‑κB translocation in RAW264.7 macrophages. Proteins were prepared from RAW264.7 cells pretreated with 
or without different concentrations (5‑20 µM) of (A) HMPH and (B) curcumin for 1 h followed by LPS treatment (10 ng/ml) for 15 min. The protein expression 
levels of p65 NF‑κB were determined by western blotting (top panel) and relative expression levels were normalized to β‑actin or lamin B1 (bottom panel). For 
the NU fraction, the two representative images of p65 NF‑κB and lamin B1 were taken from different blotted membranes. For the CY fraction, the two repre‑
sentative images of p65 NF‑κB and β‑actin were from the same membrane. Data are presented as the mean ± SEM of three independent experiments. ##P<0.01, 
###P<0.001 vs. control group; *P<0.05, **P<0.01, ***P<0.001 vs. LPS‑stimulated group. HMPH, 1,7‑bis(4‑hydroxy‑3‑methoxyphenyl)‑1,4,6‑heptatrien‑3‑one; 
LPS, lipopolysaccharide; NU, nuclear; CY, cytoplasmic; NF‑κB, nuclear factor‑κB.

Figure 6. Effect of HMPH on cells. RAW264.7 cells were pretreated with dif‑
ferent concentrations (5‑20 µM) of HMPH and curcumin for 1 h, washed three 
times and then stimulated with LPS (10 ng/ml). After 24 h, nitrite from the 
culture supernatant was measured by Griess assay. Data are presented as the 
mean ± SEM of three independent experiments. ###P<0.001 vs. LPS‑stimulated 
group; ***P<0.001 vs. curcumin‑treated group. HMPH, 1,7‑bis(4‑hydroxy‑3‑m
ethoxyphenyl)‑1,4,6‑heptatrien‑3‑one; LPS, lipopolysaccharide.
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using AutoDock4.2. The lowest binding energy represents the 
best binding conformation between the protein and ligand. 
Table I summarises the results of the docking study based on 
binding interactions and energies. The minimised structures 
of the best conformation of MD2‑HMPH and MD2‑curcumin 
docked complexes are shown in Fig. 7. The results revealed that 
HMPH can form a stronger interaction with MD2 protein than 
curcumin. There are two hydrogen bond interactions involving 
amino acids R90 and C133, as well as the hydrophobic inter‑
actions with the residues F151, I80, L87 and V135 that were 

observed in the MD2‑HMPH complex (Fig. 7A). Conversely, 
curcumin interacted with MD2 by forming a hydrogen bond 
with R90, as well as forming hydrophobic interactions with 
Y131, F151, I124 and I80 residues of the MD2 protein (Fig. 7B).

MM/PBSA binding free energy of MD2‑HMPH complex. The 
present study further calculated the binding free energy of 
MD2‑HMPH compared with MD2‑curcumin complexes using 
a more reliable method, MM/PBSA. As shown in Table  I, 
HMPH (∆GMM/PBSA, ‑29.56 kcal/mol) had a more energetically 
favourable value in the MD2 binding pocket than curcumin 
(∆GMM/PBSA, ‑25.63 kcal/mol), which indicated strong binding 
between MD2 and HMPH compared with the MD2‑curcumin 
complex. These results indicated that the effect of HMPH on 
the inflammatory response in macrophages may be achieved 
through interfering with MD2 protein.

Discussion

Numerous stable curcuminoid analogues have been isolated 
and synthesised to investigate their potential biological func‑
tions (23,29). The present study explored the anti‑inflammatory 
activity and the underlying molecular effect of HMPH on 
LPS‑activated RAW264.7 macrophages. To the best of our 
knowledge, the present study was the first to reveal that HMPH 
exhibited superior suppression of inflammatory mediators 
compared with curcumin and its action was associated with the 
suppression of NF‑κB translocation. Furthermore, the inhibitory 
effect of HMPH on the inflammatory response may be achieved 
through interfering with MD2 binding, thereby interrupting 
the inflammatory cascade. In previous studies, modification 
of the easily decomposed α,β‑unsaturated β‑diketo moiety of 
curcumin could enhance the stability and anti‑inflammatory 
effect of curcuminoid analogues (23,30), and thus, this may be 
the reason why HMPH containing unsaturated trienone linker 
possessed superior anti‑inflammatory effects than curcumin.

Upon inflammation, LPS forms a complex with plasma 
LPS‑binding protein, which leads to the transfer of the complexes 
to CD14 located at the cell membrane of macrophages (3). 
CD14 transfers LPS to the receptor complex, which consists of 
TLR4 and MD2, leading to induction of myeloid differentiation 
88‑dependent and TIR‑domain‑containing adapter‑inducing 
interferon‑β‑dependent signalling, thereby directly activating 
the downstream signalling proteins of the NF‑κB pathway (31). 

Figure 7. HMPH interacts with MD2, as determined by in silico analysis. 
Analysis of interactions between myeloid differentiation factor  2 and 
(A) HMPH and (B) curcumin. HMPH, 1,7‑bis(4‑hydroxy‑3‑methoxyphenyl)‑
1,4,6‑heptatrien‑3‑one.

Table I. Summary of the binding interactions and energies of MD2-HMPH and MD2-curcumin complexes.

Compound	 Interaction	 Residue	 Distance (Å)	 ΔGdocking (kcal/mol)	 ΔGMM/PBSA (kcal/mol)

HMPH	 Hydrogen bond	 R90, C133	 2.28/2.42, 2.08	- 6.12	- 29.56
	 Pi-Sigma	 F151	 3.87
	 Pi-Alkyl	 I80, L87, V135	 5.32, 5.41, 4.58
Curcumin	 Hydrogen bond	 R90	 1.81	- 5.64	- 25.63
	 Pi-Pi	 Y131, F151	 4.97, 3.98
	 Pi-Sigma	 I124	 3.42
	 Pi-Alkyl	 I80	 4.59

HMPH, 1,7-bis(4-hydroxy-3-methoxyphenyl)-1,4,6-heptatrien-3-one; MD2, myeloid differentiation factor 2.
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The anti‑inflammatory action of curcumin in macrophages has 
also been shown to be due to interfering with LPS binding to 
the TLR4/MD2 complex and blocking of signalling molecules 
in the inflammatory pathway (21). It has been reported that 
curcumin may form hydrogen bonds with residues R90 and 
Y102 of the MD2 protein, and the binding affinity of these two 
interactions was decreased in the MD2R90A/Y102A mutant 
system (32). In silico modelling revealed that HMPH formed a 
stronger interaction with the MD2 protein than curcumin. The 
present results are consistent with those of previous reports, 
which reported that the amino acids R90, Y102 and C133 
were possible key residues in the interaction between the MD2 
protein and small molecules, such as curcumin and synthetic 
chalcone L6H21 (21,32,33). The three curcuminoid analogues 
L48H37, MAC17 and MAC28 have been shown to attenuate 
the LPS‑induced TLR4/MD2‑downstream proinflammatory 
NF‑κB signalling pathway possibly through binding with the 
R90 residue of the MD2 protein (10,34). It was suggested that 
inhibition of MD2 by curcuminoid analogues at the possible 
key residues may interfere with the upstream components of 
the NF‑κB signalling pathway, thus leading to the attenuation 
of inflammation. However, further research is required to 
confirm these findings.

Macrophages secrete large amounts of pro‑inflammatory 
mediators that can be harmful and result in a deleterious 
effect during the inflammatory response (1). A previous study 
demonstrated that curcumin markedly reduced inflammation 
via suppression of iNOS/NO, COX‑2, and the inflammatory 
cytokines IL‑1β, IL‑6 and TNF‑α in LPS‑activated RAW264.7 
cells by targeting multiple signalling pathways  (19,20,35). 
It has also been reported that the mechanism of action of 
curcumin may involve modulation of the NF‑κB signalling 
pathway (20,36). Furthermore, curcumin has been reported 
to inhibit LPS‑induced IκBα degradation, with concomitant 
inhibition of p65 and p50 nuclear translocation in RAW264.7 
cells (37). Similar to these findings with curcumin, the present 
study demonstrated that HMPH could significantly inhibit 
iNOS/NO, COX‑2 and inflammatory cytokine production via 
suppression of p65 NF‑κB translocation into the nucleus in a 
model of LPS‑activated RAW264.7 cells. This evidence may 
support the potential use of HMPH to attenuate macrophage 
inflammatory activities.

The present study had some limitations. Typically, the 
translocation of NF‑κB into the nucleus after activation is 
consistently related to its functions as a transcription factor. 
In a previous study, the inhibition of nuclear p65 NF‑κB 
translocation by mycoepoxydiene in LPS‑activated RAW264.7 
cells was concomitant with the suppression of NF‑κB DNA 
binding and transcriptional activities, which consequently 
attenuated the inflammatory response  (38). However, the 
lack of electromobility shift assay (EMSA) detection was a 
limitation of the present study. To further support the present 
findings, the inhibition of nuclear NF‑κB translocation by 
HMPH should be conducted in parallel with EMSA detection 
to provide a better explanation of the function of NF‑κB in 
the transcriptional regulation of target genes involved in the 
inflammatory response. In addition, there are some chal‑
lenges in assessing the interaction of HMPH with MD2. The 
present study demonstrated a strong binding between HMPH 
and MD2 using an in silico study; however, to the best of our 

knowledge, there have been no reports on the complex forma‑
tion of HMPH with MD2, and its effects on the suppression of 
NF‑κB activation and inflammation. It would be interesting to 
conduct further experiments based on the binding affinity of 
HMPH with MD2 or mutant MD2, and the subsequent effects 
on the inhibition of NF‑κB activation and inflammation.

In conclusion, HMPH possessed greater anti‑inflammatory 
activity than curcumin via suppression of inflammatory medi‑
ators in LPS‑activated RAW264.7 macrophages. The present 
finding provided an insight into the molecular mechanism by 
which HMPH attenuates inflammation through the suppres‑
sion of iNOS/NO, COX‑2, inflammatory cytokines and NF‑κB 
translocation. In silico modelling demonstrated that HMPH 
formed two stable hydrogen bonds with the key residues R90 
and C133 of the MD2 protein, and thus, may block inflamma‑
tory signalling pathways. These findings indicated that HMPH 
may exert potential anti‑inflammatory effects and may be 
considered a promising novel therapeutic agent for the treat‑
ment of inflammatory diseases.
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