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Abstract. Ambuic acid is an organic acid isolated from the 
solid culture of Pestalotiopsis neglecta, which is an endo-
phytic fungus that widely exists in many species of plants. 
Ambuic acid has been reported to exert antimicrobial activity 
against Gram‑positive bacterium. The aim of the present study 
was to investigate the inhibitory effect of ambuic acid on lipo-
polysaccharide (LPS)‑induced inflammation in RAW264.7 
macrophages. The results demonstrated that ambuic acid 
significantly suppressed the overproduction of nitric oxide 
(NO) and prostaglandin E2 (PGE2) in a dose‑dependent 
manner. Furthermore, ambuic acid also inhibited the release of 
the proinflammatory cytokine interleukin‑6 (IL‑6) however, 
no inhibition of the release of tumor necrosis factor‑α 

(TNF‑α) was observed. Further investigations indicated that 
ambuic acid downregulated the LPS‑induced high expres-
sion of inducible NO synthase (iNOS) and cyclooxygenase‑2 
(COX‑2) proteins, as well as inhibited the enzymatic activity 
of iNOS and COX‑2. In addition, ambuic acid suppressed the 
phosphorylation of extracellular signal‑regulated kinase 1/2 
(ERK 1/2) and c‑Jun N‑terminal kinase (JNK) induced by 
LPS. However, ambuic acid did not inhibit the phosphorylation 
of p38 mitogen‑activated protein kinase (MAPK), the degra-
dation of IκB‑α protein or the nuclear translocation of nuclear 
transcription factor‑κB (NF‑κB) p65 subunit. These results 
suggested that ambuic acid may exert anti‑inflammatory action 
by blocking the activation of the ERK/JNK MAPK signaling 
pathway, without the involvement of the p38 MAPK or NF‑κB 
signaling pathways.

Introduction

The endophytic is a fungi of the genus Pestalotiopsis which 
exists widely in many plants of different families, have 
received wide attention because of their ability in producing 
a variety of secondary metabolites, such as caryophyl-
lene sesquiterpenoids  (1,2), disseminins and spiciferone 
analogues (3), prenyldepside and coumarins (4), diphenyl ether 
derivatives (5), benzannulated spiroketals (6), chromones (7), 
1,3‑dihydro isobenzofuran (8), epoxyquinols (9), and polyketide 
derivatives (10). It is reported that the well‑known anticancer 
drug taxol has been found from several cultivated species of 
the genus Pestalotiopsis, which provides another alternative 
way to produce such valuable anti‑cancer drugs (11,12). The 
active secondary metabolites produced by the endophytic 
fungi can stimulate the growth and development of the organ-
isms, or improve the ability of the host to resist the external 
environment (13). Pharmacological researches have revealed 
that the secondary metabolites from species of Pestalotiopsis 
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possess diverse pharmacological properties, including 
antimicrobial activity (14‑16), antiviral (17), antitumor (18), 
anti‑diabetic activity (19), immunomodulatory activity (20), 
anticestodal activity (21), antioxidant and antihypertensive 
properties (22), and 20S proteasome inhibitory activity (23).

Ambuic acid (chemical structure shown in Fig. 1) was 
firstly reported as a novel functionalized cyclohexenone 
initially isolated from Pestalotiopsis spp. and Monochaetia 
sp. in 2001  (24), and its relative stereochemistry was 
predicted by using a novel solid‑state nuclear magnetic 
resonance (NMR) approach in 2003  (25). Ambuic acid 
showed a certain inhibitory effect on a variety of plant 
pathogenic fungi Fusarium  solani, Fusarium  cubense, 
Helminthosporium  sat ivum ,  Diplodia  natelensis, 
Cephalosporium gramineum, Pythium ultimum (24), and it has 
a certain antimicrobial activity against the Gram‑positive bacte-
rium Staphyococcus aureus (26). Ambuic acid can also effect 
the biosynthesis of cyclic peptide quormones in Gram‑positive 
bacteria and Enterococcus faecalis (27). In our recent studies, 
a plant pathogenic fungus Pestalotiopsis neglecta (FJ‑2) has 
been separated from the twig of Camellia sinensis growing in 
Fujian Province of China. Futhermore, four new ambuic acid 
derivatives together with ambuic acid and three other known 
ramification, have been isolated and identified from the solid 
culture of Pestalotiopsis neglecta (28). Inhibitory activities 
of these compounds against LPS‑induced overproduction 
of nitric oxide (NO) in macrophages have been evaluated. 
Ambuic acid exhibited strong inhibitory activity with IC50 
value of 20.80±1.41 µM, which was even much potent than the 
positive control drug.

Macrophages play an important role in providing imme-
diate defense against foreign stimuli. Lipopolysaccharide 
(LPS)‑mediated overproduction of NO and subsequent 
inflammatory reaction by macrophages is proved to be 
closely associated with many pathogenic diseases, including 
rheumatoid arthritis  (29), cancer  (30), atherosclerosis  (31), 
and hepatitis (32). By reducing NO formation or removing 
NO molecule, NO inhibitors may be used as powerful thera-
peutic anti‑inflammatory agents (33). In the present paper, the 
anti‑inflammatory effect of ambuic acid as a NO inhibitor 
was firstly investigated and the molecular mechanism of 
the anti‑inflammatory action of ambuic acid was absolutely 
elucidated.

Materials and methods

Fungal material. The pathogenic strain (FJ‑2) used in this 
work was separated from the twig of Camellia  sinensis 
growing in Fujian Province of China. The identification 
of fungus was based on the (deoxyribonucleic acid) DNA 
sequences of the ITS1‑5.8S‑ITS2, and the ITS regions of their 
ribosomal ribonucleic acid (RNA) gene. We have submitted 
the sequence data derived from the fungal strain and stored 
them at GenBank with accession number KJ719299. The 
result of BLAST search showed that the similarity between the 
sequence and the sequence of Pestalotiopsis neglecta (Thüm.) 
was 99%. It was stored in GenBank with the accession number 
of JX854541.

The fungal strain was placed on the slants of potato dextrose 
agar and cultured at 25˚C for 10 days. We inoculated the agar 

plugs in 500 ml Erlenmeyer flask, it contains 120 ml of media 
(0.4% glucose, 1% malt extract, and 0.4% yeast extract, before 
sterilization the final pH of the medium was adjusted to 6.5), 
and it was incubated at 25˚C on a rotary shaker at 180 rpm 
for 4 days. Large scale fermentation taked place in 40 bottles 
of 500 ml Fernbach flasks, which containing 80 g of rice and 
100 ml of distilled water. Each flask was inoculated with 
10.0 ml of culture medium and cultured at 25˚C for 40 days.

Isolation and identification of ambuic acid. The ethyl acetate 
was used to extract the fermented rice substrate, and the 
organic solvent was decompressed and concentrated to obtain 
the crude extract, silica gel column chromatography (CC) with 
a gradient of n‑hexane‑ethyl acetate, dichloromethane‑meth-
anol were used to divided them into five groups (A‑E).

Fraction C was treated with dichloromethane‑methanol 
and subjected to ODS CC eluting with a gradient of methanol 
in water (10%~100%) to obtain twenty‑one subfractions 
(C1‑C21). Subfraction C13 was separated by RP‑HPLC using 
63% methanol in water to afford ambuic acid. Its chemical 
structure was validated by extensive NMR experiments and 
validated by comparison with the data previously incorpra-
tated into the databases of SciFinder Scholar and PubChem. 
The purity was determined using high‑performance liquid 
chromatography (HPLC; Waters 600; Waters Corp., Milford, 
MA, USA) and a ultraviolet detector (Waters 490; Waters 
Corp.); peak area was normalized and the purity of ambuic 
acid was 98.7%.

Chemicals and reagents. Fetal bovine serum (FBS) and 
RPMI 1640 culture medium were purchased from Invitrogen 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). LPS, 
DMSO, MTT, PMSF and all other chemicals were obtained 
from Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). 
Hydrocortisone succinate (080‑05581, Lot CTE6574) was 
product of Wako Pure Chemical Industries, Ltd. (Osaka, Japan). 
NO concentration determination kit, mouse prostaglandin E2 
(PGE2) ELISA kit, mouse tumor necrosis factor‑α (TNF‑α) 
ELISA kit, mouse interleukin‑6 (IL‑6) ELISA kit, and BCA 
protein concentration assay kit were purchased from Yantai 
Science and Biotechnology Co., Ltd. (Shandong, China). NO 
synthase (NOS) assay kit (fluorimetric method) was product 
of Beyotime Institute of Biotechnology (Haimen, China). 
COX colorimetric inhibitor screening assay kit (701050) was 
product of Cayman Chemical Company (Ann Arbor, MI, USA). 
Mouse anti‑rabbit inducible NOS (iNOS) polyclonal antibody 
(160862) and mouse anti‑rabbit cyclooxygenase‑2 (COX‑2) 
polyclonal antibody (160106) were purchased from Cayman 
Chemical Company. Goat anti‑rabbit phosphorylated c‑Jun 
N‑terminal kinase (p‑JNK) polyclonal antibody (AF3318), 

Figure 1. Chemical structure of ambuic acid.
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goat anti‑rabbit phosphorylated extracellular signal‑regulated 
kinase 1/2 (p‑ERK 1/2) polyclonal antibody (AF1015), goat 
anti‑rabbit phosphorylated p38 (p‑p38) polyclonal antibody 
(AF3455), and horseradish peroxidase (HRP)‑conjugated 
goat anti‑rabbit IgG (H+L) (S0001) were products of Affinity 
Biosciences. Goat anti‑rabbit IκB‑α polyclonal antibody 
(sc‑371), mouse monoclonal nuclear transcription factor‑κB 
(NF‑κB) p65 antibody (sc‑8008), and goat anti‑rabbit β‑actin 
polyclonal antibody (sc‑1616) were purchased from Santa Cruz 
Biotechnology, Inc. A solution for dissolving ambuic acid with 
100% cell culture grade dimethyl sulfoxide (DMSO) into 
50 mM and stored as small aliquots at ‑20˚C and then diluted 
it to desired concentrations prior to use.

Cell culture. Mouse monocyte‑macrophage RAW264.7 cells 
(ATCC TIB‑71; American Type Culture Collection, Manassas, 
VA, USA) were cultured in RPMI‑1640 medium supplemented 
with 10% heat inactivated FBS in a humidified incubator with 
95% air and 5% CO2 at 37˚C. Every two days, the medium was 
routinely changed. When the cells attained about 80% conflu-
ence, they were passaged.

MTT assay for cytotoxicity. Using the measured of mitochon-
drial‑dependent reduction of MTT to formazan to measure 
the cytotoxicity (34). RAW264.7 cells were seeded in 96‑well 
plates at the density of 1x106 cells/ml. After 1 h of incubation, 
the cells were treated with serially diluted ambuic acid (the 
concentrations were from 0.78125 to 100 µM) and incubated 
for 24  h. After treatment, adding MTT solution with the 
concentration of 200 µg/ml, and set the cells to the incubator 
for another 4 h at 37˚C. Removing the medium and adding 
150 µl of DMSO to dissolve the formazan. Using the micro-
plate reader at 570 nm to measure the absorbance of each group 
and using a reference wavelength at 630 nm (Biotek Synergy 
HT; BioTek Instruments, Inc., Winooski, VT, USA). The 
control group, consisting of untreated cells, was considered to 
be 100% viable. Final results are expressed as percentage of 
viable cells of the experimental group when compared with 
those of the control group.

NO analysis. NO was determined through measuring the 
nitrite concentration in the cell culture supernatant by using 
Griess reagent (mixture of equal amount of reagent A and 
reagent B; A: 1% sulphanilamide in 5% H3PO4, B: 0.1% naph-
thylethylene diamine dihydrochloride) (35). RAW264.7 cells 
were seeded in 96‑well plates at the density of 1x106 cells/ml. 
After 1 h incubation, the cells were treated by LPS (1 µg/ml) 
with or without ambuic acid (3.125, 6.25, 12.5, 25, 50, 100 µM), 
or hydrocortisone succinate (100 µM) and then incubated for 
24 h. 100 µl of the cell culture supernatant was mixed with 
100  µl of Griess reagent and shaked for 10  min at room 
temperature. The absorbance was measured at 540 nm, and 
using a standard calibration curve to calculate the nitrite 
concentrations which was prepared from a range of different 
concentrations of sodium nitrite.

PGE2 concentration determination. PGE2, a pro‑inflamma-
tory mediator, is produced by COX‑2. RAW264.7 cells were 
treated by LPS (1 µg/ml) with or without ambuic acid (3.12, 
6.25, 12.5, 25, 50, 100  µM), or hydrocortisone succinate 

(100 µM) for 24 h. The cell culture supernatant of 100 µl 
was removed to determine the level of PGE2 by using a 
commercial mouse PGE2 ELISA kit according to the manu-
facturer's recommendations. The ELISA data representing 
mean values  ±  SD (standard deviation) were obtained in 
duplicate from three independent experiments (36).

Measurement of cytokines TNF‑α and IL‑6. RAW264.7 cells 
were seeded in 96‑well plates at the density of 5x105 cells/ml. 
After 1 h incubation, the cells were treated by LPS (1 µg/ml) 
with or without ambuic acid (3.12, 6.25, 12.5, 25, 50, 100 µM), 
or hydrocortisone succinate (100 µM) for 6 h. 100 µl of the 
culture supernatants was collected to determine the levels of 
TNF‑α or IL‑6 by using respective ELISA kit according to 
the manufacturer's recommendations (37). The ELISA data 
representing mean values ± SD were obtained in duplicate 
from three independent experiments.

Assay of iNOS enzymatic activity. Methods for the determina-
tion of iNOS enzymatic activity as previously reported (38). 
Briefly, after the treatments, removing the culture supernatant, 
and adding 100 µl of NOS assay buffer (1X). Then adding 
100 µl of NOS assay reaction solution and incubated for 2 h 
at 37˚C. Using fluorescence microplate reader measured the 
fluorescence at excitation wavelength of 485 nm and emission 
wavelength of 528 nm.

Assay of COX‑2 enzymatic activity. The enzymatic activity of 
COX‑2 was determined in a cell‑free system by using a COX 
colorimetric inhibitor screening assay kit according to the 
manufacturer's instructions (38). Briefly, 160 µl of assay buffer, 
10 µl of heme, and 10 µl of DMSO were added to the back-
ground wells. 150 µl of assay buffer, 10 µl of COX‑2 enzyme, 
10 µl of heme, and 10 µl of DMSO were added to the 100% 
initial activity wells. 150 µl of assay buffer, 10 µl of COX‑2 
enzyme, 10 µl of heme, and 10 µl of ambuic acid or hydrocor-
tisone succinate were added to the sample wells. The plate was 
gently shaken for a few sec and then incubated for five min at 
25˚C. Adding 20 µl of the colorimetric substrate solution and 
then adding 20 µl of arachidonic acid to all the wells. Shaking 
the plate carefully for a few sec and incubating it for five min 
at 25˚C. The absorbance was measured at 590 nm by using a 
microplate reader, and the enzymatic activity of COX‑2 was 
calculated when compared with the 100% initial activity wells 
according to the manufacturer's instructions.

Total protein extraction. To determination the expression 
of iNOS and COX‑2 proteins, adding the LPS (1 µg/ml) to 
the RAW264.7 cells with or without indicated concentra-
tions of ambuic acid for 24 h. Then washing it with ice‑cold 
phosphate‑buffered saline (PBS), harvesting the cells and 
adding 40 µl of cold lysis buffer [10% NP‑40, 150 mM NaCl, 
10 mM Tris, 2 mM PMSF, 5 µM leupeptin, pH 7.6] to lyse the 
cell. For determination of phospho‑JNK, phospho‑ERK 1/2, 
and phospho‑p38 proteins, added the LPS (1 µg/ml) to the 
RAW264.7 cells with or without indicated concentrations of 
ambuic acid for 30 min. Then washing it with ice‑cold PBS, 
harvesting the cells and adding 40 µl of the same cold lysis 
buffer mentioned above to lyse the cell. After incubating at 
4˚C for 15 min, centrifuging it at 15,000 x g for 10 min at 
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4˚C, the total proteins were separated and used for western 
blot analysis.

Cytoplasmic and nuclear protein extraction. After proper 
treatments, removing the media, and washing the cells with 
ice‑cold PBS, then harvesting the cells and adding 40 µl of 
buffer A [10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 500 µM 
DTT, 0.1% (v/v) NP‑40] to lyse the cell. After incubating at 4˚C 
for 15 min, centrifuging it at 12,000 x g for 5 min at 4˚C, the 
cytoplasmic proteins were separated and used for western blot 
analysis of IκB‑α. The ectraction of nuclei pellet is to suspend 
precipitation in 30 µl of buffer B [20 mM HEPES, 1.5 mM 
MgCl2, 400 mM NaCl, 100 mM DTT, 20 µM PMSF] and 
incubated for 20 min at 4˚C. By centrifuging at 16,000 x g for 
10 min at 4˚C, the supernatant was separated as nuclear protein 
and used for western blot analysis of NF‑κB p65 subunit.

Western blotting. Using the BCA protein concentration 
assay kit to determine the protein concentration of each 
aliquot, and the suspensions were boiled with SDS‑PAGE 
loading buffer. The 30 µg of protein in each sample were 
transferred to the nitrocellulose membranes by SDS‑PAGE 
and electrophoretically. The membranes were blocked with 
5% non‑fat dried milk in Tris-buffered saline and Tween-20 
(TBST, 20  mM Tris‑HCl, 150  mM NaCl, 0.05% Tween-
20) for 4 h at room temperature. After washed with TBST, 
incubating the membranes in respective primary antibody 
solution (anti‑iNOS, anti‑COX‑2, anti‑phospho‑JNK, 
anti‑phospho‑ERK, anti‑phospho‑p38, anti‑IκB‑α, anti‑p65, 
and anti‑β‑actin antibody) overnight at 4˚C. Washing the 
membranes with TBST and then incubating them with 
HRP‑conjugated secondary antibody solution for 1  h at 
room temperature. The membranes were washed three times 
with TBST and the blots were detected by using enhanced 
chemiluminescence reagent (ECL) and exposed to photo-
graphic films (Kodak, Rochester, NY, USA). Images were 
collected and the bands corresponding to iNOS, COX‑2, 
phospho‑ERK, phospho‑JNK, phospho‑p38, IκB‑α, p65 and 
β‑actin protein were quantitated by densitometric analysis 
using the DigDoc100 program (Alpha Ease FC software). 
Data of iNOS, COX‑2, phospho‑ERK, phospho‑JNK, 
phospho‑p38, IκB‑α and p65 were normalized on the basis 
of β‑actin levels.

Statistical analysis. All data were shown as mean  ±  SD. 
Significant differences among different treatment groups were 
analyzed by two‑way analysis of variance (ANOVA) followed 
by the post hoc Bonferroni test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Ambuic acid did not exhibit cytotoxicity against RAW264.7 
macrophages at the concentrations of 0.78‑25 µM. RAW264.7 
cells were treated by 0.78‑100 µM of ambuic acid for 24 h. 
MTT assay described in the section of Materials and methods 
was used to test the cell viability. As shown in Fig. 2, treat-
ment with 100 µM and 50 µM of ambuic acid showed weak 
cytotoxicity against RAW264.7 cells, but no cytotoxicity was 
observed at the dose range of 0.78‑25 µM.

Effect of ambuic acid on the NO and PGE2 production. 
RAW264.7 cells were treated by 1 µg/ml of LPS with or without 
ambuic acid (3.125, 6.25, 12.5, 25, 50, 100 µM), or hydrocorti-
sone succinate (100 µM) for 24 h. The concentration of nitrite 
(NO2

‑) was monitored by Griess assay as indicator of NO 
production, and the level of PGE2 was determined by ELISA. 
Hydrocortisone succinate was used as a positive control drug. 
As shown in Fig. 3A, ambuic acid significantly inhibited the 
overproduction of NO induced by LPS in a dose‑dependent 
manner. However, the production of PGE2 induced by LPS was 
only weakly inhibited by ambuic acid (Fig. 3B).

Effect of ambuic acid on the TNF‑α and IL‑6 release. 
RAW264.7 cells were treated by 1  µg/ml of LPS with or 
without ambuic acid (3.125, 6.25, 12.5, 25, 50 and 100 µM), 
or hydrocortisone succinate (100 µM) for 6 h. The levels of 
pro‑inflammatory cytokine TNF‑α and IL‑6 were measured by 
using respective ELISA kit. As shown in Fig. 3C, the positive 
control group hydrocortisone succinate potently can effectively 
inhibit the release of inflammatory factor TNF‑α induced by 
LPS. However, ambuic acid did not show any significant inhibi-
tory activity on the release of inflammatory factor TNF‑α. 
As shown in Fig. 3D, ambuic acid significantly inhibited the 
release of IL‑6 induced by LPS in a dose‑dependent manner.

Effect of ambuic acid on the expression of iNOS and COX‑2 
proteins. As the overproduction of NO and PGE2 is always 
correlated with the high expression of iNOS and COX‑2 proteins, 
and we currently using Western blot analysis to investigate the 
expression of iNOS together with COX‑2 protein. As shown 
in Fig. 4A, the expression of iNOS and COX‑2 proteins was 
potently increased after stimulation of LPS for 24 h. Ambuic 
acid can markedly down regulated the expression of iNOS 
protein in a dose‑dependent manner, which strongly suggested 
that the decrease of NO production was due to the inhibitory 
effect of ambuic acid on the suppression of iNOS expression. 
Furthermore, ambuic acid also inhibited the expression of 
COX‑2 protein. The density of bands corresponding to the 

Figure 2. Cellular toxicity of ambuic acid against RAW264.7 cells. 
RAW264.7 cells were treated with serially diluted doses of ambuic acid 
(0.78125, 1.5625, 3.125, 6.25, 12.5, 25, 50 and 100 µM) for 24 h and the cell 
viability was assessed by the MTT assay. The percentage of viable cells was 
compared with the untreated cells which were considered as having 100% of 
viable cells. Data are presented as mean ± standard deviation of at least three 
independent experiments. **P<0.01 vs. untreated group.
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iNOS and COX‑2 proteins were standardized on the basis of 
β‑actin and shown in Fig. 4B and C, respectively.

Effect of ambuic acid on the iNOS and COX‑2 enzymatic 
activity. RAW264.7 cells were treated by 1 µg/ml of LPS with 
or without indicated concentrations of ambuic acid (12.5, 25, 
50 and 100 µM) or hydrocortisone succinate (100 µM). The 
inhibitory effect of ambuic acid at different concentration on 
the activity of iNOS enzymatic activity was detected by fluo-
rimetric method. As shown in Fig. 5A, LPS treatment caused 
about a six‑fold increase of iNOS enzymatic activity within 
120 min. Ambuic acid could significantly inhibit the activity 
of iNOS enzymatic induced by LPS in RAW264.7 cells and 
showed a good dose‑dependency.

The inhibitory effect of ambuic acid on the COX‑2 enzy-
matic activity was examined by the cell‑free colorimetric 
method. As shown in Fig. 5B, ambuic acid also inhibited the 
COX‑2 enzymatic activity.

Effect of ambuic acid on the activation of mitogen‑activated 
protein kinase (MAPK) signaling pathway. Previous studies 
have already demonstrated that the MAPK signaling path-
ways are associated with the upregulation of LPS‑induced 
inflammatory responses. LPS activates MAPKs including 

the protein kinases ERK 1/2, JNK and p38 kinase. In order 
to investigate whether the three MAPK protein pathways are 
involved in the anti‑inflammatory responses by ambuic acid, 
LPS‑induced phosphorylation of ERK1/2, JNK and p38 in 
RAW264.7 cells were examined by Western blot analysis. 
As shown in Fig. 6, LPS treatment significantly induced the 
phosphorylation of ERK 1/2, JNK and p38. Ambuic acid 
could remarkably reduced LPS‑induced phosphorylation 
of ERK1/2 and JNK in a dose‑dependent manner, whereas 
phosphorylation of p38 was not affected. The density of 
bands corresponding to the phospho‑ERK, phospho‑JNK 
and phospho‑p38 protein was standardized on the basis of 
β‑actin and shown in Fig. 6.

Effect of ambuic acid on the activation of NF‑κB signaling 
pathway. NF‑κB translocated to the nucleus always due to the 
phosphorylation and degradation of IκB‑α protein. The effect 
of ambuic acid on the degradation of IκB‑α and the transloca-
tion of NF‑κB p65 to the nucleus was investigated by Western 
blot analysis. As shown in Fig.  7A and B, LPS treatment 
induced the degradation of IκB‑α protein and the translocation 
of NF‑κB p65 to the nucleus. However, ambuic acid showed no 
obvious suppression on both the degradation of IkB‑α protein 
and the translocation of NF‑κB p65 to the nucleus.

Figure 3. Effect of ambuic acid on the overproduction of (A) NO2, (B) PGE2 and the release of (C) TNF‑α, (D) IL‑6 in LPS‑activated macrophages. RAW264.7 
cells were stimulated by 1 µg/ml LPS with or without ambuic acid (3.125, 6.25, 12.5, 25, 50 and 100 µM) or hydrocortisone succinate (100 µM) for 24 h. 
(A) The nitrite concentrations in the supernatant were calculated in triplicate by Griess assay. (B) The levels of PGE2 in the supernatant were measured in 
triplicate by ELISA. RAW264.7 cells were stimulated by 1 µg/ml LPS with or without ambuic acid (3.125, 6.25, 12.5, 25, 50 and 100 µM) or hydrocortisone 
succinate (100 µM) for 6 h. The levels of (C) TNF‑α and (D) IL‑6 in the supernatant were measured in triplicate by respective ELISA kit. Data are presented 
as mean ± standard deviation from three separate experiments. ##P<0.01 vs. untreated group, **P<0.01 vs. LPS treatment group. NO, nitric oxide; PGE2, 
prostaglandin E2; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6; LPS, lipopolysaccharide.
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Discussion

Ambuic acid has been reported to show a certain inhibitory 
effect on a variety of plant pathogenic fungi Fusarium solani, 
Fusar iu m  cubense,  Helmin thospor iu m  sa t ivu m , 
Diplodia  natelensis,  Cephalosporium  gramineum, 
Pythium  ultimum  (24), and it has a certain antimi-
crobial activity against the Gram‑positive bacterium 
Staphyococcus aureus (26). Ambuic acid can also effect the 
biosynthesis of cyclic peptide quormones in Gram‑positive 

bacteria Enterococcus  faecalis  (27). Our research group 
firstly found that ambuic acid significantly inhibited 
LPS‑induced overproduction of NO, an impor tant 
pro‑inf lammatory mediator that could promote the 
expression of some enzymes implicated in diverse human 
inflammatory diseases. These results imply the potential 
anti‑inflammatory effect of ambuic acid and its related 
derivatives. The present study was designed to elucidate 
the anti‑inflammatory effects of ambuic acid, as well as to 
elucidate its molecular mechanism.

Figure 5. Effect of ambuic acid on the enzymatic activity of iNOS and COX‑2. (A) RAW264.7 cells were treated by LPS (1 µg/ml) with or without ambuic acid 
(12.5, 25, 50 and 100 µM) or hydrocortisone succinate (100 µM) for 2 h. The fluorescence was measured at an excitation of 485 nm and emission of 528 nm 
according to the described method. The levels of iNOS enzymatic activity were plotted as relative fluorescence units. ##P<0.01 vs. untreated group; **P<0.01 
vs. LPS treatment group. (B) Inhibitory effect of ambuic acid (0.125, 0.25, 0.5 and 1 mM) and hydrocortisone succinate (1 mM) on the COX‑2 enzymatic 
activity was tested by the colorimetric method. The levels of COX‑2 enzymatic activity were plotted as relative units compared to the pure enzyme. The 
experiment was repeated twice, and data are represented by mean ± standard deviation **P<0.01 vs. pure enzyme group. iNOS, inducible nitric oxide synthase; 
COX‑2, cyclooxygenase‑2; LPS, lipopolysaccharide.

Figure 4. Effect of ambuic acid on the high expression of iNOS and COX‑2 proteins induced by LPS. RAW264.7 cells were treated by LPS 1 µg/ml with or 
without ambuic acid (12.5, 25, 50 and 100 µM) for 24 h, and the expression of iNOS protein and COX‑2 protein was detected by (A) western blot analysis. 
To confirm the equal loading of proteins, the detection of β‑actin was carried out. Densitometric analysis of (B) iNOS protein and (C) COX‑2 protein is 
represented by mean ± standard deviation of three separate experiments. Data were standardized on the basis of β‑actin levels. ##P<0.01 vs. untreated group; 
**P<0.01 vs. LPS treatment group. iNOS, inducible nitric oxide synthase; COX‑2, cyclooxygenase‑2; LPS, lipopolysaccharide.
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As shown in the results, ambuic acid strongly inhibited 
various LPS‑induced responses of macrophages including the 
NO overproduction, the PGE2 production, and the release of 
pro‑inflammatory cytokine IL‑6. This is the first direct evidence 
to show that the ambuic acid has an anti‑inflammatory effect. 
To further investigate the possible anti‑inflammatory molecular 
mechanism of ambuic acid, the effect on the expression of 

iNOS and COX‑2 proteins, the effect on the enzymatic activity 
of iNOS and COX‑2 enzymes, the effect on the activation of 
MAPK pathway and NF‑κB pathway were further investigated.

The Toll like receptor is a superfamily of receptors that 
are mainly distributed in inflammatory cells to identify 
pathogen molecules, among them, TLR4 mainly identified 
the LPS that is the component of gram negative bacteria cell 

Figure 7. Effect of ambuic acid on the degradation of (A) IκB‑α and (B) the nuclear translocation of NF‑κB p65 induced by LPS. (A) RAW264.7 cells were 
stimulated by LPS (1 µg/ml) with or without ambuic acid (12.5, 25, 50 and 100 µM) for 10 min. Cytoplasmic protein was extracted and (A) western blot analysis 
was performed to investigate the level of IκB‑α protein. RAW264.7 cells were stimulated by LPS (1 µg/ml) with or without ambuic acid (12.5, 25, 50 and 
100 µM) for 45 min. (B) Nuclear protein was extracted and western blot analysis was used to investigate the expression of NF‑κB p65 protein in the nucleus. 
Detection of β‑actin was carried out to confirm the equal loading of proteins. Densitometric analysis of IκB‑α protein and NF‑κB p65 protein are represented 
by mean ± standard deviation from three separate experiments. Data were standardized on the basis of β‑actin levels. ##P<0.01 vs. untreated group. IκB‑α, 
inhibitory κB‑α; NF‑κB, nuclear factor‑κB; LPS, lipopolysaccharide.

Figure 6. Effect of ambuic acid on the phosphorylation of ERK 1/2, JNK and p38 proteins induced by LPS. RAW264.7 cells were stimulated by LPS 
(1 µg/ml) with or without ambuic acid (12.5, 25, 50 and 100 µM) for 30 min, and western blot analysis was used to investigate the expression of phospho‑ERK 
1/2, phospho‑JNK and phospho‑p38 proteins. To confirm the equal loading of proteins, the detection of β‑actin was carried out. Densitometric analysis 
of (A) phospho‑ERK 1/2 protein, (B) phospho‑JNK protein and (C) phospho‑p38 protein is represented by mean ± standard deviation of three separate 
experiments. Data were standardized on the basis of β‑actin levels. ##P<0.01 vs. untreated group; **P<0.01 vs. LPS treatment group. ERK, extracellular 
signal‑regulated kinase; JNK, c‑Jun N‑terminal kinase; LPS, lipopolysaccharide.
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wall. Activation of myeloid activating factor 88 dependent and 
non dependent two signal pathway pathways in combination 
with LPS and TLR4. The former activates MAPK and NF‑κB 
signaling pathways, the latter activates the NF‑κB and inter-
feron regulatory factor‑3 (IRF3) signaling pathways. Through 
these signaling pathways, TLR4 induces inflammatory cells 
to release inflammatory factors that mediate inflammatory 
responses. RAW264.7 cells have been shown to express TLR4 
in the literature, and LPS is able to recognize TLR4 receptors 
on macrophages and activate macrophages to produce inflam-
matory factors (39).

MAPK cascades have been shown to be important in 
the transduction of extracellular signals to cellular immune 
responses (40). In mammalian cells, three MAPK families have 
been clearly characterized: classical MAPK, also known as 
ERK, JNK/MAPK (JNK/SAPK) and p38 kinase. The MAPK 
pathways relay, amplify and integrate signals from a diverse 
range of stimuli, and elicit appropriate physiological responses, 
including inflammatory responses, cellular proliferation, differ-
entiation and apoptosis in mammalian cells. LPS can activate 
the ERK, JNK and p38 MAPK signaling pathways, which can 
promote the production of pro‑inflammatory cytokines and 
the expression of iNOS and COX‑2 proteins (41,42). Thus, the 
MAPK signaling pathways are vital approaches to regulate 
inflammatory responses, and are also considered suitable targets 
for anti‑inflammatory therapy (43).

NF‑κB plays an important role in many cellular responses 
to environmental changes so it is the most valuable transcrip-
tion factor. NF‑κB complex containing the p50 and the p65 
subunits exists in the cytoplasm in a latent form, which is 
stabilized by an inhibitory subunit called IκB‑α (44,45). After 
stimulation of cells with LPS, IκB‑α becomes phosphorylated 
followed by a rapidly protein degradation. As a result, NF‑κB 
is activated and translocates into the nucleus promptly.

Our results demonstrated that ambuic acid strongly inhib-
ited both the expression of iNOS protein and the enzymatic 
activity of iNOS enzyme in a dose‑dependent manner, which 
strongly suggested that the decrease of NO production was due 
to the suppression of iNOS expression and enzymatic activity. 
Ambuic acid also inhibited the expression of COX‑2 protein 
and the enzymatic activity of COX‑2 enzyme, which indicated 
that the decrease of PGE2 production was due to the suppres-
sion of COX‑2 expression and enzymatic activity. Further 
investigations showed that ambuic acid suppressed the phos-
phorylation of ERK and JNK proteins, but did not suppress 
the phosphorylation of p38 protein. Ambuic acid showed no 
obvious inhibition on the degradation of IκB‑α protein and the 
translocation of NF‑κB to the nucleus. In conclusion, ambuic 
acid exerts anti‑inflammatory effect through inhibiting 
LPS‑induced production of much pro‑inflammatory mediators 
such as NO, PGE2 and IL‑6, and its molecular mechanism was 
proved to be via blocking the ERK/JNK MAPK signaling 
pathway but has no concern with the inactivation of NF‑κB 
pathway.

The mechanism of inflammation is that LPS combines 
with TLR4 receptors on macrophages to stimulate the 
release of inf lammatory factors such as NO, TNF‑α, 
IL‑6 and PGE2, and can activate the high expression of 
upstream protein MAPK signaling pathway and downstream 
proteins iNOS and COX‑2. In the experiment, the cells were 

cultured, and then add the ambuic acid after a period of incu-
bation, the medium was changed, and the cells were washed to 
remove the medium of ambuic acid, then add LPS, it combines 
with the TLR4 cell receptor, which can prevent the reaction 
of LPS and ambuic acid, and appear the false positive results.

From the experimental results we can see that ambuic acid 
may have mediated changes in the production of inflamma-
tory cytokines by RAW264.7 cells by influencing the ability 
of LPS to bind to TLR4. In the future studies will investigate 
the role of TLR4 in the ambuic acid‑mediated reduction of 
pro‑inflammatory cytokines in RAW264.7 cells and investi-
gate the mechanisms underlying the ambuic acid‑mediated 
reduction in pro‑inflammatory cytokines using specific inhibi-
tors of ERK and JNK.
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