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Abstract
Background Notopterygii Rhizoma et Radix (NRR) is commonly used for the treatment of inflammation-linked 
diseases. Phenethylferulate (PF) is high content in NRR crude, but its anti-inflammatory effect remains unclear. 
Therefore, we aimed to investigate the anti-inflammatory properties of PF and its underlying molecular mechanisms 
in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages.

Methods The effect of PF on cell viability was measured by MTT assay. The anti-inflammatory properties of PF were 
studied by detecting the levels of inflammatory mediators and cytokines using enzyme-linked immunosorbent assay 
(ELISA). Furthermore, the anti-inflammatory mechanisms of PF were determined by Western blot analysis.

Results PF was not cytotoxic to RAW 264.7 macrophages at the concentrations of below 48 μM. ELISA showed that 
PF conspicuously inhibited overproduction of prostaglandin E2 (PGE2), tumor necrosis factor α (TNF-α), interleukin 
1β (IL-1β) and interleukin 6 (IL-6). Western blot analysis showed that PF remarkably suppressed overproduction of 
inducible nitric oxide synthase (iNOS) and cyclooxygenase 2 (COX-2), the phosphorylation of inhibitor of NF-κB kinase 
α (IκB-α), protein kinase B (Akt), extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinases (JNK) and p38, as 
well as the degradation and subsequent nuclear translocation of p65.

Conclusions PF is a potent inhibitor of inflammation acting on nuclear factor kappa-B (NF-κB), Akt and mitogen-
activated protein kinase (MAPK) signaling pathways in LPS-stimulated RAW 264.7 macrophages. This work provides 
evidence for the suitability of PF as a therapeutic candidate for the management of inflammatory-mediated immune 
disorders.
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Background
Inflammation is a part of the body’s natural immune 
response to microbial invasion, but excessive inflamma-
tion can cause tissue damage and diseases [1]. Macro-
phages, as important immune cells, play an indispensable 
role in the first line of defense against invaders. In the 
process of pathologic inflammation, macrophages pro-
duce excessive inflammatory mediators, which then trig-
ger a series of inflammatory reactions [2]. Pathologic 
inflammation is associated with many diseases, and thus 
controlling inflammation is an important goal of prevent-
ing and treating inflammatory diseases [3].

Lipopolysaccharide (LPS), a cell wall component of 
Gram-negative bacteria, can stimulate macrophages via 
Toll-like receptors (TLRs), especially TLR4, leading to 
the activation of nuclear factor kappa-B (NF-κB), protein 
kinase B (Akt), mitogen-activated protein kinase (MAPK) 
and other inflammatory signaling pathways, which then 
lead to release of excessive inflammatory mediators and 
cytokines, such as nitric oxide (NO), prostaglandin E2 
(PGE2), tumor necrosis factor α (TNF-α), interleukin 1β 
(IL-1β), interleukin 6 (IL-6), interleukin 10 (IL-10), and 
subsequently trigger a series of abnormal inflammatory 
response [4–9]. LPS-stimulated RAW264.7 cell inflam-
mation model is a popular and mature model for inves-
tigating anti-inflammatory activity [10, 11]. As reported, 
the therapeutic effects of some phenolic acids (e.g. caffeic 
acid phenethyl ester, ethyl ferulate, resveratrol and cur-
cumin) in LPS-stimulated RAW264.7 cell model were 
related to their inhibition of TLR4 signaling pathway 
and overexpression of downstream signaling proteins 
[12–15].

Notopterygii Rhizoma et Radix (NRR), an important 
constituent of traditional Chinese medicine, has a long 
history of medicinal application. In clinical practice, 
NRR has a good therapeutic effect on inflammation-
linked diseases, such as rheumatic arthritis, rheumatoid 
arthritis, infectious pneumonia, bronchitis, etc. [16]. In 
the preliminary screening of active constituents of NRR, 
we obtained a series of phenolic acid compounds with 
anti-inflammatory activity [17]; among them, pheneth-
ylferulate (PF), high content in the crude, was a potently 
efficiency ingredient [18]. At present, there is a lack of 
in-depth research on the mechanisms of anti-inflamma-
tory role of PF, which limits its further development and 
utilization.

Therefore, in the current study, we explored the anti-
inflammatory properties of PF by detecting the release of 
inflammatory mediators and cytokines and its potential 
molecular mechanisms by monitoring the expression of 
NF-κB, Akt and MAPK signaling pathway related pro-
teins in LPS-stimulated RAW264.7 cell inflammation 
model.

Materials and methods
Materials
PF was isolated and purified from NRR, and identified 
by various spectroscopic methods in our lab [17], with 
a purity of 98.1% by high performance liquid chroma-
tography (HPLC). Dulbecco’s modified eagle’s medium 
(DMEM), fetal bovine serum (FBS), phosphate buffered 
saline (PBS), and trypsin were purchased from Gibco® 
Laboratories (Life Technologies Inc., Grand Island, NY, 
USA). Penicillin-streptomycin solution, bovine serum 
albumin(BSA), nuclear and cytoplasmic extraction 
reagents and enhanced chemilu-minescent (ECL) kit 
were obtained from Suolaibao Technology Ltd. (Beijing, 
CN). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT), dimethyl sulfoxide (DMSO) and 
LPS were supplied by Sigma-Aldrich Co. (St. Louis, MO, 
USA). Murine enzyme-linked immunosorbent assay 
(ELISA) kits for PGE2, TNF-α, IL-1β, IL-6, and IL-10 
were acquired from R&D Systems (St. Louis, MO, USA). 
Bicinchoninic acid (BCA) kit and radioimmunopre-
cipitation assay (RIPA) lysis buffer were purchased from 
Beyotime Biotechnology (Haimen, Jiangsu, CN). Rabbit 
monoclonal antibodies for inducible nitric oxide synthase 
(iNOS), cyclooxygenase 2 (COX-2), inhibitor of NF-κB 
kinase α (IκB-α)/p-IκB-α, p65, Akt/p-Akt, extracellular 
signal-regulated kinase (ERK)/p-ERK, c-Jun N-terminal 
kinases (JNK)/p-JNK and p38/p-p38 were purchased 
from Abcam (Cambridge, MA, USA). β-actin and Lamin-
B1 were purchased from Wuhan Servicebio Technology 
(Wuhan, Hubei, CN).

Methods
Cell culture
The murine macrophage cell line RAW264.7 cell 
(3111C0001CCC000146) was obtained from the Cell 
Resource Center, Peking Union Medical College (Beijing, 
CN). Cells were maintained in DMEM containing 10% 
FBS, 50 units/ml of penicillin and 50 μg/ml of streptomy-
cin, in a constant humidity atmosphere of 5% CO2 and 
95% air at 37 °C.

Cell viability assay
MTT assay was used to assess the effect of PF on cell 
viability. RAW 264.7 cells (5 × 103 cells/well) were seeded 
into 96-well plates for 24 h in a constant humidity atmo-
sphere of 5% CO2 and 95% air at 37  °C. The cells were 
then exposed to PF (0, 3, 6, 12, 24 and 48 μM) for 24 h 
with or without LPS (1 μg/mL), and followed by the addi-
tion of MTT solution (0.2 mg/mL). After 4 h incubation, 
the medium was removed, and the formazan crystals in 
each well were dissolved in DMSO. The absorbance of 
each well was measured at 570  nm using a microplate 
reader.
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Determination of inflammatory mediators and cytokines in 
culture supernatant
ELISA was used to determine the inhibitory effects of 
PF on the production of inflammatory mediators and 
cytokines in LPS-stimulated RAW 264.7 macrophages. 
Briefly, RAW 264.7 cells (3 × 105 cells/well) were seeded 
into 24-well plates and preincubated with PF (0, 3, 6, and 
12 μM) for 1 h, followed by the addition of LPS (1 μg/mL) 
for 24 h. Non-LPS-treated group was regarded as control. 
Culture supernatants were collected and the release of 
PGE2, TNF-α, IL-1β, IL-6 and IL-10 were evaluated using 
ELISA kits according to the manufacturer’s instructions.

Western blot
Western blot was used to measure the relevant pro-
teins expression. In brief, RAW 264.7 cells were seeded 
and pretreated with PF (0, 3, 6, and 12 μM) for 1 h, fol-
lowed by the addition of LPS (1 μg/mL) for 24 h. After-
wards, the cells were collected and lysed in RIPA lysis 
buffer to obtain the total protein. Nuclear and cytosolic 
extracts of collected cells were fractionated using nuclear 
and cytoplasmic extraction reagents according to the 
manufacturer’s protocol. The protein concentration was 
measured using BCA protein quantitation kit. An equal 
amount of protein (30 μg) was electrophoresed through 
10% SDS-PAGE gels and separated onto polyvinylidene 
fluoride (PVDF) membranes, which were then blocked 
by 5% BSA solution for 1 h at room temperature and then 
incubated with different primary antibodies over night at 
4  °C. Next, the PVDF membranes were incubated with 
corresponding secondary antibodies for 2 h at room tem-
perature. The primary antibodies were as follows: iNOS, 
COX-2, IκB-α/p-IκB-α, p65, Akt/p-Akt, ERK/p-ERK, 
JNK/p-JNK, p38/p-p38. Finally, the expressions of pro-
teins were detected by an ECL kit. Band signal intensities 

were measured by densitometry and quantified using the 
Image J Software. Non-LPS-treated group was regarded 
as control. Data for cytoplasmic proteins and nuclear 
proteins were normalized to the levels of β-actin and 
Lamin-B1 respectively, and expressed relative to the 
control.

Statistical analysis
Data were analyzed in SPSS 17.0 software and expressed 
as mean ± SD from at least three independent experi-
ments. Differences among different groups were assessed 
using Student’s t-text and one-way ANOVA. Statistical 
significance was defined as p < 0.05.

Results
Cytotoxicity of PF on RAW264.7 macrophages
MTT assay showed that cell viability was unaffected after 
24 h treatment with PF at different concentrations (0, 3, 
6, 12, 24 and 48 μM) in the presence or absence of 1 μg/
ml of LPS (Fig. 1). Therefore, PF were considered to have 
no cytotoxicity on RAW264.7 cells at the concentrations 
of below 48 μM, which was consistent with the previous 
experiment [17]. Based on the non-toxic dose range and 
the previous result that PF had an inhibitory activity on 
NO overproduction in LPS-activated RAW264.7 macro-
phage cell model with IC50 value of (2.73 ± 0.58) μM, the 
low concentration was set to 3 μM, and so on, the middle 
concentration was set to 6 μM, and the high concentra-
tion was set to 12 μM in subsequent experiments.

Inhibition of PF on LPS-stimulated PGE2 production in RAW 
264.7 macrophages
To clarify the potential anti-inflammatory effect of PF, 
PGE2 release were also measured in LPS-stimulated RAW 
264.7 macrophages. PF was found to dose-dependently 

Fig. 1 Cytotoxicity of PF on RAW 264.7 macrophages. Cell viability was measured by the MTT assay after 24 h treatment of PF (0, 3, 6, 12, 24 and 48 μM) in 
the presence of LPS (1 μg/mL). Neither LPS nor PF-treated group was selected as control, and expressed as 100%. Data are expressed as mean ± SD from 
three independent experiments
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inhibit the overproduction of PGE2 activated by LPS in 
RAW 264.7 macrophages (Fig.  2). In particular, 12 μM 
of PF, which was in the highest treatment concentration, 
dramatically decreased PGE2 expression levels by 50.5% 
compared with the LPS alone-activated group (P < 0.001).

Inhibition of PF on LPS-stimulated TNF-α, IL-1β and IL-6 
production in RAW 264.7 macrophages
Since PF was found to potently inhibit the release of NO 
and PGE2 in LPS-stimulated RAW264.7 macrophages, its 
effects on LPS-stimulated overproduction of inflamma-
tory mediators and cytokines were further investigated. 
The investigated indicators included TNF-α, IL-1β, IL-6 
and IL-10, and the results are summarized in Fig.  3. As 
shown in Fig.  3A, B and C, administration of PF dose-
dependently inhibited LPS-stimulated TNF-α, IL-1β and 
IL-6 overproduction in contrast with LPS alone-stimu-
lated group, with the exception that 3 μM of PF had no 
influence on the secretion of IL-1β. Notablely, PF at the 
highest dose concentration markedly decreased TNF-α, 
IL-1β and IL-6 expression levels by 47.2%, 28.4%, 50.2%, 
compared with those treated with LPS alone (P < 0.001, 
P < 0.01, P < 0.001). In our test, treatment with PF (3 μM, 
6 μM and 12 μM) non-significantly suppressed IL-10 lev-
els in LPS-stimulated RAW 264.7 macrophages (Fig. 3D).

Suppression of PF on LPS-stimulated iNOS and COX-2 
protein expression
In general, the production of NO and PGE2 were related 
to the modulation of iNOS and COX-2 expression [19–
21]. In view of obvious suppression of NO and PGE2 
by PF, we also detected the protein levels of iNOS and 

COX-2 by Western blot analysis. As shown in Fig.  4, 
only a small amount of iNOS and COX-2 proteins were 
detected in unstimulated RAW264.7 macrophages; 
however, iNOS and COX-2 protein levels were consid-
erably upregulated by LPS, and PF (3 μM, 6 μM and 12 
μM) treatment all significantly reduced LPS-induced 
overexpression of iNOS and COX-2 protein in a dose-
dependent manner; thereinto, low concentration (3 μM) 
treatment had a weak inhibitory effect on the iNOS 
and COX-2 protein levels (p < 0.05, p < 0.05), and high-
est concentration of 12 μM conspicuously decreased 
the production of iNOS and COX-2 by 87.6% and 68.2% 
respectively (p < 0.001, p < 0.001), compared with LPS 
alone-treated group. These results demonstrate that the 
inhibitory effects of PF on LPS-stimulated NO and PGE2 
production are related to the suppression of iNOS and 
COX-2 expression.

Inhibition of PF on NF-κB signaling pathway in LPS-
stimulated RAW 264.7 macrophages
Since NF-κB activation is critical for the LPS-stimulated 
activation of iNOS, COX-2, TNF-α, IL-1β and IL-6 
[20–24], we monitored the protein expression of NF-κB 
signaling pathway including IκB-α, p-IκB-α and p65 by 
Western blot analysis. As shown in Fig.  5, PF (3 μM, 6 
μM and 12 μM) inhibited the overexpression of p-IκB-α 
and reversed the degradation of IκB-α induced by LPS, 
whereas there was no significant diference in the inhi-
bition effect of high concentration treatment and low 
concentration treatment. IκB-α phosphorylation and 
degradation could promote NF-κB translocation to the 
nucleus, therefore we further examined the nucleus 
translocation of p65, a major component of NF-κB. The 
results (Fig. 6) demonstrated that 3 μM, 6 μM and 12 μM 
of PF decreased the concentration of p65 in the nucleus 
in LPS-stimulated RAW 264.7 macrophages (P < 0.05, 
P < 0.05, P < 0.001). In contrast, the expression level of p65 
in the cytoplasm was upregulated by PF (P < 0.05, P < 0.05, 
P < 0.01). These results suggest that PF have a repressive 
effect on the LPS-stimulated NF-κB signaling pathway.

Inhibition of PF on Akt phosphorylation in LPS-stimulated 
RAW 264.7 macrophages
Akt signaling pathway plays a crucial role in the activa-
tion of NF-κB signaling pathway in inflammatory pro-
cesses [8, 9, 19, 25]. Therefore, we continued to exam 
the effect of PF on Akt phosphorylation by Western blot 
analysis. As shown in Fig. 7, PF (3 μM, 6 μM and 12 μM) 
had no effect on non-phosphorylated Akt protein level, 
but it significantly and dose-dependently diminished the 
phosphorylation of Akt caused by LPS in RAW 264.7 
macrophages (P < 0.05, P < 0.01, P < 0.001). Moreover, 12 
μM of PF treatment possessed a 65.5% inhibition rate of 
Akt phosphorylation in contrast with LPS alone-treated 

Fig. 2 Effects of PF on the production of PGE2 in LPS-stimulated RAW 
264.7 macropages. RAW 264.7 cells were pretreated with PF (0, 3, 6, and 
12 μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. The 
supernatant was collected for the level of PGE2 using ELISA kits. Neither 
LPS nor PF-treated group was selected as control. Data are expressed as 
mean ± SD from three independent experiments. ### p < 0.001 compared 
with control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with LPS 
alone-treated group
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group. These results indicate that PF could block the 
LPS-stimulated Akt pathway signaling.

Inhibition of PF on MAPK phosphorylation in LPS-
stimulated RAW 264.7 macrophages
MAPK signaling pathways are closely related to the 
inflammatory response [8, 9, 19, 26, 27]. Therefore, we 
monitored the MAPK signaling pathways including 
ERK, JNK and p38 pathways by Western blot analysis. 
As shown in Fig. 8, the phosphorylation of ERK, JNK and 
p38 were in a low level in uninduced RAW264.7 macro-
phages, and those were markedly upregulated after LPS 
stimulation (P < 0.001, P < 0.001, P < 0.001). As expected, 
the expression of p-ERK, p-JNK, and p-p38 were dose-
dependently downregulated in the PF-treated LPS-stim-
ulated RAW264.7 macrophages in contrast with LPS 
alone-treated group (Fig.  8), and the expression level of 
those three phosphorylated proteins were declined by 
53.6%, 73.8% and 62.4% with high concentration of PF 

treatment (12 μM) (P < 0.01, P < 0.001, P < 0.001). How-
ever, the expression of non-phosphorylated ERK, JNK 
and p38 was not interfered by LPS or LPS plus PF. These 
results imply that PF suppresses inflammatory cytokine 
expression by inhibiting the phosphorylation of MAPK 
signaling pathway.

Discussion
An increasing number of research indicates that natural 
products obtained from herbs are becoming an invaluable 
source of anti-inflammatory drug research and develop-
ment [28, 29]. In this aspect, NRR merits our attention 
because it has been widely used for thousands of years 
as a crucial traditional Chinese medicine for the treat-
ment of inflammatory diseases [16]. In view of cumarins, 
such as notopterol, isoimperatorin and nodakenetin from 
NRR, exhibitting moderate anti-inflammatory effects 
[30], we has tried to find more potent constituents which 
are responsible for the anti-inflammatory actions of 

Fig. 3 Effects of PF on the production of TNF-α (A), IL-1β (B), IL-6 (C), and IL-10 (D) in LPS-stimulated RAW 264.7 macropages. RAW 264.7 cells were pre-
treated with PF (0, 3, 6, and 12 μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. The supernatant was collected for the levels of TNF-α (A), 
IL-1β (B), IL-6 (C), and IL-10 (D) using ELISA kits. Neither LPS nor PF-treated group was selected as control. Data are expressed as mean ± SD from three 
independent experiments. ### p < 0.001 compared with control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with LPS alone-treated group
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NRR. Consequently, we isolated PF, a phenolic acid ester, 
from NRR [17]; however, its anti-inflammatory effect 
and underlying mechanism of action have not been well 
elucidated. In the present study, we evaluated the anti-
inflammatory properties and molecular mechanisms of 
PF in LPS-stimulated RAW 264.7 macrophages.

During the inflammatory process, an excess of inflam-
matory mediator and cytokines (e.g., NO, PGE2, TNF-α, 
IL-1β and IL-6) are released [2]. Macrophages play a cru-
cial part in the regulation of inflammatory processes, and 
they will be activated to produce numerous inflammatory 

mediators and cytokines by LPS [1, 10, 11]. Therefore, 
LPS triggers the inflammatory response, and LPS-stimu-
lated RAW 264.7 macrophages have been widely applied 
to explore the underlying mechanisms of new anti-
inflammatory agents in vitro [10, 11]. In our previous 
study, we found that PF remarkably inhibited NO pro-
duction in LPS-stimulated RAW 264.7 macrophages [17]. 
Continually, we focused on the effects of PF on the levels 
of PGE2, TNF-α, IL-1β, IL-6 and IL-10 production in this 
work. As a consequence, PF significantly inhibited the 

Fig. 5 Effects of PF on IκB-α and p-IκB-α protein levels in LPS-stimulated 
RAW 264.7 macropages. RAW 264.7 cells were pretreated with PF (0, 3, 6, 
and 12 μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. The 
protein levels of IκB-α and p-IκB-α in cytoplasmic proteins were examined 
by Western blot analysis. β-actin was used as a loading control. Neither 
LPS nor PF-treated group was selected as control. Data are expressed as 
mean ± SD from three independent experiments. ### p < 0.001 compared 
with control group; * p < 0.05, ** p < 0.01 compared with LPS alone-treated 
group

 

Fig. 4 Effects of PF on iNOS and COX-2 protein expressions in LPS-stimu-
lated RAW 264.7 macropages. RAW 264.7 cells were pretreated with PF (0, 
3, 6, and 12 μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. 
The protein levels of iNOS and COX-2 in cytoplasmic proteins were exam-
ined by Western blot analysis. β-actin was used as a loading control. Nei-
ther LPS nor PF-treated group was selected as control. Data are expressed 
as mean ± SD from three independent experiments. ### p < 0.001 com-
pared with control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared 
with LPS alone-treated group

 



Page 7 of 11Yan et al. BMC Complementary Medicine and Therapies          (2023) 23:398 

release of PGE2, TNF-α, IL-1β and IL-6 in LPS-induced 
macrophage activation (Figs. 2 and 3).

NO and PGE2, classic biomarkers of inflammatory 
reaction and crucial inflammatory mediators, are exces-
sively secreted in LPS-induced RAW 264.7 macrophages, 
and as we know they are biosynthesized by the iNOS 
protein and COX-2 protein respectively [19, 20]. There-
fore, we measured the influence of PF on iNOS protein 

and COX-2 protein using Western blot analysis so as to 
investigate its anti-inflammatory properties. As observed 
in our study, PF exhibited remarkable inhibitory effect 
on the LPS-induced upregulation of iNOS and COX-2 
protein expression in a dose-dependent manner (Fig. 4). 
Based on these results, we conclude that PF reduces 
inflammation-mediated factors via downregulation of 
iNOS and COX-2 protein expression.

NF-κB is tightly involved in regulating inflammation as 
a central transcription factor responsible for the secretion 
of inflammatory mediators and cytokines (e.g., iNOS, 
COX-2) in LPS-stimulated RAW 264.7 macrophages. 
NF-κB consists of p50 and p65 subunits, which are pres-
ent in the cytoplasm and bind to IκB in unstimulated 
macrophages. Upon exposure to LPS, NF-κB is activated, 
which promotes phosphorylation-induced proteasomal 
degradation of IκB from the IκB/NF-κB complex and 
facilitates NF-κB translocation to nucleus and its follow-
ing inflammation-related genes transcriptions [20–24]. 
Based on the above evidence, we determined the influ-
ence of PF on protein expression of IκB-α, p-IκB-α and 
p65 aiming to explore its anti-inflammatory mechanisms. 

Fig. 7 Effects of PF on phosphorylation level of Akt in LPS-stimulated RAW 
264.7 macropages. RAW 264.7 cells were pretreated with PF (0, 3, 6, and 12 
μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. The protein 
levels of Akt and p-Akt in cytoplasmic proteins were examined by Western 
blot analysis. β-actin was used as a loading control. Neither LPS nor PF-
treated group was selected as control. Data are expressed as mean ± SD 
from three independent experiments. ### p < 0.001 compared with un-
treated control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with 
LPS alone-treated group

 

Fig. 6 Effects of PF on cytoplasmic p65 and nuclear p65 protein levels in 
LPS-stimulated RAW 264.7 macropages. RAW 264.7 cells were pretreated 
with PF (0, 3, 6, and 12 μM) for 1 h, followed by the addition of LPS (1 μg/
mL) for 24 h. The protein levels of cytoplasmic p65 and nuclear p65 were 
examined by Western blot analysis. β-actin and Lamin B1 were used as 
loading controls. Neither LPS nor PF-treated group was selected as control. 
Data are expressed as mean ± SD from three independent experiments. ## 
p < 0.01, ### p < 0.001 compared with control group; * p < 0.05, ** p < 0.01, 
*** p < 0.001 compared with LPS alone-treated group
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The results revealed that PF significantly attenuated the 
LPS-activated phosphorylation of IκB-α and prevented 
p65 translocation to the nucleus (Figs. 5 and 6), indicat-
ing that the anti-inflammatory effect of PF is related to 
the inhibition of NF-κB signaling pathway.

Numerous studies have demonstrated that the Akt sig-
naling pathway has functions as a upstream molecule of 
the NF-κB activation [8, 9, 19, 25]. Akt can be activated 

by LPS-induced TLR4-mediated pathway, which plays 
a critical role in NF-κB activation and inflammation 
responses [8, 9, 25]. Therefore, we explored the effect 
of PF on Akt signaling in LPS-induced RAW264.7 mac-
rophages. Our results reported that PF significantly 
weakened LPS-induced Akt phosphorylation (Fig.  7). 
Taken together, PF reduces LPS-induced inflammatory 

Fig. 8 Effects of PF on phosphorylation levels of MAPK in LPS-stimulated RAW 264.7 macropages. RAW 264.7 cells were pretreated with PF (0, 3, 6, and 12 
μM) for 1 h, followed by the addition of LPS (1 μg/mL) for 24 h. The protein levels of ERK/p-ERK, JNK/p-JNK and p38/p-p38 in cytoplasmic proteins were 
examined by Western blot analysis. β-actin was used as a loading control. Neither LPS nor PF-treated group was selected as control. Data are expressed 
as mean ± SD from three independent experiments. ### p < 0.001 compared with control group; * p < 0.05, ** p < 0.01, *** p < 0.001 compared with LPS 
alone-treated group
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responses by downregulating the Akt-mediated NF-κB 
signaling pathway.

Besides NF-κB and Akt signaling pathways, MAPK, 
including ERK and two stress-activated protein kinase 
families, JNK and p38, are stimulated by TLR4 and play 
an important role in inflammatory response in macro-
phages [8, 9, 19, 26, 27]. Therefore, much interest had 
focused on the effects of PF on the phosphorylation of 
ERK, JNK and p38 in LPS-stimulated RAW 264.7 mac-
rophages. In our study, PF significantly diminished 
LPS-induced phosphorylation of ERK, JNK and p38 in 
RAW264.7 cells (Fig.  8), implying that PF exerts anti-
inflammatory activities through blocking MAPK signal-
ing pathway.

Conclusions
In summary, PF, a natural phenolic acid ester obtained 
from NRR, downregulates the production of inflam-
matory mediators and cytokines, including NO, PGE2, 
TNF-α, IL-1β, IL-6, iNOS and COX-2 in LPS-stimulated 
RAW 264.7 macrophages. Intracellular signal transduc-
tion pathway study shows that the inhibition of PF on 
NF-κB is achieved via suppressing IκB-α phosphoryla-
tion and preventing p65 translocation to the nucleus, 
and it is activated by upstream Akt phosphorylation. 
Besides, the molecular anti-inflammatory mechanism 
of PF is also associated with inhibiting MAPK activa-
tion, which results from a blockade of JNK, ERK, and 
p38 phosphorylation(Fig. 9). The findings of the present 

Fig. 9 Schematic representation of the proposed anti-inflammatory mechanisms of PF in LPS-stimulated RAW 264.7 macrophages
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study suggest that PF could be considered as a natural 
inhibitor of NF-κB, Akt and MAPK signaling pathways 
and it is expected to be a possible anti-inflammatory 
candidate. This study lay a foundation for exploring new 
anti-inflammatory targets so as to further elucidate the 
anti-inflammatory mechanism of PF at the cellular and 
molecular level; at the same time, it also provides a new 
perspective for the design of innovative anti-inflamma-
tion drugs with the characteristics of traditional Chinese 
medicine. Besides, further research is required to deter-
mine its anti-inflammatory properties in vivo.
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