
MOLECULAR MEDICINE REPORTS  10:  1077-1083,  2014

Abstract. Perilla leaves are widely used in Chinese herbal 
medicine and in Japanese herbal agents used to treat respiratory 
diseases. This study aimed to investigate the anti‑inflammatory 
effects and the underlying mechanisms of Perilla frutescens 
leaf extract (PLE). Murine macrophage RAW264.7 cells were 
used as a model. Cell viability and morphological changes 
were studied by the MTT assay and microscopy. mRNA 
expression of pro‑inflammatory mediators was assessed by 
both semi‑quantitative reverse transcription‑polymerase 
chain reaction (RT‑PCR) and quantitative (q) RT‑PCR. Nitric 
oxide  (NO) and prostaglandin E2 (PGE2) production were 
analyzed by the Griess test and sandwich enzyme‑linked 
immunosorbent assay (ELISA), respectively. The activation of 
kinase cascades was studied by immunoblotting. Our findings 
showed that PLE slightly affects cell viability, but alleviates 
LPS‑induced activation of RAW264.7 cells. Furthermore, PLE 
significantly reduced the LPS‑induced mRNA expression of 
the interleukin (IL)‑6, IL‑8, tumor necrosis factor‑α (TNF‑α), 
cyclooxygenase‑2  (COX‑2) and inducible nitric oxide 
synthase (iNOS), genes in a dose‑dependent manner. In addi-
tion, PLE reduced NO production and PGE2 secretion induced 
by LPS. PLE also inhibited activation of mitogen‑activated 
protein kinases (MAPKs), increased the cytosolic IκBα level, 
and reduced the level of nuclear factor (NF)‑κB. Taken together, 
these findings indicate that PLE significantly decreases the 
mRNA expression and protein production of pro‑inflammatory 
mediators, via the inhibition of extracellular‑signal‑regulated 
kinase (ERK)1/2, c‑Jun N‑terminal kinase (JNK), p38, as well 
as NF‑κB signaling in RAW264.7 cells stimulated with LPS.

Introduction

The leaves of Perilla frutescens are commonly used as deco-
rative elements in Asia, including China, Japan and Taiwan. 
Dried red Perilla leaves are also used as ‘soyou’ in Chinese 
herbal medicine and are components of ‘saiboku‑to’, which 
is a Japanese herbal formula that is commonly used to treat 
asthma. Previous studies have reported that Perilla frutescens 
leaf extracts (PLE) display a range of biological activities, 
including inhibition of tumor necrosis factor (TNF)‑α (1), 
suppression of IgA nephropathy (2), and anti‑inflammatory 
and anti‑allergic activity  (3,4). However, the mechanisms 
underlying the anti‑inflammatory properties of PLE are not 
well understood.

Inflammation is a response of organisms to pathogens 
and chemical or mechanical injury. Inflammatory response 
and tissue damage are induced by inflammatory mediators 
generated through upregulation of a number of inducible 
genes, including inducible nitric oxide (iNOS), cyclooxy-
genase (COX)‑2, interleukin (IL)‑6 and IL‑8. Nitric oxide (NO) 
is a messenger molecule that has critical functions in vascular 
regulation, host immune defense, neuronal signal transduction, 
and other pathways (5‑7). NO is produced from the conversion 
of L‑arginine to L‑citrulline by the nitric oxide synthase (NOS) 
in the presence of oxygen and NADPH (8). NOS is inducible 
in macrophages and hepatocytes, and is activated following 
infection  (9). Therefore, inducible (i)NOS‑derived NO is 
an ubiquitous mediator of a wide range of inflammatory 
conditions, and its expression level reflects the degree of 
inflammation, thus providing a measure of the inflammatory 
response (10,11). COX‑2 also participates in immune system 
modulation and is involved in pathophysiological events (12). 
COX‑2 is not expressed or is slightly detectable in most tissues 
under normal conditions; high expression of COX‑2 following 
induction by pro‑inflammatory mediators such as bacterial 
lipopolysaccharide (LPS), is involved in the pathogenesis of 
sepsis and inflammation (13,14). In addition, compounds inter-
fering with both iNOS and COX‑2 generally act as inhibitors 
of a transcription factor required for iNOS and COX‑2 expres-
sion, nuclear factor (NF)‑κB (15).

Macrophages play a crucial role in eliciting NF‑κB‑related 
cascades at the acute phase of the inflammatory response. 
LPS stimulation of mouse macrophages leads to increased 
phosphorylation and activation of mitogen‑activated protein 
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kinases (MAPKs), such as extracellular‑signal‑regulated 
kinase (ERK)1/2, and c‑Jun N‑terminal kinase (JNK) (16). 
Therefore, the development of specific drugs to inhibit the 
production of these inflammatory modulators may be effec-
tive in the treatment of inflammatory diseases. In the present 
study, we investigated the anti‑inflammatory effects and the 
underlying mechanism of a P. frutescens leaf extract (PLE). 
Specifically, we studied the regulation of gene expression of 
iNOS, COX‑2, and pro‑inflammatory cytokines in RAW264.7 
cells stimulated with LPS.

Materials and methods

Chemicals and reagents. Aprotinin, leupeptin, LPS, 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl‑tetrazolium bromide 
(MTT), penicillin, streptomycin and other chemicals used in 
this study were purchased from Sigma‑Aldrich (St. Louis, 
MO, USA). Dulbecco's modified Eagle's medium (DMEM), 
fetal bovine serum (FBS) and supplements for cell culture 
were purchased from Gibco‑BRL (Gaithersburg, MD, USA). 
Antibodies targeting phosphorylated Erk1/2  (p‑Erk1/2), 
total Erk1/2 (t‑Erk1/2), phosphorylated JNK  (p‑JNK), 
total JNK (t‑JNK), phosphorylated p38 (p‑p38), total p38 
(t‑p38), IκBα and NF‑κB  (p65 subunit) were purchased 
from Cell Signaling Technologies (Beverly, MA, USA). The 
antibody targeting the glyceraldehyde 3‑phosphate dehy-
drogenase (GAPDH) was purchased from Sigma‑Aldrich. 
HRP‑conjugated secondary antibodies targeting mouse and 
rabbit IgGs were purchased from Abcam (Cambridge, UK). 
The murine macrophage RAW264.7 cell line was obtained 
from the American Type Culture Collection (ATCC; 
Rockville, MD, USA).

Preparation of P. frutescens leaf extract (PLE). Perilla 
frutescens plants were purchased from a certified herbal 
pharmacy (Chung‑Yi Chinese Herbal Medicine Pharmacy, 
Taichung, Taiwan). After dehydration, 100 g of the leaves 
were homogenized, and the powder was passed through a 
mesh (0.05 mm). The filtered powder was resuspended into 
1 liter of 100% methanol and stirred at room temperature for 
24 h. Following filtration on a Whatman no. 1 filter paper, 
the solution was lyophilized. Stock solution (20 mg/ml) of 
the extract was prepared in dimethylsulfoxide, and stored at 
‑20˚C until further use.

Cell cultures and treatment. The RAW264.7 cells were 
incubated in DMEM supplemented with 0.1% sodium 
bicarbonate, 2 mM glutamine, penicillin G (100 U/ml), strep-
tomycin (100 µg/ml) and 10% FBS, and were maintained at 
37˚C in a humidified incubator containing 5% CO2. Following 
pre‑incubation with different concentrations of PLE for 4 h, 
1 µg/ml LPS was added and then incubated for 2 h (NO assay), 
3 h (RT‑PCR and qRT‑PCR analysis), or 24 h (cell viability 
assay and cell morphology analyses).

Cell viability assay. Cell viability was determined by an assay 
based on the mitochondrial‑dependent reduction of MTT to 
formazan. Briefly, 10 µl of MTT solution (5 mg/ml in DMEM) 
were added to the cell supernatant and incubated for 4 h at 
37˚C. After removal of the medium, 2‑propanol was added 

to lyse the cells and to solubilize the formazan. The optical 
density of formazan was measured at 570 nm using a micro-
plate reader (Benchmark; Bio‑Rad Laboratories, Hercules, 
CA, USA). The optical density of formazan generated by 
untreated cells was used to determine the 100% viability.

RNA extraction, reverse transcription polymerase chain reac‑
tion (RT‑PCR) and quantitative (q)RT‑PCR. Total RNA was 
isolated from individual samples, according to the manufactur-
er's instructions, using the RNeasy kit (Qiagen, Valencia, CA, 
USA). The purified RNA was used as a template to generate 
cDNA using the RevertAid™ First Strand cDNA Synthesis 
kit (Fermentas Life Sciences, St. Leon‑Rot, Germany). The 
primer sequences used for RT‑PCR and qRT‑PCR are listed 
in Table Ⅰ. RT‑PCR experiments were performed in triplicates 
for each sample. Amplifications were performed using the ABI 
PRISM 7700 sequence detection system (Applied Biosystems, 
Foster City, CA, USA). For mRNA quantification, the FastStart 
Universal SYBR‑Green Master mix (Roche Applied Science, 
Mannheim, Germany) was used. The cycle threshold (Ct) 
values were calculated using the ΔΔCT method, and rela-
tive expression values were expressed by normalizing to the 
expression of GAPDH. qRT‑PCR experiments were performed 
in duplicates for each sample. The size of the PCR products 
was confirmed by agarose gel electrophoresis.

NO assay. The NO level in cell culture supernatants was 
determined using the Griess test. Briefly, cells were treated 
with 1, 5, or 15 µg/ml PLE for 1 h, followed by incubation 
with 1 µg/ml LPS for 24 h. Nitrite in the culture superna-
tants was mixed with the same volume of Griess reagent 
[1% sulfanilamide and 0.1% N‑(1‑naphthyl)ethylenediamine 
dihydrochloride in 5% phosphoric acid]. Absorbance was 
measured at 540 nm, and the nitrite concentration was deter-
mined using sodium nitrite (NaNO2) as a standard (17).

Enzyme‑linked immunosorbent assay (ELISA). To analyze 
the production of pro‑inflammatory mediators, cells were 
seeded in 6‑well plates at an initial density of 5x105 cells/ml, 
starved in serum‑free medium for 16 h, pre‑incubated with 
different concentrations of PLE (5, 10 and 20 µg/ml) for 1 h, 
then treated with 1 µg/ml LPS for 24 h. The supernatants were 
collected, and the concentrations of IL‑6, IL‑8 and TNF‑α, 
as well as of prostaglandin E2 (PGE2) were determined using 
DuoSet ELISA kits and the Prostaglandin E2 Parameter Assay 
kit (R&D Systems, Abingdon, UK) respectively, following the 
manufacturer's instructions.

Subcellular fractionation. Cells were washed with physiolog-
ical saline and incubated with lysis buffer [10 mM HEPES, 
pH 7.6, containing 15 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 
1 mM dithiothreitol, 0.05% v/v IGEPAL® CA‑630, 1 mM 
phenylmethanesulfonyl fluoride  (PMSF), 1  mM sodium 
orthovanadate, 50 mM sodium fluoride, 10 µg/ml leupeptin, 
and 10 µg/ml aprotinin] for 10 min. Following centrifugation 
at 2,500 x g for 10 min at 4˚C, the supernatant was transferred 
into a new Eppendorf tube, further centrifuged at 20,000 x g 
for 15 min at 4˚C, and the new supernatant was collected as 
the cytosolic fraction. The pellets containing the nuclei were 
washed with physiological saline, incubated with a nucleus 
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lysis buffer (25  mM HEPES, pH  7.6, 0.1% v/v IGEPAL® 
CA‑630, 1 M KCl, 0.1 mM EDTA, 1 mM PMSF, 1 mM sodium 
orthovanadate, 2 mM sodium fluoride, 10 µg/ml leupeptin, and 
10 µg/ml aprotinin), and then centrifuged at 10,000 x g for 
15 min at 4˚C. The resulting supernatants were collected as 
the nuclear fraction.

Immunoblotting. Cells (5x105 cells/ml) were harvested, washed 
twice with ice‑cold phosphate‑buffered saline (PBS), and lysed 
in lysis buffer (50 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 1% v/v 
IGEPAL® CA‑630, 1 mM PMSF, 1 mM sodium fluoride, and 
10 µg/ml aprotinin and leupeptin). The cell lysates were centri-
fuged at 14,000 x g for 10 min at 4˚C to remove the debris. The 
supernatants were collected and crude protein concentrations 
were determined using the BCA™ protein assay kit (Pierce, 
Rockford, IL, USA). Crude proteins (30 µg/lane) were elec-
trophoresed and transferred onto a nitrocellulose membrane 
(Millipore, Bedford, MA, USA). After blocking with 5% w/v 
skimmed milk in PBS, the membrane was incubated for 2 h 
with a 1/1,000 dilution of the specific primary antibodies. 
Bound antibodies were detected using a 1/2,000 dilution of 
peroxidase‑conjugated secondary antibodies (Abcam) and 
ECL chemiluminescence reagent (Millipore) as the substrate. 
Three independent experiments were performed, and results 
were quantified by densitometry.

Statistical analysis. Data were expressed as means ± standard 
deviation (SD) of the mean from three independent experi-
ments. Statistical comparisons were performed by a one‑way 
analysis of variance (ANOVA), followed by a Duncan multiple 
comparison test. Differences were considered statistically 
significant at P<0.05.

Results

Effects of PLE on viability of murine macrophage RAW264.7 
cells. The cytotoxic effect of PLE on viability of RAW264.7 

cells was investigated by the MTT assay. As shown in Fig. 1, 
the viability of RAW264.7 cells was determined following 
incubation with different concentrations (1, 5, 15, 30, 50 and 
100 µg/ml) of PLE for 24 h. The results revealed that treatment 
with concentrations of 50 and 100 µg/ml PLE significantly 
decreased the viability of RAW264.7 cells (P<0.05) compared 
to control (untreated) cells, while lower concentrations (1, 5, 15 
and 30 µg/ml) of PLE had no significant effect on viability of 
RAW264.7 cells.

PLE inhibits LPS‑induced dendritic transformation of 
RAW264.7 cells. LPS is known to induce morphological trans-
formation of macrophage RAW264.7 cells  (18). Therefore, 
whether PLE affects the LPS‑induced morphological changes 
of RAW264.7 cells was investigated. As shown in Fig. 2, LPS 
alone significantly induced the morphological transformation of 

Table I. Primer sequences used for reverse transcription polymerase chain reaction (RT‑PCR) and quantitative (q)RT‑PCR.

Gene name	 RT‑PCR	 qRT‑PCR

IL‑6	 F: 5'‑ATGAACTCCTTCTCCACAAGCGC‑3'	 F: 5'‑GTAGTGAGGAACAAGCCAGAGC‑3'
	 R: 5'‑GAAGAGCCCTCAGGCTGGACTG‑3'	 R: 5'‑GGCATTTGTGGTTGGGTCA‑3'
IL‑8	 F: 5'‑AGATATTGCACGGGAGAA‑3'	 F: 5'‑CTCTTGGCAGCCTTCCTGATTT‑3'
	 R: 5'‑GAAATAAAGGAGAAACCA‑3'	 R: 5'‑CGCAGTGTGGTCCACTCTCAAT‑3'
iNOS	 F: 5'‑CTGAGGGCTCTGTTGAGGTC‑3'	 F: 5'‑GGCAGCCTGTGAGACCTTTG‑3'
	 R: 5'‑CCTTGTTCAGCTACGCCTTC‑3'	 R: 5'‑GCATTGGAAGTGAAGCGTTTC‑3'
COX2	 F: 5'‑GGAGAGACTATCAAGATAGTGATC‑3'	 F: 5'‑CAGAACCGCATTGCCTCTG‑3'
	 R: 5'‑ATGGTCAGTAGACCTTTACAGCTC‑3'	 R: 5'‑TTGTAACTTCTGGTCCTCATGTCGA‑3'
TNF‑α	 F: 5'‑GCGACGTGGAACTGGCAGAAG‑3'	 F: 5'‑GACCCTCACACTCAGATCATCTTCT‑3'
	 R: 5'‑TCCATGCCGTTGGCCAGGAGG‑3'	 R: 5'‑CCTCCACTTGGTGGTTTGCT‑3'
GAPDH	 F: 5'‑ACCACAGTCCATGCCATCAC‑3'	 F: 5'‑ATGCCTCCTGCACCACCA‑3'
	 R: 5'‑TCCACCACCCTGTTGCTGTA‑3'	 R: 5'‑CCATCACGCCACAGTTTCC‑3'

IL, interleukin; iNOS, inducible nitric oxide; COX‑2, cyclooxygenase‑2; TNF‑α, tumor necrosis factor‑α; GAPDH, glyceraldehyde 3‑phosphate 
dehydrogenase; F, forward; R, reverse.

Figure 1. Effect of PLE on viability of RAW264.7 cells. Cells were incubated 
with different PLE concentrations (1, 5, 10, 20, 50 and 100 µg/ml) for 24 h, 
and the cell viability was determined by the MTT assay. *P<0.05 as compared 
to the control (C; untreated cells). PLE, Perilla frutescens leaf extract.
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RAW264.7 cells to dendritic cells, and this transformation was 
attenuated by PLE pretreatment in a dose‑dependent manner. 
Further quantitative analysis revealed that LPS significantly 
increases the number of cells having a dendritic morphology 
to 27.0±0.5% (P<0.05 as compared to the control). When cells 
were pretreated with 10 or 15 µg/ml PLE and then treated 
with LPS, the number of cells with dendritic morphology was 
decreased to 13.6±1.6 and 9.4±0.6%, respectively (P<0.05 as 
compared to LPS treatment alone).

PLE inhibits LPS‑induced mRNA expression and production 
of IL‑6, IL‑8 and TNF‑α in RAW264.7 cells. To investigate 
whether PLE affects the expression of pro‑inflammatory 
cytokines in LPS‑stimulated macrophages, the mRNA levels 
of IL‑6, IL‑8 and TNF‑α were determined in LPS‑treated 
RAW264.7 cells. RT‑PCR analysis revealed that LPS 
alone enhances the expression of IL‑6, IL‑8 and TNF‑α, 
and this increase is reverted by pretreatment with PLE in 
a dose‑dependent manner (Fig.  3A). Further quantitative 
analysis using qRT‑PCR showed that treatment with LPS 
alone significantly increases the mRNA levels of IL‑6, IL‑8 
and TNF‑α, 3.9±0.4‑, 13.8±1.5‑ and 5.4±0.3‑fold respec-
tively (Fig. 3B), as compared to the control (untreated cells). 
In RAW264.7 cells pretreated with 20 µg/ml PLE and then 
treated with 1 µg/ml LPS, the mRNA levels of IL‑6, IL‑8 and 
TNF‑α were reduced 1.4±0.2‑, 5.1±0.3‑ and 3.4±0.2‑fold as 
compared to the control, respectively (P<0.005 as compared 
to LPS alone).

In addition to mRNA expression, LPS alone increased 
the protein production of IL‑6, IL‑8, and TNF‑α in 
RAW264.7 cells (Fig. 3C) up to 135.7±18.9, 145.9±21.3 and 
488.2±33.2 pg/ml/104 cells, respectively (P<0.05 as compared 
to the control) . PLE pretreatment dose‑dependently reduced 
the protein production of the tested cytokines (Fig. 3C) up to 
59.3±5.6 (IL‑6), 38.2±3.9 (IL‑8) and 228.7±13.3 pg/ml/104 
cells (TNF‑α), respectively (P<0.05 as compared to LPS 
alone).

PLE inhibits LPS‑induced mRNA expression of COX‑2 and 
iNOS and the production of PGE2 and NO in RAW264.7 
cells. COX‑2 and iNOS are both critical enzymes associated 
with macrophage‑mediated development and progression of 
inflammation (19‑21); therefore, effects of PLE on the mRNA 
level of COX‑2 and iNOS were analyzed and quantified in 
LPS‑stimulated RAW264.7 cells. RT‑PCR analysis showed 
that LPS treatment alone enhances the expression of COX‑2 
and iNOS, and this increase was reverted by pretreatment 
with PLE in a dose‑dependent manner (Fig.  4A). Further 
quantitative analysis using qRT‑PCR revealed that LPS alone 
significantly increases the mRNA levels of COX‑2 and iNOS, 
41.6±2.6‑ and 24.9±4.3‑fold, respectively, as compared to the 
control (P<0.05). In RAW264.7 cells pretreated with 20 µg/ml 
PLE and then treated with 1 µg/ml LPS, the mRNA levels of 
COX‑2 and iNOS were dose‑dependently reduced (Fig. 4B) 
11.6±1.5‑ and 6.6±1.2‑fold as compared to the control, respec-
tively (P<0.05 as compared to LPS alone).

Figure 2. Effects of PLE on dendritic transformation of LPS‑stimulated RAW264.7 cells. Cells were pre‑incubated with the indicated concentrations of PLE 
in the DMEM culture medium for 4 h, and then stimulated with 1 µg/ml LPS for 24 h. Cell morphology was monitored under a light microscope at x400 mag-
nitude. Activated RAW264.7 cells are indicated by arrows. The activation index percentage was expressed as the number of cells with activated morphology 
relative to the total number of cells, quantified in 5 random fields (number of total cells >100). #P<0.05 as compared to the control (C; untreated cells); *P<0.05 
as compared to LPS alone. PLE, Perilla frutescens leaf extract; LPS, lipopolysaccharide.
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Since mRNA expression of COX‑2 and iNOS in RAW264.7 
cells treated with LPS was inhibited by PLE pretreatment, the 
production of PGE2 and NO was further assessed. As shown in 
Fig. 4C and D, treatment with LPS alone significantly increased 
the concentrations of PGE2 and NO up to 310.9±22.5 pg/ml 
and 25.3±1.6 µM, respectively. Upon pretreatment with 10 
or 20 µg/ml PLE, the concentration of PGE2 was reduced 
down to 168.1±9.2 pg/ml and 118.7±3.1 pg/ml, respectively, 
and the concentration of NO was decreased to 14.7±0.7 and 
5.5±1.3 µM, respectively (P<0.05 as compared to LPS alone).

PLE inhibits phosphorylation of MAPKs, the degrada‑
tion of IκBα and the nuclear translocation of NF‑κB in 
LPS‑stimulated RAW264.7 cells. Activation of MAPKs 

Figure 3. PLE reduces the mRNA level and the protein production of 
pro‑inflammatory cytokines IL‑6, IL‑8 and TNF‑α in LPS‑stimulated 
RAW264.7 cells. Cells were pre‑incubated with the indicated concentra-
tions of PLE in the DMEM culture medium for 4 h, and then stimulated 
with 1 µg/ml LPS for 6 or 24 h. Following treatment, the cells were lysed 
for mRNA extraction, and the gene expression level was analyzed by 
(A) RT‑PCR and quantified by (B) qRT‑PCR, while the culture medium was 
collected to quantify the production of corresponding proteins by (C) ELISA. 
Bars denote standard deviation (SD) of the mean from three independent 
experiments. #P <0.05 as compared to the control (untreated cells); *P<0.05 
as compared to LPS alone. PLE, Perilla frutescens leaf extract; IL, inter-
leukin; TNF‑α, tumor necrosis factor‑α; LPS, lipopolysaccharide; RT‑PCR, 
reverse transcription‑polymerase chain reaction; q, quantitative.

Figure 4. PLE reduces the mRNA level of COX‑2 and iNOS and the production 
of PGE2 and NO in LPS‑stimulated RAW264.7 cells. Cells were pre‑incubated 
with the indicated concentrations of PLE in the DMEM culture medium for 
4 h, and were then stimulated with 1 µg/ml LPS for 6 or 24 h. Following 
treatment, the cells were lysed for mRNA extraction and the expression level 
of COX‑2 and iNOS was analyzed by (A) RT‑PCR and quantified by (B) 
qRT‑PCR, while the culture medium was collected to quantify the production 
of (C and D) PGE2 and NO (nitrite). Bars denote standard deviation (SD) of 
the mean from three independent experiments. #P<0.05 as compared to the 
control (untreated cells); *P<0.05 as compared to LPS alone. PLE, Perilla fru‑
tescens leaf extract; LPS, lipopolysaccharide; COX‑2, cyclooxygenase‑2; 
iNOS, inducible nitric oxide; PGE2, prostaglandin E2; NO, nitric oxide.
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is known to be involved in LPS‑induced production of 
pro‑inflammatory cytokines (22‑24). To investigate whether 
PLE regulates activation of MAPKs in response to LPS, the 
levels of phosphorylated ERK1/2, JNK and p38 were deter-
mined by immunoblotting in LPS‑stimulated RAW264.7 cells. 
As shown in Fig. 5A, LPS alone considerably increased the 
phosphorylation of ERK1/2, JNK and p38 in RAW264.7 cells, 
and pretreatment with 5, 10 or 20 µg/ml PLE inhibited the 
LPS‑induced phosphorylation of ERK1/2, JNK and p38 in a 
dose‑dependent manner.

The transcription factor NF‑κB plays a pivotal role in 
regulation of pro‑inflammatory factors, and its nuclear trans-
location is associated with the expression of these factors (25). 
Thus, the effects of PLE on the cytosolic level of IκBα (that 
inhibits the nuclear translocation of NF‑κB) and the nuclear 
level of NF‑κB were subsequently investigated in RAW264.7 
cells exposed to LPS. As shown in Fig.  5B, exposure of 
RAW264.7 cells to LPS led to an important decrease in the 
cytosolic IκBα level, accompanied by the expected increase in 
the nuclear NF‑κB level. However, PLE pretreatment restored 
the LPS‑decreased cytosolic IκBα level and reduced the 

nuclear NF‑κB level that had been increased by LPS treatment, 
in a dose‑dependent manner. These findings revealed that PLE 
inhibits not only the degradation of IκBα, but also the nuclear 
translocation of NF‑κB.

Discussion

Macrophages were reported to be directly involved in the 
inflammatory response (26). One of the most important roles 
of macrophages is the production of various cytokines, reactive 
oxygen and nitrogen species, growth factors and chemokines 
as a response to signals such as bacterial LPS (27). Although 
the bioactive molecules produced by macrophages play impor-
tant roles in inflammation, these molecules were also shown to 
exert undesirable effects to the cells (28). Therefore, modula-
tion of these products may provide potential targets for the 
control of inflammatory diseases. IL‑6 has various biological 
effects in a number of chronic endothelial dysfunctions such as 
modulation of hematopoiesis, proliferation and differentiation 
of lymphocytes, and induction of acute‑phase reactions (29). 
IL‑8 is generally recognized as a key intermediate regulator 
in acute inflammatory responses (30). TNF‑α is an important 
mediator produced by activated macrophages and was shown 
to affect various biological processes, including the regulation 
and the production of other cytokines (31,32). Our findings 
revealed that PLE inhibits the dendritic transformation of 
RAW264.7 cells and the expression of IL‑6, IL‑8 and TNF‑α 
in LPS‑stimulated RAW264.7 cells, suggesting that PLE may 
attenuate the LPS‑induced activation of macrophages and the 
consequent production of inflammatory cytokines.

NO is an important mediator and regulator involved in 
inflammatory responses. In activated inflammatory cells, NO 
is produced at high levels by iNOS. COX‑2 is regarded as a 
central mediator of inflammation, and regulation of COX‑2 
was suggested to be useful in the development of a therapeutic 
target  (33). Moreover, the enzymatic activity of COX‑2 is 
directly affected by NO and iNOS (34,35). Our results showed 
that PLE inhibits both COX‑2 and iNOS expression, as well as 
NO production, which further supports that PLE can attenuate 
the inflammatory response.

LPS is known to activate several signaling kinases, 
including ERK1/2, MEK (36), JNK, AP‑1 (22), p38 and other 
MAP kinase family members (37). Our findings show that PLE 
inhibits iNOS expression and NO production in LPS‑stimulated 
RAW264.7 cells, which may relate to the downregulation of 
NF‑κB signaling components, including ERK1/2, JNK and 
p38. The inhibitory effect of PLE on NF‑κB, ERK1/2 and JNK 
expression is crucial for the expression of iNOS.

In conclusion, the results from the present study indicate 
that PLE displays important anti‑inflammatory activity 
in LPS‑stimulated macrophage RAW264.7 cells, through 
inhibition of the expression of pro‑inflammatory cytokines, 
inhibition of MAPK activation, and of NF‑κB nuclear translo-
cation in response to LPS.
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Figure 5. PLE reduces the phosphorylation of MAPKs and the nuclear 
translocation of NF‑κB in LPS‑stimulated RAW264.7 cells. Cells were 
pre‑incubated with the indicated concentrations of PLE in the DMEM cul-
ture medium for 4 h, and were then stimulated with 1 µg/ml LPS for 1 h. 
Following treatment, the cells were lysed and fractionated for protein extrac-
tion. (A) Phosphorylation and protein level of MAPKs and (B) protein level 
of cytosolic IκBα and nuclear NF‑κB visualized by immunoblot assays using 
specific antibodies and a chemiluminescent substrate. The levels of GAPDH 
and histone H1 were used as controls. PLE, Perilla frutescens leaf extract; 
MAPKs, mitogen‑activated protein kinases; NF‑κB, nuclear factor‑κB; LPS, 
lipopolysaccharide; GAPDH, glyceraldehyde 3‑phosphate dehydrogenase.

  A

  B
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