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NF-jB/MAPK activation and upregulating AMP kinase
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Abstract

Objectives and design Sesamol is a lignan isolated from

sesame seed oil. In recent years, it was found that sesamol

could decrease lung inflammation and lipopolysaccharide

(LPS)-induced lung injury in rats. In this study, we

investigated whether sesamol exhibited anti-inflammatory

activity in LPS-stimulated macrophages.

Materials and methods RAW 264.7 cells were treated

with sesamol, then treated with LPS to induce inflamma-

tion. The levels of proinflammatory cytokines were

analyzed with ELISA. The gene and protein expression of

cyclooxygenase (COX)-2, inducible nitric oxide synthase

(iNOS), and nuclear factor erythroid-2-related factor 2

(Nrf2) were evaluated with real-time PCR and Western

blots, respectively. We also examined inflammatory sig-

naling pathways, including nuclear transcription factor

kappa-B (NF-jB) and mitogen-activated protein kinase

(MAPK) pathways.

Results Sesamol inhibited production of nitric oxide,

prostaglandin E2 (PGE2), and proinflammatory cytokines.

Sesamol markedly suppressed mRNA and protein expres-

sion of iNOS and COX-2. Sesamol enhanced the protective

antioxidant pathway represented by Nrf2 and HO-1.

Moreover, sesamol suppressed NF-jB transport into the

nucleus and decreased MAPK activation, but it promoted

adenosine monophosphate-activated protein kinase

(AMPK) activation.

Conclusions These data suggested that sesamol amelio-

rated inflammatory and oxidative damage by upregulating

AMPK activation and Nrf2 signaling and blocking the NF-

jB and MAPK signaling pathways.

Keywords AMPK � COX-2 � HO-1 � MAPK �
NF-jB � Sesamol

Introduction

Inflammation is an important warning sign for acute and

chronic diseases, including bacterial infections, acute lung

injury, obesity, and cancers [1, 2]. Controlling the inflam-

matory response was determined to be an important

treatment strategy [3]. Lipoploysaccharide (LPS) is the

primary component of the cell walls of gram-negative

bacteria, and it can trigger an inflammatory response and

stimulate the activity of immune cells against a bacterial

invasion [4]. LPS binds to the TLR 4 receptor of macro-

phages to stimulate proinflammatory cytokine and

mediator production [5]. However, excessive inflammatory
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responses can cause physical discomfort and may lead to

fever, hypotension, shock, severe sepsis, and death [4].

Proinflammatory cytokines and inflammatory mediators

are involved in physiological responses to chronic and

acute inflammation. For example, nuclear transcription

factor kappa-B (NF-jB) is transported into the nucleus to

activate inflammatory gene expression [6]. In the inactive

state, NF-jB is a heterodimer that consists of p50 and p65

proteins. It is constitutively localized in the cytoplasm, and

its movement is restrained by the inhibitor of nuclear factor

kappa B (IjB) [7]. When gram-negative bacteria infect the

cell, LPS stimulates the activation of macrophages. This

activation induces the phosphorylation of IjB, which

releases NF-jB to move to the nucleus and stimulate the

expression of proinflammatory cytokines, COX-2 and

iNOS. The mitogen-activated protein kinase (MAPK) sig-

naling pathway also plays an important role in up-

regulating inflammatory gene expression in LPS-stimulated

macrophages [8]. Several studies found that phosphoryla-

tion of MAPKs could induce NF-jB activation and

regulate inflammatory gene expression [7, 9]. Hence, sup-

pressing NF-jB and MAPK pathways could ameliorate the

inflammatory response.

Hemeoxygenase-1 (HO-1) maintains cellular redox

homeostasis and protects against oxidative stress [10].

Inflammatory cytokines, LPS, and oxidative stress can

induce HO-1 expression [1] by activating nuclear factor

erythroid-2-related factor (Nrf2). Nrf2 is a transcription

factor that translocates into the nucleus and binds to the

antioxidant responsive element, which controls the

expression of HO-1. The HO-1 protein acts against

inflammatory responses and protects the cell from oxida-

tive damage [11]. Adenosine monophosphate-activated

protein kinase (AMPK) is an important factor that regulates

energy balance [12]. Recent studies found that, in addition

to its beneficial effect on metabolic disorders, AMPK

activation also decreased inflammatory responses in

patients with metabolic syndromes [13, 14].

A recent study discovered that some natural products

could ameliorate antioxidant responses and the inflamma-

tory response in LPS-stimulated macrophages [9, 15, 16].

Sesamun indicum, Linn. (Sesame) is an important oil crop

[17]. Sesame seed oil contains high levels of unsaturated

fatty acids, including linoleic acid and linolenic acid [18].

Sesame seed oil also contains beneficial vitamins and

minerals that regulate physiological functions [19]. Sesa-

mol (3,4-methylenedioxyphenol) is a polyphenol lignan

isolated from sesame seeds [20]. Studies found that sesa-

mol could induce apoptosis in HepG2 cells [21]. Sesamol

also reduced cholesterol and triacylglycerol levels in

hyperlipidemic mice [22]. In addition, sesamol was

reported to have an anti-inflammatory effect in a rat

inflammatory lung model and an antioxidant effect in a rat

acute pancreatitis model [23]. However, the molecular

mechanism is unclear for its anti-inflammatory effects.

Therefore, in this study, we evaluated the anti-inflamma-

tory effects of sesamol, and we investigated whether its

mechanism is involved in the NF-jB and MAPK signaling

pathways in LPS-induced RAW 264.7 macrophage cells.

Materials and methods

Materials

The chemical structure of sesamol (from Sesamun indicum,

C98 % purity by HPLC, Sigma-Aldrich Co, St. Louis, MO,

USA) is illustrated in Fig. 1a. Sesamol was dissolved in

phosphate-buffered saline.

Cell culture

The RAW 264.7 murine macrophage cell line was obtained

from the Bioresource Collection and Research Center

(BCRC, Taiwan). Cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) (Life Technologies,

Carlsbad, CA, USA) with 10 % fetal bovine serum (Bio-

logical Industries, Haemek, Israel), 2 mM L-glutamine,

100 units/ml penicillin, and 100 lg/ml streptomycin. All

cells were incubated at 37 �C in 5 % CO2 humidified air,

and cells were subcultured twice each week.

Cell viability assay

The effects of sesamol on cell viability were determined

with the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) assay, as previously described [9].

In brief, the cells (5 9 103 cells/well) were seeded in

96-well plates and treated with sesamol for 24 h. Then,

cells were treated with 5 mg/ml MTT solution for 4 h at

37 �C. Next, the plate was washed and, after adding for-

mazone crystals dissolved in isopropanol, we measured the

absorbance of the resulting color at OD570 nm with a

multi-detection reader (Multiskan FC, Thermo, Waltham,

MA, USA).

Determination of nitric oxide (NO) production

The cells were seeded (5 9 105 cells/well) in 24-well

plates and treated with sesamol. Then, cells were treated

with 1 lg/ml LPS (Escherichia coli serotype 026:B6,

Sigma) for 24 h. Nitrite in the culture medium was mea-

sured with Griess reagent (Sigma) as an indicator of nitric

oxide production, as previously described [16]. The

absorbance at 570 nm was measured with a multi-detection

reader (Multiskan FC, Thermo).
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Measurements of cytokines, chemokines,

and prostaglandin E2 levels

Cytokines and chemokines were evaluated with an

enzyme-linked immunosorbent assay (ELISA), as descri-

bed previously [16]. Briefly, cells were seeded and treated

with sesamol for 1 h; then, the cells were stimulated with

1 lg/ml LPS and incubated for 6 h to assay the levels of

IL-6 and TNF-a, or they were cultured for 24 h to assay IL-

1b, MCP-1, and prostaglandin E2 (PGE2) production. The

cytokines, chemokines, and PGE2 in the medium were

measured with specific ELISA kits (R&D Systems, Min-

neapolis, MN, USA) according to the manufacturer’s

instructions. The absorbance at 450 nm was measured with

a multi-detection reader (Multiskan FC, Thermo).

Western immunoblot analysis

Cells (5 9 105 cells/ml) were treated with sesamol for 1 h in

6-well plates. Then, cells were stimulated with 1 lg/ml LPS

for 30 min to detect protein phosphorylation or for 24 h to

detect the expression of total proteins. Cell lysate samples

were separated on 8–10 % SDS polyacrylamide gels and

transferred onto polyvinylidene fluoride (PVDF)membranes

(Millipore, Billerica, MA, USA). The PVDF membranes

were incubated overnight at 4 �C with primary antibodies

against COX-2, HO-1, iNOS, Nrf2, IjB-a, Lamin B1,

phosphorylated-IjB-a, p65 (Santa Cruz, CA, USA), AMPK,

ERK1/2, p38, JNK, phosphorylated-AMPK, phosphory-

lated-ERK 1/2, phosphorylated-p38, phosphorylated-JNK,

(Millipore), and b-actin (Sigma). The PVDF membrane was

washed with TBST buffer (150 mM NaCl, 10 mM Tris pH

8.0, 0.1 % Tween 20), and the membranes were incubated

with HRP-conjugated secondary antibodies for 1 h at room

temperature. Finally, the membranes were incubated with

Luminol/Enhancer Solution (Millipore) to detect and quan-

tify specific protein levels with the BioSpectrum 600 system

(UVP, Upland, CA, USA).

RNA isolation and real-time PCR for gene

expression

RNA was isolated with TRIzol reagent (Life Technologies,

Carlsbad, CA, USA), and cDNA was synthesized with a

cDNA synthesis kit (Life Technologies). cDNA gene

expression was assayed with real-time PCR conducted on a

spectrofluorometric thermal cycler (iCycler; Bio-Rad

Laboratories, Hercules, CA, USA). Specific primers were

designed as shown in Table 1.

Determination of reactive oxygen species (ROS)

production

The cells were seeded in 96-well plates and treated with

various concentrations of sesamol. Then, cells were stim-

ulated with 1 lg/ml LPS for 24 h. The supernatant was

removed and cells were washed with PBS. Then, 20 lM
DCFH-DA was added to each well for 30 min at 37�C. The
supernatants were collected on black fluorometric plates,

and the fluorescence was measured at 485 nm excitation

Fig. 1 Properties of sesamol.

a Chemical structure.

b Cytotoxicity. RAW264.7 cell

viability was tested with the

MTT assay in the presence of

the indicated concentrations of

sesamol (SE). Effects of

sesamol on LPS-induced

production of (c) nitrite and

(d) PGE2. Here, cells (5 9 105

cells/well) were seeded in

24-well plate, pretreated with

sesamol (SE) for 1 h, and

stimulated with LPS (1 lg/ml)

for 24 h. The data represent the

mean ± SD; *p\ 0.05,

**p\ 0.01, compared to LPS

alone
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and 528 nm emission on a Multi-Mode microplate reader

(BioTek synergy HT, Bedfordshire, UKi).

Statistical analysis

All experimental analyses were compared with one-way

analyses of variance (ANOVAs) and post hoc analyses with

Dunnett’s test. Data are expressed as the mean ± standard

deviation (SD) from at least three separate experiments.

Differences were considered significant at p\ 0.05.

Results

Effects of sesamol on the production of nitric oxide

(NO) and PGE2

Sesamol did not cause significant cell cytotoxicity at doses

B100 lM (Fig. 1b). All experiments used sesamol concen-

trations of 3–100 lM.First, we assayed the sesamol effect on

NO and PGE2 production in LPS-stimulated RAW 264.7

cells. Sesamol significantly inhibited nitrite (a metabolite of

NO) production in a concentration-dependent manner. Cells

produced 46.8 ± 4.8 lM nitrite with LPS alone;

44.3 ± 11.9 lM with 3 lM sesamol (p = 0.12); 36.4 ±

5.3 lM with 10 lM sesamol (p\ 0.05); 27.5 ± 8.8 lM
with 30 lM sesamol (p\ 0.01); and 18.6 ± 5.3 lM with

100 lM sesamol (p\ 0.01). The half maximal inhibitory

concentration (IC50) of sesamol was 38.4 ± 4.42 lM
(Fig. 1c). Sesamol also significantly suppressed PGE2 pro-

duction. Cells produced 10.1 ± 0.9 ng/ml PGE2 with LPS;

9.5 ± 1.8 ng/ml with 3 lM sesamol (p = 0.21);

8.3 ± 1.9 ng/ml with 10 lM sesamol (p = 0.08); 6.7 ±

1.8 ng/ml with 30 lM sesamol (p\ 0.01); and 4.1 ±

1.3 ng/ml with 100 lM sesamol (p\ 0.01) (Fig. 1d).

Effects of sesamol on iNOS and COX-2 protein

and mRNA expression

Next, we investigated whether the observed sesamol inhi-

bition of NO and PGE2 was related to iNOS and COX-2

expression. We found that sesamol significantly decreased

iNOS and COX-2 protein expression in macrophages

compared to LPS-stimulation (Fig. 2a, b). We used real-

time PCR to assess gene expression, and we found that

sesamol also significantly reduced iNOS and COX-2

mRNA expression in LPS-induced RAW 264.7 macro-

phages (Fig. 2c, d).

Sesamol inhibited production of proinflammatory

cytokines

In RAW 264.7 cells, sesamol dose-dependently inhibited

LPS-induced TNF-a production. Cells produced

12.8 ± 1.8 ng/ml TNF-a with LPS alone; 12.2 ± 1.3 ng/

ml with 3 lM sesamol (p = 0.16); 10.1 ± 2.6 ng/ml with

10 lM sesamol (p = 0.06); 7.9 ± 1.5 ng/ml with 30 lM
sesamol (p\ 0.01); and 6.8 ± 1.8 ng/ml with 100 lM
sesamol (p\ 0.01) (Fig. 3a). Sesamol also significantly

suppressed the levels of IL-1b, IL-6, and MCP-1 (Fig. 3b–

d). Real-time PCR analysis of gene expression showed that

sesamol significantly decreased the expression of TNF-a,
IL-1b, IL-6, and MCP-1 compared to LPS alone in RAW

264.7 macrophages (Fig. 4).

Table 1 Primers used in the experiments

Gene Primers (5–30sequence) GenBank accession number Product size (bp)

IL-1b Forward CACTACAGGCTCCGAGATGA NM_008361 142

Reverse CGTTGCTTGGTTCTCCTTGT

IL-6 Forward AGGACCAAGACCATCCAATTCA NM_031168 97

Reverse GCTTAGGCATAACGCACTAGG

TNF-a Forward GCACCACCATCAAGGACTC NM_013693 96

Reverse AGGCAACCTGACCACTCTC

MCP-1 Forward TTCCACAACCACCTCAAGCA NM_011333 80

Reverse TTAAGGCATCACAGTCCGAGTC

iNOS Forward TTCCACAACCACCTCAAGCA NM_010927 83

Reverse TTAAGGCATCACAGTCCGAGTC

COX-2 Forward ACCAGCAGTTCCAGTATCAGA NM_011198 143

Reverse CAGGAGGATGGAGTTGTTGTAG

b-Actin Forward AAGACCTCTATGCCAACACAGT NM_007393 92

Reverse AGCCAGAGCAGTAATCTCCTTC
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Sesamol inhibited NF-jB activation and IjBa
degradation in macrophages

The NF-jB pathway is an important signaling pathway that

regulates expression of inflammatory mediators [23].

Hence, we examined sesamol effects on the molecular

mechanism of this pathway, where phosphorylation of IjB-
a releases NF-jB (active subunit p65) for translocation into

the nucleus. In unstimulated RAW 264.7 cells, NF-jB
(p65) was mostly distributed in the cytoplasm (Fig. 5a);

exposure to LPS increased IjB-a phosphorylation (Fig. 5a,

b) and increased NF-jB (p65) translocation into the

nucleus (Fig. 5a, c, d). Our results showed that sesamol

could significantly suppress IjB-a phosphorylation, which

reduced the nuclear translocation of p65 compared to that

induced by LPS alone in RAW 264.7 cells.

Effect of sesamol on phosphorylation of MAPK

pathways

MAPK pathways can modulate the production of

inflammatory mediators and cytokines in LPS-stimulated

macrophages [24]. Therefore, we evaluated whether

sesamol could suppress MAPK activation in LPS-stimu-

lated macrophages. The results showed that sesamol

inhibited the phosphorylation of ERK1/2, p38, and JNK,

compared to that observed in LPS-stimulated macro-

phages (Fig. 6).

Fig. 2 Effects of sesamol on LPS-induced production of iNOS and

COX-2. RAW 264.7 cells (106 cells/ml) were pretreated with the

indicated concentrations of sesamol (SE) for 1 h and then stimulated

with LPS (1 lg/ml). a, b iNOS and COX-2 protein levels were

detected on western blots. b Densitometric quantification of the fold

changes in protein levels, relative to b-actin protein (internal control).

c, d Real-time PCR results show iNOS and COX-2 gene expression.

The fold expression levels were calculated relative to the expression

of b-actin (internal control). Data are presented as the mean ± SD;

*p\ 0.05, **p\ 0.01, compared to LPS alone
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Effect of sesamol on AMPK activation

We found that sesamol alone did not significantly increase

AMPK phosphorylation in macrophages (Fig. 7a). How-

ever, LPS-stimulated macrophages could decrease AMPK

phosphorylation. Interestingly, sesamol enhanced LPS-

stimulated phosphorylation of AMPK in a concentration-

dependent manner in macrophages (Fig. 7a). We also

found that sesamol recovered AMPK activation and

suppressed TNF-a production when macrophages were

treated with the AMPK inhibitor, compound C (Fig. 7b, c).

Sesamol enhanced HO-1 and Nrf2 expression

HO-1 is thought to have antioxidant effects [10]. Our

results showed that sesamol significantly increased HO-1

production in macrophages (Fig. 8a). Sesamol also

enhanced Nrf2 expression. In addition, we found that LPS

Fig. 3 The effects of sesamol

on LPS–induced production of

cytokines. ELISA results show

the levels of a TNF-a, b IL-1b,
c IL-6, and d MCP-1. Cells

(5 9 105 cells/ml) were

pretreated with the indicated

concentrations of sesamol (SE)

for 1 h and then stimulated with

LPS (1 lg/ml). Cytokines

secreted into the medium were

collected for ELISA assays. The

presented data are the

mean ± SD; *p\ 0.05,

**p\ 0.01, compared to LPS

alone

Fig. 4 Effects of sesamol on

LPS–induced expression of

proinflammatory cytokines and

chemokines. RAW 264.7 cells

(5 9 105 cells/ml) were

pretreated with the indicated

concentrations of sesamol (SE)

for 1 h and then stimulated with

LPS (1 lg/ml) for 4 h. Real-

time RT-PCR results show gene

expression levels of a TNF-a,
b IL-1b, c IL-6, and d MCP-1.

The fold expression levels were

calculated relative to the level

of b-actin (internal control). The
data represent the mean ± SD;

*p\ 0.05, **p\ 0.01,

compared to LPS alone
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stimulated increases in HO-1 and Nrf2 expression in

macrophages. The addition of sesamol significantly

enhanced LPS effects on HO-1 and Nrf2 production in

macrophages (Fig. 8b).

Effect of sesamol on ROS production

ROS production was measured using microplate readers with

fluorescence detection, and LPS could stimulate the production

of ROS (Fig. 8c). However, sesamol significantly decreased

ROS expression in LPS-stimulated RAW 264.7 cells.

Discussion

Sesamun indicum is an ancient crop with high oil content in

the seeds [22]. Sesame oil is a common edible oil, high in

vitamins, minerals, phytosterols, and polyunsaturated fatty

acids [17]. In China and India, people used sesame oil to

ameliorate burns, and as a lubricant in massage [25]. In

addition, sesame oil has an antimicrobial effect against

Staphylococcus, and it suppresses fungal infections [20].

Other studies have reported that Sesamun indicum has

potential antioxidant, anti-hypertensive, and anti-hyper-

lipidemic effects [18]. Recent phytochemical studies found

that Sesamun indicum contained several lignans, including

sesamol, sesamin, sesamolin, and sesaminol [20]. Sesamin

was found to suppress chemokine production via the

MAPK, PPAR-a, and NF-jB pathways in LPS-activated

human monocytes [26]. Other studies found that sesamol

could decrease the levels of IL-1b and TNF-a in LPS-

induced lung injury in rats, and it attenuated IL-1b and

TNF-a production in LPS-treated macrophages [23, 27].

However, the anti-inflammatory mechanism of sesamol

was not fully understood. In the present study, we found

that sesamol suppressed the production of chemokines and

Fig. 5 Sesamol inhibited the LPS-induced nuclear translocation of

NF-jB in RAW 264.7 cells. Protein samples were analyzed on

Western blots with specific antibodies. a Western blot shows the

effects of the indicated concentrations of sesamol (SE) on the LPS-

induced (top row) phosphorylation of IjB-a, (second row) total IjB-a
levels, (third row) the cytosolic levels of p85, the catalytic subunit of

NF-jB, and (bottom row) the nuclear levels of NF-jB (p65). Cells

were incubated with sesamol for 1 h and then with LPS (1 lg/ml) for

1 h. b–d The fold increases in protein levels were determined with

densitometry and calculated relative to the internal controls. b Phos-

phorylated IjB-a relative to total IjB-a.; c NF-jB in the cytosol,

relative to b-actin in the cytosol; and d NF-jB in the nucleus relative

to Lamin B1 in the nucleus. Values represent the mean ± SD of three

independent experiments. *p\ 0.05, **p\ 0.01, compared to LPS

alone
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proinflammatory cytokines, including IL-1b, IL-6, TNF-a,
and MCP-1, in LPS-stimulated murine macrophages. In

addition, we showed that sesamol inhibited the release of

inflammatory mediators, NO and PGE2, and down-regu-

lated iNOS and COX-2 mRNA and protein expression. We

demonstrated that sesamol up-regulated AMPK activation

and HO-1 protein expression in LPS-stimulated macro-

phages. We also found that sesamol significantly inhibited

inflammatory processes and enhanced antioxidant-associ-

ated signaling pathways, including NF-jB, p65, and Nrf2

nuclear translocation and MAPK phosphorylation. There-

fore, we suggest that sesamol may ameliorate the

inflammatory effect of LPS stimulation in macrophages.

LPS is a component of the cell wall of gram-negative

bacteria. LPS induces inflammatory cells to release proin-

flammatory cytokines and mediators against bacterial

infections [28]. LPS stimulated macrophages to express

iNOS, which could catalyze L-arginine to produce nitric

oxide (NO) [5]. Some studies found that NO could stim-

ulate macrophage activity to release high levels of

proinflammatory cytokines, which could cause septic shock

[29]. LPS also stimulated COX-2 expression in macro-

phages. COX-2 converts arachidonic acid to PGE2, which

increases the inflammatory response [30]. Recent studies

found that natural compounds could suppress the produc-

tions of inflammatory mediators [16, 26]. Luo et al. found

that astragalus polysaccharide could inhibit COX-2 and

iNOS expression via NF-jB signal pathway in LPS-in-

duced microglial cells [31]. Lycopene also suppresses NO

and IL-6 production by blocking the activation of MAPK

and NF-jB pathways in macrophages [32]. We previously

found that sophoraflavanone G isolated from Sophora fla-

vescens could suppress COX-2 and iNOS expression in

LPS-stimulated macrophages [9]. In the present study,

sesamol significantly reduced iNOS and NO production

and also inhibited COX-2 and PGE2 expression. These

Fig. 6 Effect of sesamol on LPS-induced phosphorylation of MAPK

pathway molecules. RAW 264.7cells were pretreated with varying

concentrations of sesamol (SE) for 1 h, then incubated with or

without LPS (1 lg/ml) for 30 min. Protein samples were analyzed on

Western blots with phospho-specific antibodies. Western blots show

the effects of the indicated concentrations of sesamol (SE) on the

phosphorylation of (top two rows) ERK, (middle two rows) p38, and

(bottom two rows) JNK. The fold changes in protein phosphorylation

levels (p-) were determined with densitometry and calculated relative

to the total levels of each protein. Densitometry values represent the

mean ± SD of three independent experiments; *p\ 0.05,

**p\ 0.01, compared to LPS alone
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activities improved the inflammatory response in LPS-ac-

tivated macrophages.

Activated macrophages can release multiple cytokines

and chemokines that exacerbate the inflammatory response

and lead to tissue injury [33]. IL-1b is an important

proinflammatory cytokine, which causes fever in response

to a bacterial infection [34]. During the acute inflammatory

response, IL-6 promotes C-reactive protein activation,

which exacerbates inflammation and damages tissue [29].

In addition, when the liver releases large amounts of TNF-

a, it causes hypotension and multiorgan dysfunction, which

may even cause sepsis and death in response to bacterial

infections [29]. LPS stimulates macrophages to release

MCP-1, which attracts macrophages from the blood to

areas of acute or chronic inflammation [35]. We previously

found that casticin decreased the levels of proinflammatory

cytokines via suppression of MAPK and NF-jB signaling

in LPS-stimulated macrophages [36]. In the present study,

sesamol suppressed IL-1b, IL-6, and TNF-a production in

LPS-induced macrophages. Hence, sesamol may be a nat-

ural anti-inflammatory agent that can attenuate the

inflammatory response during bacterial infections.

HO-1 catalyzes the oxidation of heme and produces

carbon monoxide in mammalian cells [10]. Several studies

have suggested that HO-1 induced anti-inflammatory and

antioxidative stress effects by inhibiting the upregulation of

TLR-4 in LPS-activated macrophages [5, 11]. HO-1 also

reduced iNOS and COX-2 production in LPS-activated

macrophages [9]. Hence, promoting HO-1 expression

could improve the inflammatory response in macrophages.

Nrf2 is a transcription factor that translocates into the

nucleus and stimulates HO-1 expression to promote an

antioxidant response [37]. A previous study found that HO-

1 expression could suppress the inflammatory response in

TNF-a activated endothelial cells, and it also reduced lung

inflammation in Pseudomonas aeruginosa infections [38].

Fig. 7 Effect of sesamol on

LPS-induced phosphorylation of

AMPK. RAW 264.7 cells were

pretreated with varying

concentrations of sesamol (SE)

for 1 h and then incubated with

or without LPS (1 lg/ml) for

6 h. a, b Protein samples were

analyzed on Western blots with

phospho-specific antibodies. b,
c AMPK protein levels were

measured in the presence of an

AMPK inhibitor (compound C)

or an AMPK activator (AICRA)

to compare effects on AMPK

phosphorylation, and c TNF-a
production. (a, b right panels)

The fold changes in AMPK

protein phosphorylation levels

(p) were measured with

densitometry and calculated

relative to the total levels

AMPK protein. c TNF-a was

collected from the culture

medium and measured with

densitometry. All values

represent the mean ± SD of

three independent experiments.

*p\ 0.05, **p\ 0.01,

compared to LPS alone
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Liu et al. found that epigallocatechin gallate could promote

antioxidant response against inflammation in human aortic

endothelial cells [39]. Many studies have found that

inflammation associated with oxidative stress to cause tis-

sue damage [10, 40]. The study of Anselmi et al. found that

oxidized-low-density lipoproteins could induce inflamma-

tory response of vascular endothelial cells to induce more

macrophage infiltration in the vessel wall [41]. Those

activated macrophages would release inflammatory medi-

ators to promote the development of coronary complex

plaques in acute coronary syndromes. Inflammation stim-

ulated the expression of oxidative stress that could cause

tissue damages, including acute lung injury and thrombosis

[42]. Hence, to enhance HO-1 expression would reduce the

tissue damage by oxidative stress and ameliorate inflam-

matory response in chronic inflammatory diseases. Our

results showed that sesamol induced Nrf2 to translocate

into the nucleus and promote HO-1 production in macro-

phages. We suggest that treating with sesamol could

enhance HO-1 expression for antioxidant effects and

inhibit production of inflammatory mediators.

AMPK was confirmed as a sensor of cellular energy that

regulates lipid and glucose metabolism in adipocytes and

hepatocytes [12]. AMPK could inhibit acetylCoA carboxy-

lase activity to decrease lipid synthase [43]. Recent studies

found that AMPK activation also decreased inflammatory

responses in patients with metabolic syndrome [13]. AMPK

was also found to have an anti-inflammatory effect in LPS-

stimulated macrophages [14]. In the present study, we

showed that sesamol could promote AMPK activation in

LPS-stimulated macrophages. Compound C, an AMPK

inhibitor, inhibited AMPK phosphorylation [43]. We found

Fig. 8 Effects of sesamol on

LPS-induced HO-1 and Nrf2

protein expression. RAW264.7

cells (5 9 105 cells/ml) were

treated with the indicated

concentrations of sesamol (SE)

for 24 h, in the (a) absence or

(b) presence of LPS. a, b (Left

panels) Western blots show HO-

1 and Nrf2 protein levels in

sesamol-treated cells. (Right

panels) Fold changes in protein

levels were calculated relative

to b-actin (cytosol) and Lamin

B1 (nucleus). c Sesamol inhibits

ROS production in RAW 264.7

cell. The densitometry values

represent the mean ± SD of

three independent experiments;

*p\ 0.05, **p\ 0.01,

compared to the effect with no

sesamol (a) or with LPS alone

(b) and (c)
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that, in the presence of Compound C, sesamol could recover

AMPK activation in macrophages. Sesamol may promote

AMPK activity to protect the cell from damage during the

LPS-induced inflammatory response. However, normal

macrophages did not seem to require enhanced AMPK

activation to regulate energy balance. In contrast, inflam-

matory cells require more energy to activate the

inflammatory signaling pathway. Hence, we suggest that

sesamol may ameliorate inflammatory responses via acti-

vation of AMPK in metabolic diseases.

MAPK regulates cell proliferation, and it increases the

expression of iNOS and COX-2 in macrophages [44]. Tea

tree oil components, including terpinen-4-ol and alpha-

terpineol, could inhibit the production proinflammatory

cytokines on human macrophages by suppressing ERK or

p38 MAPK signaling pathways [45]. We found that sesa-

mol could significantly inhibit phosphorylation of three

members of the MAPK family, ERK 1/2, p38, and JNK.

In gram-negative bacterial infections, LPS binds to the

macrophage surface molecule, CD14, which activates

inflammatory signaling pathways [5]. The potent activity of

LPS to produce inflammatory cytokines and mediators may

be explained by its effect on the NF- jB signaling pathway

in macrophages. LPS induces IjB phosphorylation, which

releases the NF-jB heterodimer to translocate into the

nucleus and stimulate expression of inflammatory-associ-

ated genes [17]. In the present study, we confirmed that

sesamol could suppress IjB phosphorylation and decrease

NF-jB translocation into the nucleus. Hence, sesamol

inhibited the expression of inflammatory mediators by

suppressing the NF-jB pathway.

In summary, this study demonstrated that sesamol sig-

nificantly inhibited expression of proinflammatory

cytokines and mediators by suppressing the activation of

NF-jB and MAPK pathways and promoting AMPK acti-

vation. Sesamol also displayed an antioxidant effect by

activating the Nrf2/HO-1 pathway in LPS-activated murine

macrophages. The anti-inflammatory effects of sesamol

suggest that it may serve as a potential treatment for var-

ious inflammatory diseases in the future.
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