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Abstract: Possessing a variety of medicinal functions, Olea europaea L. is widely cultivated across
the world. However, the anti-inflammatory mechanism of Olea europaea is not yet fully elucidated.
In this study, how the methanol extract of the leaves of Olea europaea (Oe-ME) can suppress in vitro
inflammatory responses was examined in terms of the identification of the target protein. RAW264.7
and HEK293T cells were used to study macrophage-mediated inflammatory responses and to validate
the target protein using PCR, immunoblotting, nuclear fraction, overexpression, and cellular thermal
shift assay (CETSA) under fixed conditions. Oe-ME treatment inhibited the mRNA expression levels
of cyclooxygenase (COX)-2, matrix metallopeptidase (MMP)-9, and intercellular adhesion molecule-1
(ICAM-1) in activated RAW264.7 cells. Oe-ME diminished the activation of activator protein (AP)-1
and the phosphorylation of its upstream signaling cascades, including extracellular signal regulated
kinase (ERK), mitogen-activated protein kinase kinase 1/2 (MEK1/2), c-Jun N-terminal kinase (JNK),
mitogen-activated protein kinase kinase 3/6 (MKK3/6), p38, MKK7, and transforming growth factor-
β-activated kinase 1 (TAK1), in stimulated-RAW264.7 cells. Overexpression and CETSA were carried
out to verify that TAK1 is the target of Oe-ME. Our results suggest that the anti-inflammatory effect of
Oe-ME could be attributed to its control of posttranslational modification and transcription of TAK1.

Keywords: Olea europaea; anti-inflammatory effect; TAK1; MAP kinases

1. Introduction

Inflammation is a defense response of living cells to inflammatory factors, local
damage, bacteria, virus, and fungi. Acute inflammation usually involves changes such
as redness, swelling, and heat and is often accompanied by systemic reactions such as
fever and leukocytosis [1,2]. Toll-like receptors (TLRs) of innate immune cells recognize
extracellular stimuli and produce inflammatory responses. Lipopolysaccharides (LPS),
pam3Cys-Ser-(Lys)4 (Pam3CSK4), and polyinosinic:polycytidylic acid (poly (I:C)) are TLR
agonists that induce specific activation of TLR4, TLR2, and TLR3, respectively [3,4].

The recognition between TLRs and their ligands stimulates the recruitment of intracel-
lular adaptors such as MyD88 and TRIF, which subsequently provoke interleukin 1 receptor
associated kinase 1 (IRAK1), a member of the IRAK family. IRAK1 then mediates formation
of TRAF6-TAK1-TAB2 complex, which is a vital procedure to activate transforming growth
factor-β-activated kinase 1 (TAK1) [5,6]. Once TAK1 is activated, a sequential signaling
cascade composed of mitogen-activated protein kinase kinases (MAPKKs) and kinase IKK
is activated. Then, MAPKKs or IKK phosphorylate MAPK [c-Jun-N-terminal kinase (JNK),
extracellular signal-regulated kinase1/2 (ERK1/2), and p38] or the inhibitor of κBα (IκBα)
to activate activator (AP)-1 or NF-κB for transcription of pro-inflammatory genes [7,8].
The members of MAPKKs include MEK1/2, MEK5, MKK4/7, and MKK3/6, which phos-
phorylate and activate subsequent downstream enzyme MAPKs. JNK, ERK1/2/5, and
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p38 subsequently phosphorylate AP-1 subunits (e.g., c-Fos and c-Jun) to induce transloca-
tion of activator protein (AP-1) by the interaction between subgroups of MAPKs and the
amino-terminal activation domain of c-Fos and c-Jun [7,9].

Many critical proinflammatory genes, such as inducible nitric oxide synthase (iNOS),
cyclooxygenase (COX)-2, adhesion molecules [intercellular adhesion molecule-1 (ICAM-1)],
chemokines [e.g., monocyte chemotactic protein-1 (MCP-1)], and cytokines [tumor necro-
sis factor-α (TNF-α) and interleukins], have been transcribed [9]. Nitric oxide (NO),
prostaglandin E2 (PGE2), cytokines, chemokines, and adhesion molecules play crucial roles
in the regulation of macrophage-mediated inflammatory reaction [10,11]. Although the
inflammatory response is vital to body homeostasis, excessive and sustained responses
contribute to cancer, rheumatoid arthritis, diabetes, and arteriosclerosis [1].

Olea europaea L. is a plant that is commonly used as ethnopharmacological food and
medicine in the Mediterranean, North America, and Australia. Olea europaea L. is tradi-
tionally used to treat hypertension, inflammatory diseases, cardiovascular diseases, cancer,
and obesity [12]. Due to its various biophenols and other bioactive ingredients, it has been
identified as a functional food. Special attention is paid to the biological and pharmaco-
logical properties of those compounds. Oleuropein, secoiridoids, hydroxytyrosol, caffeic
acid, p-coumaric acid, vanillic acid, and iridoids from Olea europaea L. have been isolated
and demonstrated to possess variety of pharmacological activities such as antioxidant [13],
anti-inflammatory, antimicrobial, anti-atherosclerosis [14], and antiviral properties [15].
Our previous results suggest that the methanol extract of Olea europaea L. (Oe-ME) and its
components, kaempferol (KFL), quercetin (QCN), and luteolin, reduce the activation of Src
and Syk in the NF-κB signaling pathway and protects cells from excessive inflammation.
However, the molecular mechanisms regarding its anti-inflammatory effect in other signal-
ing pathways remains unknown. In this study, we aimed to explore how Oe-ME exerts its
anti-inflammatory effect with respect to the AP-1 signaling pathway.

2. Results
2.1. Cytotoxicity and the Effect of Oe-ME on Production of Inflammatory Genes

To address our experimental aims, we used two cell lines (RAW264.7 and HEK293T
cells) in this study. RAW264.7 cells, mouse mononuclear macrophage-like cells, are immune
cells that can show inflammatory responses to pathogens [16]. Since RAW264.7 cells show
low transfection efficiency, we employed HEK293T cells displaying higher transfection
efficiency to validate putative target protein by overexpression of its gene [17]. We found
that Oe-ME had no cytotoxicity on RAW264.7 and HEK293T cells at the tested concentra-
tions (Figure 1a). LPS enables macrophages to release important inflammatory cytokines
and mediators, which is vital to activate subsequent immune responses. Therefore, in our
study, LPS was utilized to stimulate RAW267.4 cells. The role of Oe-ME in the production
of inflammatory genes was explored by RT-PCR. The mRNA expression levels of IL-2, IL-6,
COX-2, MMP-9, ICAM-1, TNF-α, and MCP1 were sharply elevated by LPS, while their
expression was decreased by Oe-ME treatment in a dose-dependent manner (Figure 1e).
The same pattern was obtained of the expression levels of COX-2, TNF-α, and IL-6 through
quantitative real-time PCR (Figure 1b–d). The mRNA production of COX-2, TNF-α, and
IL-6 was significantly (p < 0.05 and 0.01) decreased by Oe-ME. Pam3CSK4 and poly (I:C)
were also applied to induce inflammation. After stimulation, the enhanced expression of
COX-2, MMP-9, and ICAM1 was significantly (p < 0.05 and 0.01) diminished by Oe-ME
treatment (Figure 1f,g). Meanwhile, whether expression levels of COX-2, MCP1, and
ICAM1 can be modulated by prednisolone (a steroidal anti-inflammatory drug: positive
control drug) or ranitidine (an H2 receptor blocker: negative control drug) was examined.
As Figure 1h shows, 100 µM of prednisolone but not ranitidine significantly (p < 0.01)
reduced the expression of both COX-2 and MCP1 but not ICAM1.
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Figure 1. Cell viability and the effect of Oe-ME on mRNA expression of inflammation-related genes. (a) RAW264.7 and 
HEK293T cells were treated with indicated doses of Oe-ME (50, 100, and 200 μg/mL) and then incubated for 24 h. Cell 
viability was measured using an MTT assay. (b,c,d) After pretreatment with Oe-ME for 30 min, RAW264.7 cells were 
exposed to LPS and real-time PCR were employed to assess the production of TNF-α, COX-2, and IL-6. (e,f,g,h) RAW264.7 
cells were incubated with LPS, poly (I:C), or pam3CSK4 in the absence or presence of various concentrations of Oe-ME. 
The mRNA expression levels of ICAM-1, IL-2, COX-2, MMP-9, and MCP1 were measured by RT-PCR. Prednisolone and 
ranitidine were used as positive and negative control drugs, respectively. Band intensity was measured and quantified 
using ImageJ. ## p < 0.01 compared with the normal group, and * p < 0.05 and ** p < 0.01 compared with the LPS, pam3CSK4, 
or poly (I:C) alone groups treated with the corresponding concentration of the vehicle (DMSO). 

2.2. Roles of Oe-ME in Transcriptional Activation of AP-1 
It has been shown that c-Fos is capable of interacting with c-Jun, which is essential 

for inducing transcription of AP-1 responsive genes [18]. RAW264.7 cells were collected 
after being activated by poly (I: C), pam3CSK4, or LPS. The nuclear fractions were ex-
tracted, and the protein levels of c-Fos and c-Jun were detected by immunoblotting. As 
expected, the protein expression levels of c-Fos and c-Jun were dramatically enhanced by 
these three inducers at all detected time points. Upon these activated situations, the ele-
vated expression levels of c-Fos and c-Jun were significantly (p < 0.01) diminished by Oe-
ME at 15, 30, and 60 min, while protein level of Lamin A/C, a nuclear envelope marker, 
was not significantly altered (Figure 2). 

Figure 1. Cell viability and the effect of Oe-ME on mRNA expression of inflammation-related genes. (a) RAW264.7 and
HEK293T cells were treated with indicated doses of Oe-ME (50, 100, and 200 µg/mL) and then incubated for 24 h. Cell
viability was measured using an MTT assay. (b,c,d) After pretreatment with Oe-ME for 30 min, RAW264.7 cells were
exposed to LPS and real-time PCR were employed to assess the production of TNF-α, COX-2, and IL-6. (e,f,g,h) RAW264.7
cells were incubated with LPS, poly (I:C), or pam3CSK4 in the absence or presence of various concentrations of Oe-ME.
The mRNA expression levels of ICAM-1, IL-2, COX-2, MMP-9, and MCP1 were measured by RT-PCR. Prednisolone and
ranitidine were used as positive and negative control drugs, respectively. Band intensity was measured and quantified
using ImageJ. ## p < 0.01 compared with the normal group, and * p < 0.05 and ** p < 0.01 compared with the LPS, pam3CSK4,
or poly (I:C) alone groups treated with the corresponding concentration of the vehicle (DMSO).

2.2. Roles of Oe-ME in Transcriptional Activation of AP-1

It has been shown that c-Fos is capable of interacting with c-Jun, which is essential for
inducing transcription of AP-1 responsive genes [18]. RAW264.7 cells were collected after
being activated by poly (I: C), pam3CSK4, or LPS. The nuclear fractions were extracted,
and the protein levels of c-Fos and c-Jun were detected by immunoblotting. As expected,
the protein expression levels of c-Fos and c-Jun were dramatically enhanced by these
three inducers at all detected time points. Upon these activated situations, the elevated
expression levels of c-Fos and c-Jun were significantly (p < 0.01) diminished by Oe-ME at
15, 30, and 60 min, while protein level of Lamin A/C, a nuclear envelope marker, was not
significantly altered (Figure 2).
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Figure 2. The role of Oe-ME in the transcriptional activation of AP-1. (a) After being pre-incubated with Oe-ME for 30 min, 
RAW264.7 cells were stimulated by LPS for intended periods of time (15, 30, and 60 min). Levels of c-Fos, c-Jun, and Lamin 
A/C in nuclear fractions were determined by immunoblotting analysis. (b,c) Similarly, TLR agonists of TLR2 and -3 were 
used to induce RAW264.7 cells. c-Fos, c-Jun, and Lamin A/C from nuclear fractions were subjected to immunoblotting 
analysis. Band intensity was measured and quantified using ImageJ. * p < 0.05 and ** p < 0.01 compared with LPS alone 
treated with the corresponding concentration of the vehicle (DMSO). 

2.3. Role of Oe-ME in AP-1 Signal Transduction 
To explore which molecule can be targeted by Oe-ME in the AP-1 signaling pathway, 

RAW264.7 cells were exposed to LPS, and the phosphorylated and total levels of JNK, 
p38, and ERK were tested. A significant decrease (p < 0.01) of phosphorylated JNK was 
observed at 5, 15, 30, and 60 min. The phosphorylated level of ERK was significantly (p < 

Figure 2. The role of Oe-ME in the transcriptional activation of AP-1. (a) After being pre-incubated with Oe-ME for 30 min,
RAW264.7 cells were stimulated by LPS for intended periods of time (15, 30, and 60 min). Levels of c-Fos, c-Jun, and Lamin
A/C in nuclear fractions were determined by immunoblotting analysis. (b,c) Similarly, TLR agonists of TLR2 and -3 were
used to induce RAW264.7 cells. c-Fos, c-Jun, and Lamin A/C from nuclear fractions were subjected to immunoblotting
analysis. Band intensity was measured and quantified using ImageJ. * p < 0.05 and ** p < 0.01 compared with LPS alone
treated with the corresponding concentration of the vehicle (DMSO).

2.3. Role of Oe-ME in AP-1 Signal Transduction

To explore which molecule can be targeted by Oe-ME in the AP-1 signaling pathway,
RAW264.7 cells were exposed to LPS, and the phosphorylated and total levels of JNK,
p38, and ERK were tested. A significant decrease (p < 0.01) of phosphorylated JNK was
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observed at 5, 15, 30, and 60 min. The phosphorylated level of ERK was significantly
(p < 0.01) downregulated at 15 and 30 min, while the reduced level of p38 was detected
at 5 and 30 min (Figure 3a). Next, we wanted to further demonstrate that JNK, p38, and
ERK are essentially involved in AP-1-mediated gene production in LPS-induced RAW264.7
cells. The expression levels of MMP-9, COX-2, and ICAM1 were assessed after activated
RAW264.7 cells were treated in the absence or presence of MAPK inhibitors (U0126, in-
hibitor of ERK; SP600125, inhibitor of JNK; SB203580, inhibitor of p38, respectively). The
production of these inflammatory genes was blocked by MAPK inhibitors to varying
degrees (Figure 3b). U0126 treatment significantly suppressed the levels of COX-2 and
MMP-9, whereas SP600125 inhibited expression of COX-2 and ICAM1. Additionally, the
production of ICAM1, COX-2, and MMP-9 was blocked by SB203580. Afterwards, the up-
stream proteins of MAPKs were determined. Further immunoblotting aimed to elucidate
which MAPK upstream molecules were targeted by Oe-ME. Oe-ME treatment reduced the
phosphorylated levels of MEK1/2 and MKK7 at most tested time points, and a decrease of
p-MKK3/6 was detected at 15 and 60 min (Figure 3c). A reduction of phosphorylated TAK1
was also observed at 5, 15, and 30 min, whereas the expression level of IRAK4, a protein
that activates TAK1, did not exhibit significant alterations at early times. These findings
suggest that TAK1 is a pharmacological target of Oe-ME, rather than its upstream enzymes.
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ment exhibited substantial shifts of the thermal stability of TAK1 (Figure 4b). Upon addi-
tion of Oe-ME, we clearly observed that TAK1 has better thermal stability, indicating the 
participation of the target. Meanwhile, to confirm whether TAK1 is a functionally im-
portant enzyme in LPS-mediated inflammatory responses, we employed the pharmaco-
logical inhibitor (5Z)-7-oxozeaenol known to form a covalent complex with TAK1 and 
irreversibly suppress the ATPase activity of TAK1 [19,20]. As shown in Figure 4c–e, LPS-
induced upregulation of both inflammatory genes (COX-2, MMP-9, and ICAM1) and NO 
level was significantly (p < 0.01) abrogated by 5Z-7-oxozeaenol treatment, without obvi-
ous cytotoxicity. Interestingly, co-treatment of Oe-ME with (5Z)-7-oxozeaenol showed 
suppressed expression of COX-2, MMP9, and ICAM1 (Figure 4e). Finally, to determine 

Figure 3. The effect of Oe-ME on mitogen activated protein kinase (MAPK) activation and its upstream signaling.
(a) RAW264.7 cells were treated with Oe-ME or vehicle and were then induced by LPS for 5, 15, 30, and 60 min. The
phosphorylated and total forms of MAPKs and MAPKKs in the whole cell lysates were detected. (b) MAPK inhibitors
were used to verify the role of MAPKs on LPS stimulation through RT-PCR. (c) RAW264.7 cells were treated with Oe-ME
or LPS for indicated periods of time. Phospho- and total forms of MEK1/2, MKK7, and MKK3/6 were determined by
immunoblotting analysis. Band intensity was measured and quantified using ImageJ. ## p < 0.01 compared with the
normal group, and * p < 0.05 and ** p < 0.01 compared with LPS alone treated with the corresponding concentration of the
vehicle (DMSO).

2.4. Effect of Oe-ME on TAK1 Activation

To assess the putative target (TAK1) of Oe-ME, an overexpression method was utilized
to transfect HA-TAK1 plasmids to HEK2963T cells. As expected, Oe-ME also significantly
(p < 0.01) reduced phosphorylation levels of TAK1, MEK1/2, MKK7, and MKK3/6, which
were enhanced by LPS in the absence of Oe-ME (Figure 4a). The Cellular Thermal Shift As-
say (CETSA) is a technology used to evaluate the interactions between target proteins and
compounds based on inherent thermal stability in living cells. In this study, the intended
temperatures are 44 ◦C, 46 ◦C, 48 ◦C, 50 ◦C, 52 ◦C, 54 ◦C, and 56 ◦C. Oe-ME treatment
exhibited substantial shifts of the thermal stability of TAK1 (Figure 4b). Upon addition of
Oe-ME, we clearly observed that TAK1 has better thermal stability, indicating the participa-
tion of the target. Meanwhile, to confirm whether TAK1 is a functionally important enzyme
in LPS-mediated inflammatory responses, we employed the pharmacological inhibitor
(5Z)-7-oxozeaenol known to form a covalent complex with TAK1 and irreversibly suppress
the ATPase activity of TAK1 [19,20]. As shown in Figure 4c–e, LPS-induced upregulation
of both inflammatory genes (COX-2, MMP-9, and ICAM1) and NO level was significantly
(p < 0.01) abrogated by 5Z-7-oxozeaenol treatment, without obvious cytotoxicity. Interest-
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ingly, co-treatment of Oe-ME with (5Z)-7-oxozeaenol showed suppressed expression of
COX-2, MMP9, and ICAM1 (Figure 4e). Finally, to determine which components identified
from Oe-ME contribute to suppressing TAK1 activity of Oe-ME, we applied these com-
pounds to TAK1-transfected HEK293T cells. As Figure 4f shows, KFL and QCN strongly
reduced the level of p-TAK1 without altering the total TAK1 level.
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Figure 4. Confirmation of TAK1 as the target of Oe-ME. (a,f) HEK293T cells were transfected with either PCMV-HA or 
HA-TAK1 plasmids for 24 h and further treated with Oe-ME or its known ingredients, quercetin (QCN) and kaempferol 
(KFL). The target proteins, including the total TAK1, were detected by western blotting analysis. (b) After incubation with 
the HA-TAK1 plasmid, HEK293T cells were collected. Lysis from vehicle- and Oe-ME-treated cells were subjected to CE-
TSA by western blotting analysis. (c) The viability of (5Z)-7-oxozeaenol-treated RAW264.7 cells for 24 h was determined 
by an MTT assay. (d) Upon LPS induction, the inhibitory effect of Oe-ME on NO production was explored by Griess assay. 
(e) The expression levels of COX-2, MMP-9, and ICAM1 in (5Z)-7-oxozeaenol-treated RAW264.7 cells during LPS exposure 
were measured by RT-PCR. Band intensity was measured and quantified using ImageJ. ## p < 0.01 compared with the 
normal group, and * p < 0.05 and ** p < 0.01 compared with LPS alone or the TAK1 overexpression group treated with the 
corresponding concentration of the vehicle (DMSO). 

3. Discussion 
Numerous studies clarified the pharmacological function of Olea europaea because of 

its ethnopharmacological importance. Our group has also recently reported that the meth-
anol extract of Olea europaea (Oe-ME) plays an anti-inflammatory role through the NF-κB 
signaling pathway [21]. In this paper, we aimed to further explore how Oe-ME attenuates 
inflammatory effects with respect to the AP-1 pathway. 

Macrophages and dendritic cells secrete various cytokines and mediators, including 
interleukins, TNF-α, and chemokines. Chemokines are important in the aspect of mediat-
ing movement of mononuclear cells by activating G protein coupled receptors (GPCRs), 
engendering the adaptive immune response. Migrated cells are directed by chemokines 
to the sites of inflammation along the chemokine gradient. MCP-1, one of the key chemo-
kines, regulates migration and infiltration of monocytes and macrophages [22]. Found in 
the membranes of leukocytes and endothelial cells, ICAM1 participates in cell adhesion, 
migration of leukocytes to sites of inflammation, and activation of lymphocytes [23]. 
MMP-9 acts broadly in inflammation to regulate barrier function and inflammatory cyto-
kines through activation of its transcription, which is mediated by AP-1. [24]. The mRNA 
levels of the above related genes were tested to demonstrate that Oe-ME could mediate 
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Figure 4. Confirmation of TAK1 as the target of Oe-ME. (a,f) HEK293T cells were transfected with either PCMV-HA or
HA-TAK1 plasmids for 24 h and further treated with Oe-ME or its known ingredients, quercetin (QCN) and kaempferol
(KFL). The target proteins, including the total TAK1, were detected by western blotting analysis. (b) After incubation with
the HA-TAK1 plasmid, HEK293T cells were collected. Lysis from vehicle- and Oe-ME-treated cells were subjected to CETSA
by western blotting analysis. (c) The viability of (5Z)-7-oxozeaenol-treated RAW264.7 cells for 24 h was determined by
an MTT assay. (d) Upon LPS induction, the inhibitory effect of Oe-ME on NO production was explored by Griess assay.
(e) The expression levels of COX-2, MMP-9, and ICAM1 in (5Z)-7-oxozeaenol-treated RAW264.7 cells during LPS exposure
were measured by RT-PCR. Band intensity was measured and quantified using ImageJ. ## p < 0.01 compared with the
normal group, and * p < 0.05 and ** p < 0.01 compared with LPS alone or the TAK1 overexpression group treated with the
corresponding concentration of the vehicle (DMSO).

3. Discussion

Numerous studies clarified the pharmacological function of Olea europaea because
of its ethnopharmacological importance. Our group has also recently reported that the
methanol extract of Olea europaea (Oe-ME) plays an anti-inflammatory role through the
NF-κB signaling pathway [21]. In this paper, we aimed to further explore how Oe-ME
attenuates inflammatory effects with respect to the AP-1 pathway.

Macrophages and dendritic cells secrete various cytokines and mediators, including
interleukins, TNF-α, and chemokines. Chemokines are important in the aspect of mediat-
ing movement of mononuclear cells by activating G protein coupled receptors (GPCRs),
engendering the adaptive immune response. Migrated cells are directed by chemokines to
the sites of inflammation along the chemokine gradient. MCP-1, one of the key chemokines,
regulates migration and infiltration of monocytes and macrophages [22]. Found in the
membranes of leukocytes and endothelial cells, ICAM1 participates in cell adhesion, migra-
tion of leukocytes to sites of inflammation, and activation of lymphocytes [23]. MMP-9 acts
broadly in inflammation to regulate barrier function and inflammatory cytokines through
activation of its transcription, which is mediated by AP-1. [24]. The mRNA levels of the
above related genes were tested to demonstrate that Oe-ME could mediate inflammatory
responses in transcriptional regulation. Consistent with our assumption, Oe-ME treat-
ment markedly decreased the production of inflammatory cytokines and mediators in a
concentration-dependent manner according to both RT-PCR and quantitative real-time
PCR, as shown in the case of prednisolone, a positive steroidal anti-inflammatory drug
(Figure 1). A similar inhibitory trend was observed under different induction conditions by
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LPS, pam3CSK4, and poly (I:C), suggesting that Oe-ME can be applied for inflammatory
responses generated by G(−)and G(+) bacteria.

Consistent with the above data, Oe-ME also decreased the nuclear protein levels
of c-Fos and c-Jun under induction by different TLR ligands (Figure 2). Overall, these
results suggest that upstream signal molecules which increase nuclear translocation of
c-Jun/c-Fos, subunits of AP-1, could be the target of Oe-ME. Furthermore, immunoblotting
was carried out to elucidate which molecules are involved in the Oe-ME-mediated anti-
inflammatory effect in LPS-stimulated macrophages. Possessing AP-1 binding sites, three
major MAPK pathways lead to AP-1 activation: ERK, p38, and JNK [25–28]. In our study,
phosphorylated ERK, MEK1/2, MKK3/6, JNK, MKK7, and p38 were downregulated by
Oe-ME treatment (Figure 3). Interestingly, the inhibitory effect on phosphorylated proteins
of Oe-ME occurred at different stimulation time points—for instance, p-p38 at 5 min;
p-JNK at 5, 15, and 30 min; and p-ERK at 30 min. This may indicate that various active
ingredients in the extract play respective roles to target these enzymes separately. Indeed,
KFL, identified in the methanol extract of Olea europaea, was reported to possess potent
anti-inflammatory properties and functions as an inhibitor of inflammatory signaling
composed of protein kinase C and MAPK [29,30]. QCN suppresses JNK/AP-1 signaling
in a time-dependent manner in acetaminophen-induced liver damage [31]. Additionally,
luteolin can effectively reduce proliferation of osteoarthritis cartilage cells, suppress the
expression of JNK and p38 in cartilage cells, and inhibit the production of NO, TNF-α,
and IL-6 [32,33]. Luteolin suppresses phosphorylation of ERK in the MAPK signaling
pathway to induce apoptosis in the gastric cancer cell line BGC-823 [34]. Based on these
reports [31–34], it is considerable that QCN, KFL, and luteolin could be major components
in suppression of the MAPK pathway. In addition, we have also identified that oleuropein
and hydroxytyrosol are included almost 50% and 4.3% of phenolic compounds in olive
leaves [35]. Since oleuropein, but not hydroxytyrosol, was reported to suppress activation
of ERK1/2 and JNK [36], there is a possibility that this compound could contribute to the
inhibition of AP-1 pathway by Oe-ME. In future experiments, whether this compound can
block the AP-1 pathway under our conditions will be further tested.

Inhibition of phosphorylated TAK1 was detected at 5, 15, and 30 min, whereas IRAK4
was not affected by Oe-ME treatment, suggesting that Oe-ME can modulate TAK1 activity
via posttranslational modification (Figure 3c). In line with our expectations, this hypothesis
is supported by the determination of p-MEK1/2, p-TAK1, p-MKK7, and p-MKK3/6 in
HEK293T cells overexpressing the HA-TAK1 plasmid (Figure 4a). Consistent with this,
usage of (5Z)-7-oxozeaenol confirmed that LPS-stimulated upregulation of COX-2, MMP-9,
and ICAM1 expression and NO production was TAK1-dependent, without altering cell
viability (Figure 4c–e). Finally, based on compound-induced thermal stability changes,
the Cellular Thermal Shift Assay (CETSA) was applied to validate that Oe-ME binds
to endogenous TAK1 in intact cells (Figure 4b). Our results clearly imply that Oe-ME
targets TAK1 enzyme to modulate the AP-1 pathway, protecting cells from the effects of
excessive inflammation. Moreover, as shown in Figure 4f, QCN, and KFL can reduce the
phosphorylation of TAK1 raised under HA-TAK1 overexpression conditions, implying that
these compounds are active components contributing to the anti-inflammatory activity
of Oe-ME. In addition, inhibitory activities of QCN and KFL on TAK1 phosphorylation
during LPS stimulation were also reported [37,38].

Pathophysiological roles of TAK1 have been demonstrated by a variety of animal
and clinical studies. For example, neonatal hypoxic ischemic encephalopathy is an es-
sential factor underlying neonatal death and disability. In the neonatal hypoxic ischemic
encephalopathy models established in 10-day-neonatal Sprague Dawley rats, TAK1/NF-κB
signaling was significant increased by oxidative stress and inflammatory responses [39].
TAK1 was found to be critically involved in sepsis-induced multiple organ dysfunction [40].
DSS-induced colitis was also revealed to be mediated by TAK1 activity in its pathology,
containing clinical manifestations, histopathological damage, loss of tight junction function,
and imbalanced intestinal microenvironment [41]. It also was reported that hepatocyte-
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specific deletion of TAK1 in Tak1 ∆HEP mice promotes liver fibrosis and hepatocellular
carcinoma (HCC) [42]. These findings strongly support functional significance of TAK1 in
many cellular and organic roles and imply that malfunction of this enzyme can produce
health problems in human. Thus, it is expected that the TAK1-inhibitory potential of Olea
europaea will be beneficial in treating various human diseases mediated by TAK1. Therefore,
in terms of pathophysiological role of TAK1 in inflammatory responses, inhibition of TAK1
by Olea europaea might provide new safe and effective therapeutic approaches to prevent or
cure various TAK1-mediated diseases.

In summary, this study concluded that the methanol extract of Olea europaea (Oe-ME)
attenuates the mRNA expression levels of IL-2, COX-2, MMP-9, ICAM1, and MCP1 in
a concentration-dependent manner in RAW264.7 macrophages under TLR4, TLR3, and
TLR2 activation conditions. Our results also indicated that Oe-ME is able to suppress
TAK1 kinase activity, leading to reduced downstream signaling for activation of the AP-1
pathway, as summarized in Figure 5. Therefore, it is suggested that Olea europaea leaves can
be further applied to develop anti-inflammatory remedy against TAK1/AP-1-mediated
inflammatory diseases.
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4. Materials and Methods
4.1. Materials and Reagents

Oe-ME was used as reported previously [21,35]. Briefly, it was prepared by extraction
with 99.9% (v/v) methanol (yield: 17.4%) with individual components [KFL (content:
0.094%), QCN (0.038%), and luteolin (0.022%)] from leaves of the olive tree [21]. HPLC
profile of this extract was already published previously [21]. Contents of other phenolic
compounds [oleuropein isomer 1/2 (22.01 mg), secaloganoside isomer 1/2 (6.63 mg), quinic
acid (4.04 mg), hydroxytyrosol (1.81 mg), and ligstroside (0.96 mg) in 1 g of leaves] were
found in leaves of the olive tree [36]. Cell lines used in this study were obtained from
ATCC (Rockville, MD, USA). Cell culture medium (DMEM and RPMI), phosphate-buffered
saline (PBS), dimethyl sulfoxide (DMSO), fetal bovine serum (FBS), polyethylenimine
(PEI), streptomycin, and penicillin were purchased from Gibco (Grand Island, NY, USA).
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Lipopolysaccharides (LPS), Poly (I:C), Pam3CSK4, prednisolone, ranitidine, and (5Z)-7-
Oxozeaenol were obtained from Sigma-Aldrich (St. Louis, MO, USA). SB203580, U0126,
and SP600125 were purchased from Calbiochem (La Jolla, CA, USA). Total and phospho-
specific antibodies in this paper were obtained from Cell Signaling (Beverly, MA, USA). All
the PCR primers were obtained from Macrogen (Seoul, Korea). As previously reported,
plasmid constructs containing binding sites for TAK1 were purchased from Addgene
(Cambridge, MA, USA) [43].

4.2. Oe-ME Preparation

Oe-ME was dissolved in 100% DMSO to make a 100 mg/mL stock solution and further
diluted with DMSO to prepare 50 and 25 mg/mL doses. Finally, culture medium was used
to prepare working solutions of 50, 100, and 200 µg/mL. The final concentration of DMSO
in each dose was 0.2%. Normal and control groups [LPS, pam3CSK, or poly(I:C) alone]
were treated with the same amount of vehicle (DMSO).

4.3. Cell Culture

RAW264.7 cells were cultured in RPMI medium containing 10% fetal bovine serum,
whereas HEK293T cells were cultured in DMEM medium with 5% fetal bovine serum.
Both media contained 1% antibiotics. RAW264.7 and HEK293T cells were maintained at
37 ◦C and 5% CO2. Subculture was performed every two or three days when the cells
reached 70% confluence. The cells were collected with cell scrapers or trypsin for in vitro
experiments.

4.4. Cytotoxicity Evaluation

HEK293T and RAW264.7 cells (1 × 106 cells/mL) were seeded into 96-well plates and
incubated for 18 h. The cell viability of Oe-ME on HEK293T and RAW264.7 cells as well as
the cytotoxicity effect of (5Z)-7-Oxozeaenol on RAW264.7 cells were investigated by MTT
assay [44,45].

4.5. Nitric Oxide (NO) Production

After pre-incubation (1 × 106 cells/mL) for 18 h, RAW264.7 cells were treated with
(5Z)-7-oxozeaenol (0–400 nM) for 30 min and then further stimulated with LPS (1 µg/mL)
for 24 h. The NO level was determined by Griess assay [46].

4.6. Semi-Quantitative RT-PCR and Quantitative Real-Time PCR

RAW264.7 cells were planted into 6-well plates at A density of 1 × 106 cells/mL. After
exposure to Oe-ME for 30 min, RAW264.7 cells were further incubated with LPS for 6 h.
The mRNA expression levels of genes related to inflammation (IL-2, IL-6, COX-2, TNF-α,
MMP-9, MCP1, and ICAM-1) were determined. Prednisolone and ranitidine were used
as positive and negative control drugs, respectively. To explore the role of MAPKs under
LPS treatment, LPS was utilized to induce RAW264.7 cells in the absence or presence of
MAPK inhibitors (U0126, SP600125, and SB203580). To elucidate the role of TAK1, LPS or
(5Z)-7-oxozeaenol (400 nM) was used to treat RAW264.7 cells. The mRNA was isolated
using TRI reagent®, and the total RNA was immediately subjected to cDNA synthesis.
Then, PCR was conducted based on previous reports [47,48]. All sequences of primers in
this paper are provided in Table 1.
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Table 1. Primers sequences for the analysis of mRNA prepared from RAW264.7 cells used in RT-PCR.

Name Direction Sequence (5′ to 3′)

IL-2
Forward GTGCTCCTTGTCACCAGCGC
Reverse GAGCCTTATGTGTTGTAAGC

MMP-9
Forward TCTTCCCCAAAGACCTGAAA
Reverse TGATGTTATGATGGTCCCAC

COX-2
Forward GGGAGTCTGGAACATTGTGAA
Reverse GCACATTGTAAGTAGGTGGACTGT

MCP-1
Forward ACTGAAGCCAGCTCTCTCTT
Reverse ACGGGTCAACTTCACATTCA

ICAM1
Forward CAGATGCCGACCCAGGAGAG
Reverse ACAGACTTCACCACCCCGAT

GAPDH
Forward CAATGAATACGGCTACAGCAAC
Reverse AGGGAGATGCTCAGTGTTGG

Primers Sequences Used in Real-Time PCR

COX-2
Forward CCAGCACTTCACGCATCAGT
Reverse ACGCTGTCTAGCCAGAGTTTCAC

TNF-α
Forward TGCCTATGTCTCAGCCTCTT
Reverse GAGGCCATTTGGGAACTTCT

IL-6
Forward GCTGGAGTCACAGAAGGAGTGGC
Reverse GGCATAACGCACTAGGTTTGCGC

GAPDH
Forward AGGGAGATGCTCAGTGTTGG
Reverse CAATGAATACGGCTACAGCA

4.7. Plasmid Transfection

Transfection was performed when HEK293T cells (2.5 × 105 cells/mL) were grown
to 70% confluence. A group of cells was transfected with pCMV-HA, while two groups
were treated with HA-TAK1 plasmid using PEI (24 h). Then, the vehicle (0.2% DMSO) and
Oe-ME (100 µg/mL) or individual flavonoids (QCN and KFL) were used to treat cells for
another 24 h, and protein was extracted as previously described [49].

4.8. Preparation of Nuclear and Total Samples for Immunoblotting

RAW264.7 cells (5 × 106 cells/mL) were pre-treated with Oe-ME for 30 min and then
stimulated by LPS for a specific period. The cells were then collected, washed with cold
PBS, and lysed in whole cell lysis buffer. Next, the pellet was obtained by centrifuging
the lysates. As in a previous report, nuclear fractions were isolated [50]. The proteins in
total and nuclear lysates were separated by SDS-PAGE and subjected to PVDF membranes.
The membranes were blocked in 3% BSA for 1 h at room temperature, incubated with the
specific primary antibody overnight at 4 ◦C, and subsequently incubated with a secondary
antibody for another 1 h at room temperature. Phosphorylated and total forms of β-actin,
c-Fos, JNK, Lamin A/C, p38, ERK, MKK4/7, c-Jun, MKK3/6, MEK1/2, TAK1, IRAK4, and
HA were detected by the ECL system [51].

4.9. Cellular Thermal Shift Assay (CETSA)

HEK293T cells (2× 106 cells/mL) transfected with HA-TAK1 plasmid for 24 h were di-
vided into two groups and treated with Oe-ME (100 µg/mL) or vehicle (0.2% of DMSO) for
1 h, respectively. The cells were then washed with cold PBS, pelleted, and resuspended in
PBS with protease inhibitors. The resuspended cells were thoroughly mixed and aliquoted
into PCR tubes (100 µL each) that were then heated at the designated temperature for 3 min
(44 ◦C to 56 ◦C), cooled at room temperature for 3 min, and finally placed at −70 ◦C to
quickly freeze. The cells were freeze-thawed three times in liquid nitrogen. The resulting
cell lysates were centrifuged to isolate the soluble protein from cell debris. The resulting
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clear supernatant was mixed with a corresponding volume of loading buffer, and the
mixture was subjected to immunoblotting as in a previous report [52].

4.10. Statistical Analysis

Each bar graph in this paper represents the mean ± standard deviation (SD) of
triplicate individual experiments. For statistical analysis, all experimental data were
analyzed by Mann–Whitney or ANOVA with a post hoc test followed by a Student–
Newman–Kreuls test. p-values < 0.05 and < 0.01 were considered statistically significant.
All statistical tests were performed with SPSS software (SPSS Inc., Chicago, IL, USA).

Author Contributions: Performed the experiments C.S. Conceived and designed the experiments,
analyzed the data, and wrote the paper: C.S., M.-Y.K. and J.Y.C. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program (2017R1A6A1A03015642)
through the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Korea.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Conflicts of Interest: The authors have no conflicts of interest to declare.

Sample Availability: Sample of the compound, Oe-ME, is available from the authors.

References
1. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and inflammation-

associated diseases in organs. Oncotarget 2017, 9, 7204–7218. [CrossRef] [PubMed]
2. Kim, J.H.; Yi, Y.S.; Kim, M.Y.; Cho, J.Y. Role of ginsenosides, the main active components of Panax ginseng, in inflammatory

responses and diseases. J. Ginseng Res. 2017, 41, 435–443. [CrossRef]
3. Lee, J.O.; Choi, E.; Shin, K.K.; Hong, Y.H.; Kim, H.G.; Jeong, D.; Hossain, M.A.; Kim, H.S.; Yi, Y.S.; Kim, D.; et al. Compound K, a

ginsenoside metabolite, plays an antiinflammatory role in macrophages by targeting the AKT1-mediated signaling pathway. J.
Ginseng Res. 2019, 43, 154–160. [CrossRef]

4. Rho, T.; Jeong, H.W.; Hong, Y.D.; Yoon, K.; Cho, J.Y.; Yoon, K.D. Identification of a novel triterpene saponin from Panax ginseng
seeds, pseudoginsenoside RT8, and its antiinflammatory activity. J. Ginseng Res. 2020, 44, 145–153. [CrossRef] [PubMed]

5. Yang, W.S.; Yang, E.; Kim, M.-J.; Jeong, D.; Yoon, D.H.; Sung, G.-H.; Lee, S.; Yoo, B.C.; Yeo, S.-G.; Cho, J.Y. Momordica charantia
inhibits inflammatory responses in murine macrophages via suppression of TAK1. Am. J. Chin. Med. 2018, 46, 435–452. [CrossRef]

6. Gold-Smith, F.; Fernandez, A.; Bishop, K. Mangiferin and cancer: Mechanisms of action. Nutrients 2016, 8, 396. [CrossRef]
[PubMed]

7. Kim, E.; Kang, Y.-G.; Kim, Y.-J.; Lee, T.R.; Yoo, B.C.; Jo, M.; Kim, J.H.; Kim, J.-H.; Kim, D.; Cho, J.Y. Dehydroabietic acid suppresses
inflammatory response via suppression of Src-, Syk-, and TAK1-mediated pathways. Int. J. Mol. Sci. 2019, 20, 1593. [CrossRef]
[PubMed]

8. Ma, T.; Wang, Z.; Zhang, Y.-M.; Luo, J.-G.; Kong, L.-Y. Bioassay-guided isolation of anti-inflammatory components from the
bulbs of Lilium brownii var. viridulum and identifying the underlying mechanism through acting on the NF-κB/MAPKs pathway.
Molecules 2017, 22, 506. [CrossRef]

9. Yi, Y.-S.; Cho, J.Y.; Kim, D. Cerbera manghas methanol extract exerts anti-inflammatory activity by targeting c-Jun N-terminal
kinase in the AP-1 pathway. J. Ethnopharmacol. 2016, 193, 387–396. [CrossRef]

10. Lawson, C.; Wolf, S. ICAM-1 signaling in endothelial cells. Pharmacol. Rep. 2009, 61, 22–32. [CrossRef]
11. Cheng, S.-C.; Huang, W.-C.; SPang, J.-H.; Wu, Y.-H.; Cheng, C.-Y. Quercetin inhibits the production of IL-1β-induced inflammatory

cytokines and chemokines in ARPE-19 cells via the MAPK and NF-κB signaling pathways. Int. J. Mol. Sci. 2019, 20, 2957.
[CrossRef]

12. Hashmi, M.A.; Khan, A.; Hanif, M.; Farooq, U.; Perveen, S. Traditional uses, phytochemistry, and pharmacology of Olea europaea
(olive). Evid. Based Complement. Alternat. Med. 2015, 2015, 541591. [CrossRef]

13. Visioli, F.; Poli, A.; Gall, C. Antioxidant and other biological activities of phenols from olives and olive oil. Med. Res. Rev. 2002, 22,
65–75. [CrossRef]

14. Tripoli, E.; Giammanco, M.; Tabacchi, G.; Di Majo, D.; Giammanco, S.; La Guardia, M. The phenolic compounds of olive oil:
Structure, biological activity and beneficial effects on human health. Nutr. Res. Rev. 2007, 18, 98–112. [CrossRef]

15. Omar, S.H. Oleuropein in olive and its pharmacological effects. Sci. Pharm. 2010, 78, 133–154. [CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.23208
http://www.ncbi.nlm.nih.gov/pubmed/29467962
http://doi.org/10.1016/j.jgr.2016.08.004
http://doi.org/10.1016/j.jgr.2018.10.003
http://doi.org/10.1016/j.jgr.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/32148397
http://doi.org/10.1142/S0192415X18500222
http://doi.org/10.3390/nu8070396
http://www.ncbi.nlm.nih.gov/pubmed/27367721
http://doi.org/10.3390/ijms20071593
http://www.ncbi.nlm.nih.gov/pubmed/30934981
http://doi.org/10.3390/molecules22040506
http://doi.org/10.1016/j.jep.2016.08.033
http://doi.org/10.1016/S1734-1140(09)70004-0
http://doi.org/10.3390/ijms20122957
http://doi.org/10.1155/2015/541591
http://doi.org/10.1002/med.1028
http://doi.org/10.1079/NRR200495
http://doi.org/10.3797/scipharm.0912-18
http://www.ncbi.nlm.nih.gov/pubmed/21179340


Molecules 2021, 26, 1540 15 of 16

16. Baek, K.S.; Yi, Y.S.; Son, Y.J.; Yoo, S.; Sung, N.Y.; Kim, Y.; Hong, S.; Aravinthan, A.; Kim, J.H.; Cho, J.Y. In Vitro and In Vivo
anti-inflammatory activities of Korean Red Ginseng-derived components. J. Ginseng Res. 2016, 40, 437–444. [CrossRef] [PubMed]

17. Hunto, S.T.; Kim, H.G.; Baek, K.S.; Jeong, D.; Kim, E.; Kim, J.H.; Cho, J.Y. Loratadine, an antihistamine drug, exhibits anti-
inflammatory activity through suppression of the NF-kB pathway. Biochem. Pharmacol. 2020, 177, 113949. [CrossRef]

18. Hess, J.; Angel, P.; Schorpp-Kistner, M. AP-1 subunits: Quarrel and harmony among siblings. J. Cell Sci. 2004, 117, 5965–5973.
[CrossRef] [PubMed]

19. Ninomiya-Tsuji, J.; Kajino, T.; Ono, K.; Ohtomo, T.; Matsumoto, M.; Shiina, M.; Mihara, M.; Tsuchiya, M.; Matsumoto, K. A
Resorcylic acid lactone, 5Z-7-oxozeaenol, prevents inflammation by inhibiting the catalytic activity of TAK1 MAPK kinase kinase.
J. Biol. Chem. 2003, 278, 18485–18490. [CrossRef] [PubMed]

20. Wu, J.; Powell, F.; Larsen, N.A.; Lai, Z.; Byth, K.F.; Read, J.; Gu, R.-F.; Roth, M.; Toader, D.; Saeh, J.C.; et al. Mechanism and in vitro
pharmacology of TAK1 inhibition by (5Z)-7-oxozeaenol. ACS Chem. Biol. 2013, 8, 643–650. [CrossRef] [PubMed]

21. Song, C.; Hong, Y.H.; Park, J.G.; Kim, H.G.; Jeong, D.; Oh, J.; Sung, G.H.; Hossain, M.A.; Taamalli, A.; Kim, J.H.; et al. Suppression
of Src and Syk in the NF-κB signaling pathway by Olea europaea methanol extract is leading to its anti-inflammatory effects. J.
Ethnopharmacol. 2019, 235, 38–46. [CrossRef]

22. Deshmane, S.L.; Kremlev, S.; Amini, S.; Sawaya, B.E. Monocyte chemoattractant protein-1 (MCP-1): An overview. J. Interferon
Cytokine Res. 2009, 29, 313–326. [CrossRef]

23. Figenschau, S.L.; Knutsen, E.; Urbarova, I.; Fenton, C.; Elston, B.; Perander, M.; Mortensen, E.S.; Fenton, K.A. ICAM1 expression
is induced by proinflammatory cytokines and associated with TLS formation in aggressive breast cancer subtypes. Sci. Rep. 2018,
8, 11720. [CrossRef] [PubMed]

24. Parks, W.C.; Wilson, C.L.; López-Boado, Y.S. Matrix metalloproteinases as modulators of inflammation and innate immunity. Nat.
Rev. Immunol. 2004, 4, 617–629. [CrossRef]

25. Whitmarsh, A.J. Regulation of gene transcription by mitogen-activated protein kinase signaling pathways. Biochim. Biophys. Acta
Mol. Cell Res. 2007, 1773, 1285–1298. [CrossRef]

26. Gangnuss, S.; Cowin, A.J.; Daehn, I.S.; Hatzirodos, N.; Rothnagel, J.A.; Varelias, A.; Rayner, T.E. Regulation of MAPK activation,
AP-1 transcription factor expression and keratinocyte differentiation in wounded fetal skin. J. Investig. Dermatol. 2004, 122,
791–804. [CrossRef]

27. Wang, G.; Gao, Y.; Li, L.; Jin, G.; Cai, z.; Chao, J.-I.; Lin, H.-K. K63-linked ubiquitination in kinase activation and cancer. Front.
Oncol. 2012, 2, 5. [CrossRef] [PubMed]

28. Truong, V.-L.; Ko, S.-Y.; Jun, M.; Jeong, W.-S. Quercitrin from Toona sinensis (Juss.) M.Roem. attenuates acetaminophen-induced
acute liver toxicity in HepG2 cells and mice through induction of antioxidant machinery and inhibition of inflammation. Nutrients
2016, 8, 431. [CrossRef] [PubMed]

29. Devi, K.P.; Malar, D.S.; Nabavi, S.F.; Sureda, A.; Xiao, J.; Nabavi, S.M.; Daglia, M. Kaempferol and inflammation: From chemistry
to medicine. Pharmacol. Res. 2015, 99, 1–10. [CrossRef]

30. Khaliq, A.; Sabir, S.; Ahmed, S.; Boligon, A.; Linde Athayde, M.; Jabbar, A.; Qamar, I.; Khan, A. Antioxidant activities and phenolic
composition of olive (Olea europaea) leaves. J. Appl. Bot. Food Qual. 2015, 88, 16–21.

31. Granado-Serrano, A.B.; Martín, M.A.; Bravo, L.; Goya, L.; Ramos, S. Quercetin modulates NF-κ B and AP-1/JNK pathways to
induce cell death in human hepatoma cells. Nutr Cancer 2010, 62, 390–401. [CrossRef] [PubMed]

32. Xue, J.; Ye, J.; Xia, Z.; Cheng, B. Effect of luteolin on apoptosis, MAPK and JNK signaling pathways in guinea pig chondrocyte
with osteoarthritis. Cell Mol. Biol. 2019, 65, 91–95. [CrossRef]

33. Aziz, N.; Kim, M.Y.; Cho, J.Y. Anti-inflammatory effects of luteolin: A review of in vitro, in vivo, and in silico studies. J.
Ethnopharmacol. 2018, 225, 342–358. [CrossRef]

34. Lu, X.; Li, Y.; Li, X.; Aisa, H.A. Luteolin induces apoptosis in vitro through suppressing the MAPK and PI3K signaling pathways
in gastric cancer. Oncol. Lett. 2017, 14, 1993–2000. [CrossRef] [PubMed]

35. Hong, Y.H.; Song, C.; Shin, K.K.; Choi, E.; Hwang, S.H.; Jang, Y.J.; Taamalli, A.; Yum, J.; Kim, J.H.; Kim, E.; et al. Tunisian Olea
europaea L. leaf extract suppresses Freund’s complete adjuvant-induced rheumatoid arthritis and lipopolysaccharide-induced
inflammatory responses. J. Ethnopharmacol. 2021, 268, 113602. [CrossRef] [PubMed]

36. Ryu, S.J.; Choi, H.S.; Yoon, K.Y.; Lee, O.H.; Kim, K.J.; Lee, B.Y. Oleuropein suppresses LPS-induced inflammatory responses in
RAW 264.7 cell and zebrafish. J. Agric. Food Chem. 2015, 63, 2098–2105. [CrossRef]

37. Endale, M.; Park, S.C.; Kim, S.; Kim, S.H.; Yang, Y.; Cho, J.Y.; Rhee, M.H. Quercetin disrupts tyrosine-phosphorylated phos-
phatidylinositol 3-kinase and myeloid differentiation factor-88 association, and inhibits MAPK/AP-1 and IKK/NF-kappaB-
induced inflammatory mediators production in RAW 264.7 cells. Immunobiology 2013, 218, 1452–1467. [CrossRef]

38. Qian, J.; Chen, X.; Chen, X.; Sun, C.; Jiang, Y.; Qian, Y.; Zhang, Y.; Khan, Z.; Zhou, J.; Liang, G.; et al. Kaempferol reduces
K63-linked polyubiquitination to inhibit nuclear factor-kappaB and inflammatory responses in acute lung injury in mice. Toxicol.
Lett. 2019, 306, 53–60. [CrossRef]

39. Yang, G.; Zhao, Y. Overexpression of miR-146b-5p Ameliorates neonatal hypoxic ischemic encephalopathy by inhibiting
IRAK1/TRAF6/TAK1/NF-alphaB signaling. Yonsei Med. J. 2020, 61, 660–669. [CrossRef]

40. Zhang, H.F.; Zhang, H.B.; Wu, X.P.; Guo, Y.L.; Cheng, W.D.; Qian, F. Fisetin alleviates sepsis-induced multiple organ dysfunction
in mice via inhibiting p38 MAPK/MK2 signaling. Acta Pharmacol. Sin. 2020, 41, 1348–1356. [CrossRef]

http://doi.org/10.1016/j.jgr.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27746698
http://doi.org/10.1016/j.bcp.2020.113949
http://doi.org/10.1242/jcs.01589
http://www.ncbi.nlm.nih.gov/pubmed/15564374
http://doi.org/10.1074/jbc.M207453200
http://www.ncbi.nlm.nih.gov/pubmed/12624112
http://doi.org/10.1021/cb3005897
http://www.ncbi.nlm.nih.gov/pubmed/23272696
http://doi.org/10.1016/j.jep.2019.01.024
http://doi.org/10.1089/jir.2008.0027
http://doi.org/10.1038/s41598-018-29604-2
http://www.ncbi.nlm.nih.gov/pubmed/30082828
http://doi.org/10.1038/nri1418
http://doi.org/10.1016/j.bbamcr.2006.11.011
http://doi.org/10.1111/j.0022-202X.2004.22319.x
http://doi.org/10.3389/fonc.2012.00005
http://www.ncbi.nlm.nih.gov/pubmed/22649774
http://doi.org/10.3390/nu8070431
http://www.ncbi.nlm.nih.gov/pubmed/27428996
http://doi.org/10.1016/j.phrs.2015.05.002
http://doi.org/10.1080/01635580903441196
http://www.ncbi.nlm.nih.gov/pubmed/20358477
http://doi.org/10.14715/cmb/2019.65.6.15
http://doi.org/10.1016/j.jep.2018.05.019
http://doi.org/10.3892/ol.2017.6380
http://www.ncbi.nlm.nih.gov/pubmed/28789432
http://doi.org/10.1016/j.jep.2020.113602
http://www.ncbi.nlm.nih.gov/pubmed/33246116
http://doi.org/10.1021/jf505894b
http://doi.org/10.1016/j.imbio.2013.04.019
http://doi.org/10.1016/j.toxlet.2019.02.005
http://doi.org/10.3349/ymj.2020.61.8.660
http://doi.org/10.1038/s41401-020-0462-y


Molecules 2021, 26, 1540 16 of 16

41. Xu, K.; Guo, Y.; Ping, L.; Qiu, Y.; Liu, Q.; Li, Z.; Wang, Z. Protective effects of SIRT6 overexpression against DSS-induced colitis in
mice. Cells 2020, 9, 1513. [CrossRef]

42. Tan, S.; Zhao, J.; Sun, Z.; Cao, S.; Niu, K.; Zhong, Y.; Wang, H.; Shi, L.; Pan, H.; Hu, J.; et al. Hepatocyte-specific TAK1 deficiency
drives RIPK1 kinase-dependent inflammation to promote liver fibrosis and hepatocellular carcinoma. Proc. Natl. Acad. Sci. USA
2020, 117, 14231–14242. [CrossRef] [PubMed]

43. Hossen, M.J.; Kim, M.-Y.; Cho, J.Y. MAPK/AP-1-targeted anti-inflammatory activities of Xanthium strumarium. Am. J. Chin. Med.
2016, 44, 1111–1125. [CrossRef]

44. Fotakis, G.; Timbrell, J.A. In Vitro cytotoxicity assays: Comparison of LDH, neutral red, MTT and protein assay in hepatoma cell
lines following exposure to cadmium chloride. Toxicol. Lett. 2006, 160, 171–177. [CrossRef] [PubMed]

45. Choi, E.; Kim, E.; Kim, J.H.; Yoon, K.; Kim, S.; Lee, J.; Cho, J.Y. AKT1-targeted proapoptotic activity of compound K in human
breast cancer cells. J. Ginseng Res. 2019, 43, 692–698. [CrossRef]

46. Bryan, N.S.; Grisham, M.B. Methods to detect nitric oxide and its metabolites in biological samples. Free Radic. Biol. Med. 2007, 43,
645–657. [CrossRef]

47. Nolan, T.; Hands, R.E.; Bustin, S.A. Quantification of mRNA using real-time RT-PCR. Nat. Protoc. 2006, 1, 1559–1582. [CrossRef]
[PubMed]

48. Lee, J.O.; Kim, J.H.; Kim, S.; Kim, M.Y.; Hong, Y.H.; Kim, H.G.; Cho, J.Y. Gastroprotective effects of the nonsaponin fraction of
Korean Red Ginseng through cyclooxygenase-1 upregulation. J. Ginseng Res. 2020, 44, 655–663. [CrossRef] [PubMed]

49. Yoo, S.; Kim, M.-Y.; Cho, J.Y. Syk and Src-targeted anti-inflammatory activity of aripiprazole, an atypical antipsychotic. Biochem.
Pharmacol. 2018, 148, 1–12. [CrossRef]

50. Yang, Y.; Yang, W.S.; Yu, T.; Yi, Y.-S.; Park, J.G.; Jeong, D.; Kim, J.H.; Oh, J.S.; Yoon, K.; Kim, J.-H.; et al. Novel anti-inflammatory
function of NSC95397 by the suppression of multiple kinases. Biochem. Pharmacol. 2014, 88, 201–215. [CrossRef]

51. Shen, T.; Yang, W.S.; Yi, Y.-S.; Sung, G.-H.; Rhee, M.H.; Poo, H.; Kim, M.-Y.; Kim, K.-W.; Kim, J.H.; Cho, J.Y. AP-1/IRF-3 targeted
anti-inflammatory activity of andrographolide isolated from Andrographis paniculata. Evid. Based Complement. Alternat. Med. 2013,
2013, 16. [CrossRef] [PubMed]

52. Shaw, J.; Leveridge, M.; Norling, C.; Karén, J.; Molina, D.M.; O’Neill, D.; Dowling, J.E.; Davey, P.; Cowan, S.; Dabrowski, M.; et al.
Determining direct binders of the androgen receptor using a high-throughput cellular thermal shift assay. Sci. Rep. 2018, 8, 163.
[CrossRef] [PubMed]

http://doi.org/10.3390/cells9061513
http://doi.org/10.1073/pnas.2005353117
http://www.ncbi.nlm.nih.gov/pubmed/32513687
http://doi.org/10.1142/S0192415X16500622
http://doi.org/10.1016/j.toxlet.2005.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16111842
http://doi.org/10.1016/j.jgr.2019.07.001
http://doi.org/10.1016/j.freeradbiomed.2007.04.026
http://doi.org/10.1038/nprot.2006.236
http://www.ncbi.nlm.nih.gov/pubmed/17406449
http://doi.org/10.1016/j.jgr.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/32617046
http://doi.org/10.1016/j.bcp.2017.12.006
http://doi.org/10.1016/j.bcp.2014.01.022
http://doi.org/10.1155/2013/210736
http://www.ncbi.nlm.nih.gov/pubmed/23840248
http://doi.org/10.1038/s41598-017-18650-x
http://www.ncbi.nlm.nih.gov/pubmed/29317749

	Introduction 
	Results 
	Cytotoxicity and the Effect of Oe-ME on Production of Inflammatory Genes 
	Roles of Oe-ME in Transcriptional Activation of AP-1 
	Role of Oe-ME in AP-1 Signal Transduction 
	Effect of Oe-ME on TAK1 Activation 

	Discussion 
	Materials and Methods 
	Materials and Reagents 
	Oe-ME Preparation 
	Cell Culture 
	Cytotoxicity Evaluation 
	Nitric Oxide (NO) Production 
	Semi-Quantitative RT-PCR and Quantitative Real-Time PCR 
	Plasmid Transfection 
	Preparation of Nuclear and Total Samples for Immunoblotting 
	Cellular Thermal Shift Assay (CETSA) 
	Statistical Analysis 

	References

