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Abstract: The repurposing of already-approved drugs has emerged as an alternative strategy to
rapidly identify effective, safe, and conveniently available new therapeutic indications against human
diseases. The current study aimed to assess the repurposing of the anticoagulant drug acenocoumarol
for the treatment of chronic inflammatory diseases (e.g., atopic dermatitis and psoriasis) and investi-
gate the potential underlying mechanisms. For this purpose, we used murine macrophage RAW 264.7
as a model in experiments aimed at investigating the anti-inflammatory effects of acenocoumarol
in inhibiting the production of pro-inflammatory mediators and cytokines. We demonstrate that
acenocoumarol significantly decreases nitric oxide (NO), prostaglandin (PG)E2, tumor necrosis factor
(TNF)-α, interleukin (IL)-6, and IL-1β levels in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells.
Acenocoumarol also inhibits the expression of NO synthase (iNOS) and cyclooxygenase (COX)-2,
potentially explaining the acenocoumarol-induced decrease in NO and PGE2 production. In addition,
acenocoumarol inhibits the phosphorylation of mitogen-activated protein kinases (MAPKs), c-Jun
N terminal kinase (JNK), p38 MAPK, and extracellular signal-regulated kinase (ERK), in addition
to decreasing the subsequent nuclear translocation of nuclear factor κB (NF-κB). This indicates that
acenocoumarol attenuates the macrophage secretion of TNF-α, IL-6, IL-1β, and NO, inducing iNOS
and COX-2 expression via the inhibition of the NF-κB and MAPK signaling pathways. In conclusion,
our results demonstrate that acenocoumarol can effectively attenuate the activation of macrophages,
suggesting that acenocoumarol is a potential candidate for drug repurposing as an anti-inflammatory
agent.
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1. Introduction

Inflammation is the complex biological response of the immune system and can be
triggered as a part of a defensive mechanism by a variety of factors such as cell damage, ir-
ritants, pathogens, toxins, and other compounds; this is characterized by redness, swelling,
fever, pain, and impaired function at the tissue level [1,2]. Although the inflammatory re-
sponse is an important mechanism for host defense, chronic inflammation is the underlying
cause of several diseases including asthma, endometriosis, obesity, atherosclerosis, rheuma-
toid arthritis (RA), and psoriasis [3–5]. Therefore, controlling abnormal inflammatory
responses is a vital tool for the prevention and treatment of inflammatory diseases [6].

Macrophages are central players in systemic inflammation, associated with meta-
inflammation and inflammaging. Over the years, several experimental models have been
designed to facilitate the development of novel anti-inflammatory drugs, although in vitro
models of RAW 264.7 cells are now the most widely used [7]. Mouse macrophage RAW264.7
is a functional macrophage line, transformed by the Abelson leukemia virus, that requires LPS
for full activation. There is a consensus that inflammatory mediators and pro-inflammatory
cytokines should initially be measured to screen for possible anti-inflammatory effects.
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More specifically, pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α and in-
terleukins (IL)-1β and IL6 as well as inflammatory mediators, together with NO and PGE2,
should be measured. Therefore, the LPS stimulation of RAW 264.7 macrophages is com-
monly used as a classical inflammatory cell model to evaluate the anti-inflammatory activity
and the mechanisms underlying the action of drugs [7–9]. There are four main categories
of signaling pathways, whose activation during inflammation leads to the secretion of in-
flammatory mediators and pro-inflammatory cytokines: (1) I kappa B kinase (IκB)/nuclear
factor kappa B (NF-κB); (2) mitogen-activated protein kinase (MAPK); (3) phosphoinositide
3-kinase; and (4) Janus kinase (JAK) signal transducer and activator of transcription (STAT)
signaling pathways [10–12].

Drug repurposing, or repositioning, is an attractive and practical approach to drug
discovery that has demonstrated success in health care for years. The use of existing
drugs in new indications is also a promising strategy for treating chronic inflammatory
diseases as it can significantly reduce the development costs and time compared with
de novo drug discovery [13]. Drug repurposing studies can be divided into two main
categories, according to whether their approach is screening-based or mechanism-based. In
the screening-based approach, the approved drugs are explored to discover new actions
in the treatment or prevention of chronic inflammation whereas in the mechanism-based
approach, drugs are screened for the confirmation of action against specific molecular
targets. However, the search for novel therapies in the management of chronic inflammation
continues, as the current treatments with these repositioned drugs are associated with one
or more side effects [13,14].

Herein, we examine the applicability of the anticoagulant acenocoumarol in drug
repositioning as an anti-inflammatory agent. As shown in Figure 1, 4-hydroxycoumarin is
a structural fragment of various natural and synthetic compounds, exhibiting various phar-
macological activities. Its derivatives are attracting attention because of their properties
as oral anticoagulants or rodenticides, photosensitizers, anti-HIV agents, and antibiotics.
There has been a constant interest in the synthesis of these compounds [15–17]. In our
efforts of drug repurposing with potent and safe skin health effects, we focused on the anti-
coagulants acenocoumarol to elucidate the anti-inflammatory properties of acenocoumarol
using a RAW 264.7 macrophage model.
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Figure 1. Structure of coumarin derivatives: (a) coumarin, (b) 4-hydroxycoumarin, and (c) acenocoumarol.

2. Results
2.1. Effects of Acenocoumarol on Viability, Pro-Inflammatory Mediators, and Cytokines of RAW
264.7 Cells

To investigate whether acenocoumarol exerts cytotoxicity on mouse macrophage
RAW 264.7 cells, the cells were treated with various concentrations (31.3. 62.5, 125, 250,
and 500 µM) of acenocoumarol and lipopolysaccharide (LPS) (1 µg/mL) for 24 h. The
results show that there were no significant differences up to a 250 µM concentration of
acenocoumarol in the RAW 264.7 cells (Figure 2a). Compared with those in the normal cells,
the survival rates in the above samples were 98.06%, 93.92%, 94.14%, 90.58%, and 87.34%,
respectively. Therefore, we used acenocoumarol concentrations of 31.3, 62.5, 125, and
250 µM in the subsequent experiments [18]. Nitric oxide (NO) is considered as an important
mediator of increased production in cases of inflammation. Therefore, the suppression



Molecules 2023, 28, 2075 3 of 13

of excessive NO production is commonly used to evaluate the anti-inflammatory effects
of compounds. NO production levels in the supernatants of RAW 264.7 macrophages
activated by LPS are generally investigated using the Griess reagent. Figure 2b shows
that in comparison with the control group, NO production was higher in the LPS-treated
group. Acenocoumarol inhibits NO synthesis in LPS-activated RAW264.7 macrophages
in a concentration-dependent manner, and the IC50 value was 191.62 ± 9.21 µM. L-N6-(1-
iminoethyl)lysine (L-NIL), known to represent a potent inhibitor of inducible nitric oxide
synthase, was used as a positive control. We next investigated whether acenocoumarol
inhibits prostaglandin (PG)E2 and inflammatory cytokines in the LPS-stimulated RAW
264.7 cells. Our results show that acenocoumarol inhibits PGE2, interleukin (IL)-6, IL-
1β, and tumor necrosis factor (TNF)-α production in a concentration-dependent manner
(Figure 3).
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Figure 2. The effect of acenocoumarol on viability and nitric oxide (NO) production in RAW 264.7 cells.
The cells were treated with acenocoumarol (AC, 31.3, 62.5, 125, 250, and 500 µM) and stimulated with
LPS (1 µg/mL) for 24 h. L-NIL (40 µM) was used as the positive control. AC was evaluated using
the MTT assay. Cell viability was expressed as a percentage relative to the untreated cells (a). The
amount of NO in the medium was measured using the Griess reagent (b). The results are presented
as the mean ± SD from three repeated experiments. # p < 0.001 vs. the unstimulated control group.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone.
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in the LPS-induced RAW 264.7 cells. The cells were treated with acenocoumarol (31.3, 62.5, 125,
and 250 µM) and LPS (1 µg/mL) stimulation for 24 h. NS 398 (100 nM) was used as the positive
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2.2. Effect of Acenocoumarol on NO Synthase (iNOS) and Cyclooxygenase (COX)-2 Production

Inducible NO synthase and COX-2 are strongly linked to the regulation of NO and
PGE2 production during inflammatory responses. Hence, many researchers have tried to
find new compounds that can inhibit the production of these enzymes [19]. To understand
the mechanism by which acenocoumarol inhibits NO and PGE2 production, the abundance
of iNOS and COX-2 proteins was evaluated using Western blotting. As shown in Figure 4,
iNOS production was significantly decreased in a concentration-dependent manner by aceno-
coumarol (p < 0.05), decreasing by 67.00, 75.13, and 97.60% at 62.5, 125, and 250 µM of
acenocoumarol, respectively. Furthermore, the COX-2 levels were significantly reduced after
the exposure of LPS-induced RAW264.7 to acenocoumarol, also in a concentration-dependent
manner (62.5, 125, and 250 µM), resulting in decreases of 0.54, 44.16, and 67.09%, respectively,
compared with the activated macrophages. The expression of iNOS and COX-2 was not
affected when unstimulated RAW 264.7 cells were treated only with acenocoumarol. After
stimulation, the macrophages produced increased amounts of iNOS and COX-2, indicating
that the pro-inflammatory response is directly related to the production of NO and PGE2.
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Figure 4. The effect of acenocoumarol on iNOS and COX-2 protein expression in the LPS-induced
RAW 264.7 cells. The cells were treated with acenocoumarol (62.5, 125, and 250 µM) and LPS
(1 µg/mL) stimulation for 22 h. (a) Western blotting results, (b) iNOS protein expression, (c) COX-2
protein expression. The results are presented as the mean ± SD from three repeated measurements
using ImageJ. # p < 0.001 vs. the unstimulated control group. * p < 0.05, *** p < 0.001 vs. LPS alone.
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2.3. Effect of Acenocoumarol on the Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway

It has been reported that the phosphorylation of MAPK, consisting of three pathways
involving extracellular-signal-regulated kinase 1 and 2 (ERK1/2), c-Jun N-terminal kinase
1, 2, and 3 (JNK1/2/3), and p38 MAPK activates signaling pathways and increases the
production of various inflammatory cytokines. This pathway is reportedly involved in
inflammatory cytokine expression, cell growth, cell proliferation, cell differentiation, stress
response, migration, and apoptosis and is activated in response to various extracellular stimuli
(KK). Overall, the MAPK signaling pathway plays a crucial role in regulating inflammatory
cytokines in an inflammatory response. To investigate the relationship between acenocoumarol
function and MAPK pathways, the phosphorylation levels of ERK, JNK, and p38 were
evaluated in the LPS-stimulated macrophages exposed to acenocoumarol. As presented in
Figure 5, the phosphorylation levels of ERK, JNK, and p38 increased significantly after LPS
treatment in the vehicle + LPS group compared with the untreated group. However, the
administration of acenocoumarol to the LPS-stimulated RAW264.7 cells significantly inhibited
the phosphorylation of ERK, JNK, and p38 compared with the vehicle + LPS group. Even
acenocoumarol treatment remarkably decreased the level of phosphorylated ERK and p38
compared with the LPS treatment at 125 µM and 250 µM concentrations. Taken together,
our results suggest that acenocoumarol suppresses the LPS-induced inflammatory response
through the regulation of the iNOS-mediated COX-2-induced pathway, inflammatory cytokine
transcription, and the MAPK signaling pathway.
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Figure 5. The effect of acenocoumarol on MAPK protein expression in the LPS-induced RAW 264.7 cells.
The cells were treated with acenocoumarol (62.5, 125, and 250 µM) and LPS (1 µg/mL) stimulation for
20 min. (a) Western blotting results, (b) P-ERK protein expression, (c) P-JNK protein expression, (d) P-p38
protein expression. The results are presented as the mean ± SD from three repeated measurements
using Image J. # p < 0.001 vs. the unstimulated control group. *** p < 0.001 vs. LPS alone.
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2.4. Effect of Acenocoumarol on the Nuclear Factor κB (NF-κB) Signaling Pathway

It has been reported that when macrophages are stimulated with LPS, IκBα is phos-
phorylated and ubiquitinated. Accordingly, phosphorylated NF-κB is translocated from
the cytoplasm to the nucleus to increase the levels of inflammatory cytokines. As above-
mentioned, aspirin and sodium salicylate block the degradation of IκBα, thus inhibiting the
migration of NF-κB into the nucleus, thereby showing anti-inflammatory effects [20]. There-
fore, Western blotting experiments were performed to investigate whether acenocoumarol
inhibits the production of inflammatory cytokines through the NF-κB signaling pathway
in LPS-stimulated RAW 264.7 cells. As shown in Figure 6, the levels of p-p65/β-actin and
p-IκBα/β-actin phosphorylated proteins were markedly upregulated by LPS stimulation.
Conversely, the IκBα/β-actin protein levels were downregulated in acenocoumarol-treated
RAW 264.7 cells. We further investigated whether acenocoumarol could dampen the NF-κB
p65 nuclear translocation in the LPS-stimulated RAW264.7 cells. As shown in Figure 7,
the nuclear translocation of p65 was increased by LPS stimulation. However, following
pre-treatment with acenocoumarol, p65 nuclear translocation was profoundly decreased
compared with the model group. The purity of the nuclear and cytoplasmic extracts was
verified by probing the blots with cytoplasmic protein β-actin and nuclear protein lamin
B1. Minimal cross-contamination of the fractions was seen. APDTC also blocked NF-κB
translocation as a positive control. In the presence of APDTC (10 µM), the levels of the
nuclear NF-KB induced by LPS were decreased in the RAW 264.7 cells, confirming the
involvement of NF-KB in the activation of RAW264.7 cells by acenocoumarol. Overall, this
experimental work documents that acenocoumarol inhibits the LPS-stimulated p65 nuclear
translocation and the NF-κB signaling pathway.
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stimulation for 15 min. (a) Western blotting results, (b) p65 (cytoplasm) protein expression, (c) p65
(nucleus) protein expression. Extracts were assessed for nuclear purity by the expression of lamin
B1. The purity of the cytoplasmic extracts was verified by the β-actin levels. Results indicate
minimal cross-contamination of the nuclear and cytoplasmic extracts. The results are presented as
the mean ± SD from three repeated measurements using ImageJ. # p < 0.001 vs. the unstimulated
control group. *** p < 0.001 vs. LPS alone.

3. Discussion

Developing a new drug takes more than 10 years because it goes through various
processes such as target discovery, the screening and optimization of candidates, evaluation
of pharmacological and pharmacokinetics, and formulation. However, drug repurposing
is the process of registering a new use for an approved drug that can be achieved within
three years, which is much faster than the drug development period. In the course of
the drug-repurposing strategy for the development of functional components, we have
reported new applications of many FDA-approved existing drugs such as tobramycin,
lincomycin, and fosfomycin to enhance the melanogenic effects [21–23], and spiramycin
and D-cycloserine for exerting anti-inflammatory effects [24,25].

Acenocoumarol is not approved for marketing in the United States by the U.S. Food
and Drug Administration, but is available in Canada and other countries. Acenocoumarol is
a 4-hydroxycoumarin derivative used as an anticoagulant in the prevention of thromboem-
bolic diseases in infarction and transient ischemic attacks as well as in the management
of deep vein thrombosis and myocardial infarction. In addition, acenocoumarol also
dose-dependently inhibits tryptophan breakdown in IFN-γ-stimulated Caco-2 cells [26,27].
Warzecha et al. found that low doses of acenocoumarol, given before the induction of acute
pancreatitis by cerulein, inhibited the development of that inflammation [28]. Furthermore,
treatment with acenocoumarol accelerates the recovery of ischemia/reperfusion-induced
acute pancreatitis in rats [29]. On the other hand, 4-hydroxycoumarin itself is not an anti-
coagulant, but it has anticoagulant activity when a large aromatic substituent is added to
the 3-position (the ring-carbon between the hydroxyl and the carbonyl). Large 3-position
substituents are required for anticoagulant activity [30]. As is well-known, aenocoumarol
has anticoagulant activity in the form of substituted α-acetonyl-ρ-nitrobenzyl structure
at position 3 of 4-hydroxy-coumarin. Other than position 3, simple 4-hydroxycoumarin
derivatives have been reported to have some anti-inflammatory effects, but they are diffi-
cult to use for drugs or skin damage due to the side effects. Previous studies have shown
that among the natural coumarins, several compounds such as psoralen, bergapten, and
xanthotoxin evoked a limited number of dermal phototoxic reactions in humans. It also
showed that coumarins, especially their 3,4-epoxide intermediates, could induce vacuolar
degeneration, necrosis, and hepatocyte apoptosis in rat liver [31]. As an extension of these
studies, we therefore investigated the possibility of repurposing acenocoumarol as an
anti-inflammatory agent.

RAW 264.7, a murine macrophage cell line, is an excellent model for anti-inflammatory
drug screening and for subsequently evaluating the inhibitors of pathways leading to the
induction of pro-inflammatory cytokines. The present study was undertaken to elucidate
the pharmacological effects and mechanisms of acenocoumarol on the production of in-
flammatory mediators and pro-inflammatory cytokines in the RAW 264.7 cells stimulated
with LPS in vitro.

First, the anti-inflammatory effects of acenocoumarol were investigated on the RAW
264.7 cells stimulated with LPS (1 µg/mL), and we determined the nontoxic concentrations
of acenocoumarol with or without LPS in the RAW 264.7 macrophages using a MTT
viability assay. The decrease in RAW 264.7 cell viability following LPS treatment due
to the release of inflammatory substances, which may act as cytotoxic agents, has been
previously demonstrated, but an increase in the cell viability or little change in cell viability
has also been reported [32–35]. However, in our MTT assay, LPS (1 µg/mL) treatment of
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the RAW 264.7 cells was associated with a slight decrease in their viability compared with
the nontreated cells or cells treated with acenocoumarol alone. Acenocoumarol did not
decrease the cell viability at 500 µM; therefore, acenocoumarol was used at 62.5, 125, and
250 µM in the efficacy study.

Furthermore, we evaluated the production of NO and PGE2 as important inflam-
matory biomarkers responsible for rubefaction, pain, fever, swelling, and malfunction.
Our data indicate that the upregulated secretion of NO and PGE2 by LPS in the RAW
264.7 macrophages was progressively inhibited by acenocoumarol in a concentration-
dependent manner, and this is related to the inhibition of iNOS and COX-2 protein expres-
sion. These results indicate that the anti-inflammatory effect of acenocoumarol is at least
due to the reduced expression of iNOS and COX-2, which are required for NO and PGE2
production.

Pro-inflammatory cytokines are mutually inducible and have a dual role of inhibit-
ing or promoting the progression of inflammation [36]. TNF-α can be upregulated to an
appropriate amount and restored to enhance immune effects, whereas excessive amounts
of TNF-α can easily induce the release of IL-6 and other related inflammatory cytokines.
IL-1β is secreted by monocytes and macrophages, and it should be noted that IL-1β acts
cooperatively with IL-6 to generate a cascade effect that exacerbates the inflammatory
process. It has been reported that the LPS treatment of RAW264.7 macrophages signifi-
cantly increases the release of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β.
Therefore, the levels of pro-inflammatory cytokines are applied as an indicator to evalu-
ate the anti-inflammatory efficacy of macrophages [37,38]. In this study, we found that
acenocoumarol inhibits the production of TNF-α, IL-1β, and IL-6 in the LPS-induced RAW
264.7 macrophages by suppressing their expression.

To elucidate the underlying mechanism responsible for the anti-inflammatory effects
of acenocoumarol, its regulatory effects on the NF-κB inflammatory signaling pathway
were investigated in RAW 264.7 cells stimulated by LPS. Numerous studies have reported
that NF-κB is a key transcription factor in the pathogenesis of inflammatory diseases, and
its activation positively regulates the expression of inflammatory mediators (e.g., iNOS and
COX-2) and pro-inflammatory cytokines (e.g., TNF-α, IL-1β, and IL-6). In addition, NF-κB
mainly consists of p50 and p65 subunits, the latter responding to pre-inflammatory cytokine
stimulation [6,19,20]. NF-κB is a cytosolic inactive form that binds to unphosphorylated IκB
in a steady state. Under inflammatory stimuli such as LPS, active IKK phosphorylates IκBα,
followed by the phosphorylation and then ubiquitination of IκBα, which is subsequently
degraded by the 26S proteasome. After IκBα degradation, cytoplasmic NF-κB migrates
to the nucleus and binds to the target gene, resulting in the transcription of inflammatory
genes [39]. To establish whether NF-κB mediates anti-inflammatory processes in response
to acenocoumarol, IκBα phosphorylation and NF-κB p65 translocation were evaluated by
Western blotting. Acenocoumarol was found to inhibit the phosphorylation of the IκBα
protein and suppress LPS-induced NF-κB (p65) translocation. Thus, acenocoumarol inhibits
the NF-κB signaling pathway to alleviate LPS-induced inflammation.

Mitogen-activated protein kinase (MAPK) is another important signaling pathway
activated in LPS-induced macrophages through the TLR4. During the inflammation process,
members of the MAPK family, consisting of three main subfamily members (i.e., ERK, p38,
and JNK), are phosphorylated to adjust the expression of iNOS, COX-2, and other pro-
inflammatory cytokines. Thus, it has been suggested that inhibitors targeting the p38 and
JNK MAPK pathways have anti-inflammatory activity [40,41]. To investigate whether the
MAPK signaling pathway is also affected by acenocoumarol, the phosphorylation of ERK,
p38, and JNK was analyzed. The results indicate that the levels of phosphorylated ERK,
p38, and JNK in the RAW 264.7 macrophages are significantly increased in the presence of
LPS, while treatment with acenocoumarol results in a concentration-dependent decrease in
the phosphorylation of the MAPK family proteins. These results suggest that the effects
of acenocoumarol on the production of inflammatory mediators and pro-inflammatory
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cytokines are likely mediated through the blocking of the ERK, p38, and JNK signaling
pathways in the RAW 264.7 cells.

4. Materials and Methods
4.1. Materials

The acenocoumarol used in this study was purchased from TCI (Tokyo, Japan), and
warfarin was purchased from Sigma-Aldrich (St. Louis, MO, USA). For cell culture,
Dulbecco’s modified Eagle’s medium (DMEM) and penicillin–streptomycin (P/S) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA) and fetal bovine serum
(FBS) from Merck Millipore (Burling, MA, USA). Protease/phosphatase inhibitor cock-
tail, sodium hydroxide (NaOH), lipopolysaccharide (LPS), and Griess reagent used for
the cell experiments were purchased from Sigma-Aldrich (St. Louis, MO, USA), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO),
phosphate-buffered saline (PBS), Tris-buffered saline (TBS), sodium dodecyl sulfate (SDS),
radioimmunoprecipitation assay (RIPA) buffer, and an enhanced chemiluminescence (ECL)
kit were purchased from Biosesang (Seongnam, Gyeonggi-do, Republic of Korea). A
BCA protein assay kit, NE-PER nuclear and cytoplasmic extraction reagents, and 0.5%
trypsin–ethylenediaminetetraacetic acid (10×) were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA), and Tween 20 and 2× Laemmli sample buffer were obtained
from Bio-Rad (Hercules, CA, USA). Skim milk was purchased from BD Difco (Sparks, MD,
USA). Among the enzyme-linked immunosorbent assessment (ELISA) kits, PGE2 was pur-
chased from abcam (Cambridge, EN, UK), and IL-1β, IL-6, and TNF-α from BD Biosciences
(Franklin Lakes, NJ, USA). COX-2 was purchased from BD Biosciences (Franklin Lakes,
NJ, USA) and p-ERK (9101S), ERK (9102S), p-p38 (9211S), p38 (9212S), p-JNK (9251S), JNK
(9252S), iNOS (2982S), p-IκBα (9246S), IκBα (4812S), p65 (4764S), lamin B (12586), β-actin
(4967S), and secondary anti-mouse and anti-rabbit antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA).

4.2. Cell Culture

The RAW 264.7 murine macrophage cells were purchased from the Korea Cell Line
Bank (Seoul, Republic of Korea). Cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin at
37 ◦C in a humidified 5% CO2 atmosphere.

4.3. MTT Assay

Cytotoxicity was assessed using the MTT assay. Cultured RAW 264.7 cells
(1.5 × 105 cells/well) were treated with coumarin derivatives and LPS (1 µg/mL) in 24-well
plates and incubated for 24 h. For the MTT assay, the culture medium was replaced with
0.2 mg/mL MTT (500 µL). The cells were incubated at 37 ◦C for 3 h, the medium was
removed, and the formazan product was dissolved in dimethyl sulfoxide. Absorbance was
measured at 570 nm using a microplate reader (Biotek; Winooski, VT, USA).

4.4. Measurement of NO Production

The NO concentration in the culture supernatants was measured in the form of
nitrite in the cell culture medium using the Griess reagent. Cultured RAW 264.7 cells
(1.5 × 105 cells/well) were treated with acenocoumarol and LPS (1 µg/mL) in 24-well plates
and incubated for 24 h. As a positive control group, iNOS-specific inhibitor L-NIL (40 µM)
was used. Cell culture supernatants were mixed with an equal volume (100 µL) of the Griess
reagent and incubated in 96-well plates for 10 min at room temperature. Absorbance was
measured at 540 nm using a microplate reader (Biotek; Winooski, VT, USA).

4.5. Measurement of PGE2 and Cytokines

The levels of PGE2 and cytokines (IL-1β, IL-6, and TNF-α) in the culture supernatants
were determined using cytokine detection ELISA kits, as per the manufacturer’s instruc-
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tions. Cultured RAW 264.7 cells (1.5 × 105 cells/well) were treated with acenocoumarol
and LPS (1 µg/mL) in 24-well plates and incubated for 24 h. As a positive control when
measuring PGE2 production, the COX-2 specific inhibitor NS 398 (100 nM) was used. Pro-
tein levels were determined by measuring absorbance at 405 or 450 nm using a microplate
reader (Biotek; Winooski, VT, USA).

4.6. Preparation of Nuclear and Cytoplasmic Extraction

Nuclear and cytoplasmic extracts were isolated using an extraction kit. The RAW
264.7 cells (6.0 × 105 cells/dish) were incubated in 60 mm cell culture dishes for 24 h.
Acenocoumarol and LPS (1 µg/mL) were treated and cultured to determine the expression
of each protein. After incubation, a nuclear extract was obtained according to the protocols
provided by the manufacturer of the extraction kit.

4.7. Western Blotting

The RAW 264.7 cells (6.0 × 105 cells/dish) were incubated in 60 mm cell culture dishes
for 24 h. Acenocoumarol and LPS (1 µg/mL) were treated and cultured for each protein
expression time. The cells were washed with 1× PBS, and lysis buffer (RIPA buffer, 1%
protease inhibitor cocktail) was added for lysis at 4 ◦C for 20 min. Supernatants were
obtained after centrifugation at 15,000 rpm for 20 min at −8 ◦C. The protein concentration
was quantified using a BCA protein assay kit and adjusted to 30 µg/mL. For loading onto
gels, samples of the protein and 2× Laemmli sample buffer were mixed in a 1:1 ratio and
heated at 100 ◦C for 5 m. Samples were electrophoresed on an SDS–polyacrylamide gel
for size separation of the proteins. After transferring the proteins to a PVDF membrane,
the membrane was blocked in 5% skim milk dissolved in TBS-T (Tris-buffered saline with
1% Tween 20) for 2 h. The membrane was washed with 1× TBS-T and incubated with
primary antibody diluted at a ratio of 1:2000 overnight at 4 ◦C. After washing the antibody,
the membrane was incubated with secondary antibody diluted at a ratio of 1:1000 at room
temperature for 2 h. After washing the antibody, the signal was developed using an ECL
kit and measured using Chemidoc (VILBER LOURMAT, Marne La Vallée, France).

4.8. Statistical Analyses

The results of the experiments were expressed as the mean and standard deviation
(mean ± SD) through three repeated experiments. Statistical significance was determined
based on p-values using the Student’s t-test, # p < 0.001 vs. the unstimulated control group.
* p < 0.05, ** p < 0.01, *** p < 0.001 vs. LPS alone.

5. Conclusions

After collecting all of the information regarding the anti-inflammatory effects of aceno-
coumarol identified in this study, a map of the relevant molecular pathways was constructed
(Figure 8). First, acenocoumarol inhibited iNOS and COX-2 expression, indicating that the
pro-inflammatory response is directly related to the production of NO and PGE2 in the
LPS-induced RAW 264.7 cells. Second, acenocoumarol inhibited interleukin IL-6, IL-1β,
and TNF-α production in a concentration-dependent manner. Finally, acenocoumarol
exhibited anti-inflammatory activity that depends on its ability to regulate the production
of NO, PGE2, and other pro-inflammatory cytokines in the LPS-induced RAW 264.7 cells
through the suppression of NF-κB activation and MAPK phosphorylation. Considering
these results, acenocoumarol can be considered as a possible candidate for repurposing as
an anti-inflammatory agent. However, further studies are needed to fully understand the
role of cellular signaling pathways other than the MAPK and NF-κB pathways, which may
be involved in the anti-inflammatory activity of acenocoumarol. Furthermore, the mech-
anisms involved in the anti-inflammatory efficacy of acenocoumarol should be assessed
with another cell line and in vivo.



Molecules 2023, 28, 2075 11 of 13

Molecules 2023, 28, x FOR PEER REVIEW 11 of 13 
 

 

After collecting all of the information regarding the anti-inflammatory effects of 
acenocoumarol identified in this study, a map of the relevant molecular pathways was 
constructed (Figure 8). First, acenocoumarol inhibited iNOS and COX-2 expression, indi-
cating that the pro-inflammatory response is directly related to the production of NO and 
PGE2 in the LPS-induced RAW 264.7 cells. Second, acenocoumarol inhibited interleukin 
IL-6, IL-1β, and TNF-α production in a concentration-dependent manner. Finally, aceno-
coumarol exhibited anti-inflammatory activity that depends on its ability to regulate the 
production of NO, PGE2, and other pro-inflammatory cytokines in the LPS-induced RAW 
264.7 cells through the suppression of NF-κB activation and MAPK phosphorylation. Con-
sidering these results, acenocoumarol can be considered as a possible candidate for repur-
posing as an anti-inflammatory agent. However, further studies are needed to fully un-
derstand the role of cellular signaling pathways other than the MAPK and NF-κB path-
ways, which may be involved in the anti-inflammatory activity of acenocoumarol. Fur-
thermore, the mechanisms involved in the anti-inflammatory efficacy of acenocoumarol 
should be assessed with another cell line and in vivo. 

 
Figure 8. A schematic of the proposed mechanism of acenocoumarol in inhibiting LPS-stimulated 
inflammation in the RAW264.7 cells. Acenocoumarol inhibits the MAPK and NF-κB pathway. 

Author Contributions: Conceptualization, C.-G.H.; Methodology, H.-J.H.; Software, H.-J.H.; Vali-
dation, H.-J.H.; Formal analysis, H.-J.H.; Investigation, C.-G.H.; Data curation, C.-G.H.; Writing—
original draft preparation, C.-G.H.; Writing—review and editing, C.-G.H.; Visualization, H.-J.H.; 
Project administration, C.-G.H.; Funding acquisition, C.-G.H. All authors have read and agreed to 
the published version of the manuscript. 

Funding: This research was supported by the Ministry of Trade, Industry & Energy (MOTIE), Korea 
Institute for Advancement of Technology (KIAT) through the Demand-Customized R&D Project for 
National Innovation Convergence Complex (P0015357). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

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

References 
1. Takahashi, S.; Yoshida, M.; Watanabe, M.M.; Isoda, H. Anti-Inflammatory Effects of Aurantiochytrium limacinum 4W-1b Ethanol 

Extract on Murine Macrophage RAW264 Cells. Biomed. Res. Int. 2019, 2019, 3104057. https://doi.org/10.1155/2019/3104057. 
2. 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. https://doi.org/10.18632/oncotarget.23208. 

Figure 8. A schematic of the proposed mechanism of acenocoumarol in inhibiting LPS-stimulated
inflammation in the RAW264.7 cells. Acenocoumarol inhibits the MAPK and NF-κB pathway.

Author Contributions: Conceptualization, C.-G.H.; Methodology, H.-J.H.; Software, H.-J.H.; Validation,
H.-J.H.; Formal analysis, H.-J.H.; Investigation, C.-G.H.; Data curation, C.-G.H.; Writing—original
draft preparation, C.-G.H.; Writing—review and editing, C.-G.H.; Visualization, H.-J.H.; Project
administration, C.-G.H.; Funding acquisition, C.-G.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the Ministry of Trade, Industry & Energy (MOTIE), Korea
Institute for Advancement of Technology (KIAT) through the Demand-Customized R&D Project for
National Innovation Convergence Complex (P0015357).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Takahashi, S.; Yoshida, M.; Watanabe, M.M.; Isoda, H. Anti-Inflammatory Effects of Aurantiochytrium limacinum 4W-1b Ethanol

Extract on Murine Macrophage RAW264 Cells. Biomed. Res. Int. 2019, 2019, 3104057. [CrossRef]
2. 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]
3. Henein, M.Y.; Vancheri, S.; Longo, G.; Vancheri, F. The Role of Inflammation in Cardiovascular Disease. Int. J. Mol. Sci. 2022,

23, 12906. [CrossRef]
4. Li, H.; Meng, Y.; He, S.; Tan, X.; Zhang, Y.; Zhang, X.; Wang, L.; Zheng, W. Macrophages, Chronic Inflammation, and Insulin

Resistance. Cells 2022, 11, 3001. [CrossRef]
5. Nowowiejska, J.; Baran, A.; Flisiak, I. Psoriasis and neurodegenerative diseases—A review. Front. Mol. Neurosci. 2022, 15, 917751.

[CrossRef]
6. Yang, L.; He, J. Anti-inflammatory effects of flavonoids and phenylethanoid glycosides from Hosta plantaginea flowers in LPS-

stimulated RAW 264.7 macrophages through inhibition of the NF-κB signaling pathway. BMC Complement. Med. Ther. 2022,
22, 55. [CrossRef]

7. Facchin, B.M.; Dos Reis, G.O.; Vieira, G.N.; Mohr, E.T.B.; da Rosa, J.S.; Kretzer, I.F.; Demarchi, I.G.; Dalmarco, E.M. Inflammatory
biomarkers on an LPS-induced RAW 264.7 cell model: A systematic review and meta-analysis. Inflamm. Res. 2022, 71, 741–758.
[CrossRef]

8. Qu, L.; Matz, A.J.; Karlinsey, K.; Cao, Z.; Vella, A.T.; Zhou, B. Macrophages at the Crossroad of Meta-Inflammation and
Inflammaging. Genes 2022, 13, 2074. [CrossRef]

http://doi.org/10.1155/2019/3104057
http://doi.org/10.18632/oncotarget.23208
http://doi.org/10.3390/ijms232112906
http://doi.org/10.3390/cells11193001
http://doi.org/10.3389/fnmol.2022.917751
http://doi.org/10.1186/s12906-022-03540-1
http://doi.org/10.1007/s00011-022-01584-0
http://doi.org/10.3390/genes13112074


Molecules 2023, 28, 2075 12 of 13

9. Hartley, J.W.; Evans, L.H.; Green, K.Y.; Naghashfar, Z.; Macias, A.R.; Zerfas, P.M.; Ward, J.M. Expression of infectious murine
leukemia viruses by RAW264.7 cells, a potential complication for studies with a widely used mouse macrophage cell line.
Retrovirology 2008, 5, 1. [CrossRef]

10. Ghelani, H.; Khursheed, M.; Adrian, T.E.; Jan, R.K. Anti-Inflammatory Effects of Compounds from Echinoderms. Mar. Drugs
2022, 20, 693. [CrossRef]

11. Zhao, H.; Wu, L.; Yan, G.; Chen, Y.; Zhou, M.; Wu, Y.; Li, Y. Inflammation and tumor progression: Signaling pathways and
targeted intervention. Signal Transduct. Target. Ther. 2021, 6, 263. [CrossRef]

12. Yeung, Y.T.; Aziz, F.; Guerrero-Castilla, A.; Arguelles, S. Signaling Pathways in Inflammation and Anti-inflammatory Therapies.
Curr. Pharm. Des. 2018, 24, 1449–1484. [CrossRef]

13. Chaffey, L.; Roberti, A.; Greaves, D.R. Drug repurposing in cardiovascular inflammation: Successes, failures, and future
opportunities. Front. Pharmacol. 2022, 13, 1046406. [CrossRef]

14. Paul, A.; Kumar, M.; Das, P.; Guha, N.; Rudrapal, M.; Zaman, M.K. Drug repurposing—A search for novel therapy for the
treatment of diabetic neuropathy. Biomed. Pharmacother. 2022, 156, 113846. [CrossRef]

15. Kuang, Y.; Xia, Y.; Wang, X.; Rao, Q.; Yang, S. Magnetic Surface Molecularly Imprinted Polymer for Selective Adsorption of
4-Hydroxycoumarin. Front. Chem. 2022, 10, 862777. [CrossRef]

16. Stanchev, S.; Jensen, F.; Hinkov, A.; Atanasov, V.; Genova-Kalou, P.; Argirova, R.; Manolov, I. Synthesis and Inhibiting Activity of
Some 4-Hydroxycoumarin Derivatives on HIV-1 Protease. ISRN Pharm. 2011, 2011, 137637. [CrossRef]

17. Li, M.K.; Li, J.; Liu, B.H.; Zhou, Y.; Li, X.; Xue, X.Y.; Hou, Z.; Luo, X.X. Synthesis, crystal structures, and anti-drug-resistant
Staphylococcus aureus activities of novel 4-hydroxycoumarin derivatives. Eur. J. Pharmacol. 2013, 721, 151–157. [CrossRef]

18. Basak, V.; Bahar, T.E.; Emine, K.; Yelda, K.; Mine, K.; Figen, S.; Rustem, N. Evaluation of Cytotoxicity and Gelatinases Activity in
3T3 Fibroblast Cell by Root Repair Materials. Biotechnol. Biotechnol. Equip. 2016, 30, 984–990. [CrossRef]

19. Lee, Y.; Hyun, C.G. Anti-Inflammatory Effects of Psoralen Derivatives on RAW264.7 Cells via Regulation of the NF-κB and MAPK
Signaling Pathways. Int. J. Mol. Sci. 2022, 23, 5813. [CrossRef]

20. Kang, J.K.; Chung, Y.C.; Hyun, C.G. Anti-Inflammatory Effects of 6-Methylcoumarin in LPS-Stimulated RAW 264.7 Macrophages
via Regulation of MAPK and NF-κB Signaling Pathways. Molecules 2021, 26, 5351. [CrossRef]

21. Ullah, S.; Chung, Y.C.; Hyun, C.G. Induction of Melanogenesis by Fosfomycin in B16F10 Cells Through the Upregulation of
P-JNK and P-p38 Signaling Pathways. Antibiotics 2020, 9, 172. [CrossRef]

22. Moon, S.H.; Chung, Y.C.; Hyun, C.G. Tobramycin Promotes Melanogenesis by Upregulating p38 MAPK Protein Phosphorylation
in B16F10 Melanoma Cells. Antibiotics 2019, 8, 140. [CrossRef]

23. Lee, M.S.; Chung, Y.C.; Moon, S.H.; Hyun, C.G. Lincomycin induces melanogenesis through the activation of MITF via p38
MAPK, AKT, and PKA signaling pathways. J. Appl. Biol. Chem. 2021, 64, 323–331. [CrossRef]

24. Kang, J.K.; Kang, H.K.; Hyun, C.G. Anti-Inflammatory Effects of Spiramycin in LPS-Activated RAW 264.7 Macrophages. Molecules
2022, 27, 3202. [CrossRef]

25. Kang, H.K.; Hyun, C.G. Anti-inflammatory Effect of d-(+)-Cycloserine Through Inhibition of NF-κB and MAPK Signaling
Pathways in LPS-Induced RAW 264.7 Macrophages. Nat. Prod. Commun. 2020, 15, 1934578X20920481. [CrossRef]

26. Schroecksnadel, S.; Gostner, J.; Jenny, M.; Kurz, K.; Schennach, H.; Weiss, G.; Fuchs, D. Immunomodulatory effects in vitro of
vitamin K antagonist acenocoumarol. Thromb. Res. 2013, 131, e264–e269. [CrossRef]

27. Salvador, J.P.; Brettschneider, T.; Dorrer, C.; Marco, M.P. Development of a Fluorescent Microfluidic Device Based on Antibody
Microarray Read-Out for Therapeutic Drug Monitoring of Acenocoumarol. Front. Bioeng. Biotechnol. 2022, 10, 848501. [CrossRef]
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