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Abstract Esculetin (also known as 6, 7-dihydroxycoumarin) a

type of coumarin, has been exhibited anti-inflammatory and anti-

aging effects. Biorenovation is the microbe-mediated enhancement

of biological efficacies and structurally diversified compounds

relative to their substrate compounds. The production of different

kinds of esculetin derivatives using Bacillus sp. JD3-7 and their

effects on lipopolysaccharide (LPS)-triggered inflammatory response

in RAW 26.7 cells were assessed. One of the biorenovation

products, identified as esculetin 6-O-phosphate (ESP), at

concentrations of 1.25, 2.5, and 5 μM inhibited the LPS-

stimulated production of inflammation markers of nitric oxide

synthase 2 and cyclooxygenase 2 as well as their respective

enzymatic reaction products of nitric oxide and prostaglandin E2

in the order of increasing concentrations (1.25, 2.5, and 5 μM).

Additionally, ESP treatment suppressed the LPS-stimulated

secretion of pro-inflammatory cytokines of interleukin (IL)-1β,

IL-6, and tumor necrosis factor- α. Furthermore, these anti-

inflammatory effect of ESP was associated with the downregulation

of mitogen-activated protein kinase signaling, that is, extracellular

signal-regulated kinase, c-Jun NH2-terminal kinase, and p38

mitogen-activated protein kinase signaling pathways. This study

would therefore provide interesting insights into the biorenovation-

assisted generation of a novel anti-inflammatory compound. ESP

may be used to develop treatments for inflammatory disorders.
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coumarin) · Mitogen-activated protein kinase signaling · RAW
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Introduction

Inflammation process is initiated after harmful substances and

invading pathogens such as bacteria and during which symptoms

such as pain and swelling appear [1-3]. As a component of Gram-

negative bacteria, lipopolysaccharides (LPS) known to be present

in the outer cell membrane trigger an inflammatory response,

which secrete inflammation related cytokines such as interferon

gamma and interleukin-1β to alert surrounding immune cells [4-

6]. During inflammation, these immune cells such as neutrophils

are recruited to the site of infection and produce pro-inflammatory

cytokines and factors such as inducible nitric oxide synthase

(iNOS)-catalyzed nitric oxide (NO), cyclooxygenase-2 (COX-2)-

catalyzed prostaglandin E2 (PGE2), which in turn facilitate a

series of wound healing processes from initiation of inflammation

to its resolution [7-9]. However, dysregulated and/or prolonged

production of inflammatory proteins and cytokines can compromise

body immune system and contribute to the pathogenesis of

autoimmune disorders, including rheumatoid arthritis and cancer

[10-12].

When inflammatory stimulation occurs in RAW 264.7

macrophages, the mitogen-activated protein kinase (MAPK)

pathway mediated by sequential phosphorylation events plays an

essential role in the progression and increase of inflammation [13,

14]. The MAPK family signaling pathway is activated by LPS via

Toll-like receptors on macrophages and includes extracellular
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signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK),

and p38 [15-17]. In addition, signaling pathways in turn activate

various transcription factors, including nuclear factor kappa B

(NF-κB) and activator protein-1 (AP-1), which increase the

production of genes encoding pro-inflammatory enzymes (iNOS,

COX-2) and cytokines and receptors [18-20]. In more detail, LPS

stimulation results in activation of a multi-subunit IκB kinase

(IKK) complex which in turn phosphorylates IκBα triggering its

ubiquitin-dependent degradation. The disassociation of IκBα from

NF-κB causes rapid and transient nuclear translocation of NF-κB

thus mediating transcription of target genes such as COX-2, the

enzyme that play key roles in the biosynthesis of PGE2, and

causes vasodilation and tumorigenesis [21]. In addition, during the

inflammatory response process, NO overexpressed from iNOS is

known to be the cause of several diseases, including rheumatoid

arthritis and cancer, and has been reported to induce gene expression

of several inflammatory mediators, such as inflammatory cytokines,

to deepen and increase inflammation [22,23]. Hence, NF-κB and

AP-1 act as targets for the prevention and treatment of

inflammatory diseases, and sub-stances that inhibit the activation

of NF-κB and AP-1 can be considered as potential anti-

inflammatory materials.

Coumarins are one of the most important classes of fluorescent

molecules and are reported to possess diverse biological activities,

and in particular, constitute an important class of anti-inflammatory

molecules [24,25]. Esculetin (also known as 6,7-dihydroxycoumarin),

a type of coumarin, found in the medicinal plant species of the

genera of Cortex, Aesculus, Artemisia, and Citrus has been

exhibited anti-inflammatory and anti-aging effects by down-

regulating the hydrogen peroxide-induced metalloproteinase-1

protein expression in skin keratinocytes and LPS-elicited

inflammatory markers in RAW 264.7 macrophages, respectively

[26-30]. Even though various studies have shown these plant

metabolites to have diverse bioactivity, these studies are only

limited to in vitro studies and many of them fail to demonstrate

similar effect in in vivo studies, with some even showing toxicity

in test subjects. Therefore, current study aims to produce esculetin

analogs having better bioavailability and safety, and thus better

therapeutic index, which is possible through molecular manipulation

of the compound [31].

Biorenovation allows structurally diversified compounds from

their natural synthetic substrate compounds with reduced cell

toxicities and improved biological efficacies. In one study,

genistein derivatives were produced through biorenovation, of

which one derivative, 4-O-isopropyl genistein, tested for its

antimicrobial activity against both methicillin resistant and

methicillin-sensitive Staphylococcus, in which MIC values

significantly lower than its substrate counterpart, genistein. Other

examples include production of Formononetin 7-O-phosphate

with enhanced anti-inflammatory activity and reduced cytotoxicity

compared to formononetin. Therefore, with a similar approach,

we carried out the study to produce relatively safer esculetin

analog with higher bioactivity [32,33]. In this study, a novel anti-

inflammatory compound, esculetin 6-O-phosphate (ESP), was

synthesized via biorenovation. We hypothesized that esculetin

derivatives may show anti-inflammatory potential. In particular,

the role of ESP in the suppression of LPS-triggered inflammatory

response was studied. The effect of ESP on the regulation of

MAPK and NF-κB signaling pathways was further evaluated. We

found that biorenovation represents a suitable approach for

repurposing bioactive compounds, and ESP may be used to

develop treatments for inflammatory disorders.

Materials and Methods

Chemicals and materials

Bacillus sp. JD3-7 was purchased from the Korean Collection for

Type Cultures (designated number 92346P, KACC, Wanju,

Korea). Beef extract (cat. no. LP0029) and peptone (cat. no. LP0037)

were purchased from Thermo Fisher Scientific (Waltham, MA,

USA). Nutrient broth comprised beef extract (3 g/L) and peptone

(5 g/L) at pH 6.2. Phosphate glycerine (PG buffer) contained 2%

glycerin in 50 mM sodium phosphate at pH 7.2. Dulbecco’s

modified Eagle’s medium (DMEM) (cat. no. LM001-05), and

fetal bovine serum (FBS) (cat. no. S001-01) were purchased from

Welgene (Gyeongsan, Korea). Penicillin-streptomycin (P/S) (cat.

no. 15140122) was purchased from Thermo Fisher Scientific.

Esculetin (6,7-dihydroxycoumarin) (cat. no. 246573) was purchased

from Sigma-Aldrich (St. Louis, MO, USA). LPS (Escherichia coli

O55:B4; cat. no. L6529), griess reagent (cat. no. G4410), and

dimethyl sulfoxide (DMSO; cat. no. D4540) were purchased from

Sigma-Aldrich. The IL-1β enzyme-linked immunosorbent assay

(ELISA) kit (cat. no. MLB00C) and PGE2 ELISA kit (cat. no.

KGE004B) were purchased from R&D Systems (Minneapolis,

MN, USA). A TNF-α ELISA kit (cat. no. BMS607-3) and IL-6

ELISA kit were purchased from Thermo Fisher Scientific and BD

Biosciences (Franklin Lakes, NJ, USA), respectively. Antibodies

against β-actin (cat. no. VMA00048) and iNOS (cat. no. AHP2399)

were purchased from Bio-Rad (Hercules, CA, USA), and anti-

COX-2 antibodies (cat. no. 100-401-226) were obtained from

Rockland (Limerick, PA, USA). Antibodies against JNK (cat. no.

9252S), phosphorylated (p) JNK (cat. number 9251S), ERK (cat.

no. 9102S), p-ERK (cat. no. 9101S), p38 MAPK (cat. no. 9212S),

p-p38 MAPK (cat. no. 9211S), p-NF-κB (cat. no. 3033S), and

inhibitor of NF-κB alpha (IκB-α) (cat. no. 4814S) were purchased

from Cell Signaling Technology (Danvers, MA, USA). Radio-

immunoprecipitation acid (RIPA) buffer (cat. no. R2002) was

purchased from Biosesang (Seongnam, Korea). Proteinase

inhibitor cocktail was purchased from Quartett (Berlin, Germany).

high-performance liquid chromatography (HPLC) grade acetonitrile

and water were purchased from Thermo Fisher Scientific.

Trifluoroacetic acid (TFA) (cat. no. T0672) was purchased from

Samchun (Pyeongtaek, Korea).
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Biorenovation

Biorenovation was performed as demonstrated in the papers

[32,33]. Briefly, a single colony of Bacillus sp. JD3-7 was

transferred into a 4 mL nutrient broth and further cultured. The

culture broth was then scaled up by 25 fold. The culture broth was

then centrifuged and rinsed in phosphate-glycerol (PG) buffer.

The pellets were resuspended in PG buffer and inside to

completely remove any remaining nutrient broth. The washing

step was repeated twice. esculetin (0.8 mg/mL) was then added to

a PG buffer. The resuspension was further incubated for 72 h on

a shaker. The cell culture was centrifuged and the resulting

supernatant was evaporated.

Purification of biorenovation product and HPLC analysis

Biorenovation product was purified and HPLC-analyzed as

described in the papers[34-36]. Briefly, acetone-soluble compounds

were extracted from the residues after evaporation. After spin-

down, the supernatant was derived and re-suspended in 80%

methanol. Gradient HPLC analysis of the crude sample was then

performed. The mobile phase consisted of water (0.1% TFA) (A),

and acetonitrile (B). Gradient elution procedure was set: 0 to 20

min, 10% to 100% B; 20 to 25 min, 100% B; 25 to 27 min, 10%

B; and 27 to 32 min, 10% B. Other parameters included: flow rate,

1 mL/min; injection volume, 10 µL; 254 nm; and oven temperature,

40 oC. The esculetin derivatives were further purified in the same

gradient elution procedure as described above but in a preparative

HPLC.

Cell maintenance

RAW 264.7 macrophages were cultured as described in previously

published papers [37-39]. RAW 264.7 macrophages were obtained

from the Korean Cell Line Bank (Seoul, Korea). Cells were

cultured in DMEM supplemented with 10% heat-inactivated FBS

with 1% P/S and placed in a humidified incubator in a 5% CO2

atmosphere at 37 oC and sub-cultured every two or three.

Cytotoxicity assay

The MTT assay was performed to assess the cytotoxicity of ESP.

RAW 264.7 cells were plated at 8×104 cells/well in a 24-well

plate and incubated for 18 h prior to 24 h of treatment with 1 μg/

mL LPS alone or in combination with different doses of the test

compound (1.25, 2.5, or 5 μM) at 37 oC, in 5% CO2. The MTT

reagent (0.5 mg/mL) was then added following incubation for 3 h.

The medium was completely removed and dissolved in DMSO.

Absorbance at 570 nm was measured using a microplate reader

(Waltham, MA, USA). The average absorbance of each sample

group was used to evaluate the cell viability.

Determination of NO production

The quantity of nitric oxide present in culture medium was

measured using griess reagent as previously described [40,41].

RAW 264.7 cells were cultured and treated with 1 μg/mL LPS

alone or in combination with different doses of the test compound.

Equal volumes of supernatant from each well and reconstituted

Griess reagent were mixed and incubated (21-23 oC) for 15 min,

followed by measurement of the absorbance at 540 nm using a

microplate reader.

ELISA for PGE2, IL-1β, IL-6 and TNF-α

RAW 264.7 cells were cultured as described above and treated for

24 h with 450 μL of LPS (1 μg/mL) and 50 μL of ESP. The

culture medium was then centrifuged at 12,000 rpm for 3 min, and

the resulting supernatant was used to measure the levels of PGE2,

IL-1β, IL-6, and TNF-α. All samples were stored at −20 oC until

quantification. The pro-inflammatory cytokines were quantified

using ELISA kits (Mouse TNF alpha ELISA Kit; Invitrogen,

Carlsbad, CA, USA; Mouse IL-6 ELISA Kit, BD Biosciences;

Mouse IL-1β/IL-1F2, R&D Systems); the R-squared value for the

standard curve was ≥0.99.

Western blotting

Immunoblotting was conducted as described in previously

published papers [42-44]. Briefly, RAW 264.7 cells were cultured

and treated with LPS and/or vary amounts of ESP. The cells were

PBS-rinsed and lysed in proteinase inhibitors-added RIPA buffer.

The cell lysate was on ice for 30 min with frequent vortex every

10 min. The amount of proteins in the cleared cell lysate was

measured and equal amount of protein sample was loaded on

acrylamide gel and subject to electro-transfer. The blocked

membranes were incubated with primary antibodies. The protein

bands on the blot were visualized using ECL Substrate and

photographs were obtained using an Image Reader (LAS4000

mini, GE Healthcare Japan Corp., Tokyo, Japan). Western blot

densitometry was performed using ImageJ software. The protein

expression of iNOS and COX-2 was represented as the ratio of the

band intensity of each protein to that of β-actin. The activation

level of the MAPK and NF-κB signaling proteins was presented

as the ratio of the band intensities of phosphorylated forms to non-

phosphorylated forms.

Statistical analysis

Value difference between samples groups were calculated by one

way analysis of variance (ANOVA)-Tukey-Kramer test. Statistical

significance of P values of <0.05.

Results

Structural elucidation of the biorenovation product

Novel bioactive components of the biorenovation product were

separated via HPLC. The two major peaks of F1 and F2 were

eluted at retention times (tR) of 5.00 and 5.96 min and the largest

peak F1 was used a reference to purify ESP from biorenovation

products. According to time-of-flight mass spectrometry analysis,
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peak F1 exhibited a mass ion at m/z 259.0011 [M+H]+ and m/z

179.0329 [M+H-H2PO3]
+, corresponding to the protonated and

dephosphorylated forms of F1, respectively. Based on this result,

the molecular composition for the peak F1 was assumed to be

C9H7O7P, indicating a phosphorylated form of esculetin.

Nuclear magnetic resonance (NMR) results

The position of phosphorylation in the ESP structure was

determined via one-dimensional and two-dimensional NMR

experiments. The chemical shifts of H-5 and carbon-5 (δH 7.45

ppm and δC-5 119.49 ppm) were downfield-shifted compared to

those of esculetin. In addition, carbon-6 was observed at

137.41 ppm in the 13C NMR spectrum based on shielding by

phosphorylation. These results indicate the phosphorylation at

carbon-6 of esculetin. Furthermore, the presence of phosphorous

at F1 was confirmed based on the 31P NMR spectrum

(supplementary data), and the split carbon signals of the 5, 6, and

7 of carbon due to carbon-phosphorous coupling (JC-H 3.4-6.9

Hz) were also observed in the 13C NMR spectrum. Based on these

results, the structure of F1 was elucidated as esculetin 6-O-

phosphate (ESP).

Esculetin 6-O-phosphate (ESP, 1): 1H NMR (DMSO-d6, 400

MHz): δ 7.96 (1H, d, J=9.5 Hz, H-4), 7.45 (1H, br d, H-5), 6.82

(1H, s, H-8), 6.23 (1H, d, J=9.5 Hz, H-3) (Fig. S1).
13C NMR (DMSO-d6, 100 MHz): δ 160.40 (Carbon-2), 153.29

(Carbon-7, d, J=6.9 Hz), 151.20 (Carbon-8a), 144.27 (Carbon-4),

137.41 (Carbon-6, d, J=6.7 Hz), 119.49 (Carbon-5, d, J=3.4 Hz),

111.96 (Carbon-3), 110.45 (Carbon-4a), 103.91 (Carbon-8) (Figs.

S2-S3).
31P NMR (DMSO-d6, 162 MHz): δ -4.26 (Fig. S4).

Cell viability and NO secretion

RAW 264.7 cells were treated as described in the material and

method section. The changes in cell viabilities and the amount of

NO present in the culture medium were evaluated on the data of

MTT and griess assay, respectively. ANOVA was applied to

resolve the positive relationship of ESP concentration and cell

viability/NO production. Cell viability was above 90% in all

tested ESP concentrations (1.25, 2.5 and 5 μM) (Fig. 2A).

Furthermore, the suppressive effect of ESP on NO secretion

Fig. 1 HPLC chromatograms coupled with flight electrospray mass spectrometry analyses. (A) HPLC chromatograms for esculetin biorenovation

product. F1, Esculetin; F2, ESP. (B) Structure and mass spectra of ESP and its exact mass, [M+H]+. HPLC, high-performance liquid chromatography;

ESP, esculetin 6-O-phosphate
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relative to LPS only-treated sample was statistically significant

and positively correlated (Fig. 2B). In addition, it was confirmed

that the improved NO inhibitory activity compared to esculetin.

Effect of ESP treatment on LPS-induced iNOS and COX-2

protein expression

The increased biosynthesis of iNOS and COX-2 during the early

phase of inflammation cause the marked upregulation of their

respective catalysis product NO and PGE2 level. ELISA and

western blots confirmed that the secretion of NO and PGE2

relative its LPS only-treated sample was simultaneously down-

regulated in the order of ESP concentrations (1.25, 2.5, 5 μM).

ESP at 5 μM inhibited the LPS-induced generation of NO and

PGE2 by 54.2 and 60.3%, respectively (Fig. 3A). Concomitantly,

the protein expression of iNOS and COX-2 was respectively

downregulated by 60.2% and 85.5% (Fig. 3B, C).

Fig. 3 The inhibitory effect of ESP on the LPS-induced production of

PGE2 and on the levels of iNOS and COX-2. (A) PGE2 production, (B,

C) protein levels of iNOS and COX-2 were determined via western

blotting. Cells were treated with 1 μg/mL LPS alone or in combination

with 1.25, 2.5, and 5 μM ESP for 24 h. The results are presented as the

relative percentage of the control (untreated cells). Data points are

expressed as the mean ± standard deviation. The mean of each sample

group was compared to the mean of the LPS-treated group, *p <0.05,

**p <0.01

Fig. 2 Effect of esculetin and ESP on (A) cell viability, and (B) nitric

oxide production. Cells were co-treated with LPS and three

concentrations of ESP. The results are presented as the relative

percentage of the control (untreated cells). Data points are expressed as

the mean ± standard deviation. The mean of each sample group was

compared to the mean of an LPS-treated group, *p <0.05, **p <0.01.

LPS, lipopolysaccharide; ESP, esculetin 6-O-phosphate
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Effect of ESP on the attenuation of LPS-induced pro-

inflammatory cytokine production

We evaluated the concentration-dependent inhibitory effect of

ESP on the three representative pro-inflammatory cytokines, that

is, TNF-α, IL-1β, and IL-6. The higher ESP treatment (1.25, 2.5,

and 5 μM), the more decrease in the LPS-triggered release of the

pro-inflammatory cytokines. Notably, ESP treatment at 5 μM

suppressed the LPS-induced secretion of TNF-α, and IL-1β 26%,

28%, IL-6 by 41%, respectively (Fig. 4A, B, C)

Effect of ESP on LPS-induced activation of MAPK and NF-

κB signaling pathways

MAPK proteins are phosphorylated in response to various

stresses, such as LPS, which in turn the stress signals are passed

to the NF-κB signaling pathway. Western blotting analysis showed

that LPS-induced phosphorylation of MAPKs (ERK, JNK, and p-

38) was decreased by increasing ESP concentration (1.25, 2.5, and

μM) and ESP at 5 μM inhibited the LPS-triggered phosphorylation

of ERK, JNK, and p-38 by 20, 40, and 65%, respectively (Fig.

5A, B, C). Similarly, LPS-stimulated phosphorylation of NF-κB

was inhibited in the order of increasing concentration of ESP and

the degradation of IκB-α was simultaneously prevented (Fig. 5D,

E). These results indicate that ESP exerted anti-inflammatory

activity via the downregulation of MAPK and NF-κB signaling

pathways.

Discussion

Our research was conducted to discover new compounds by

applying biorenovation and to explore their potential as effective

functional agents for anti-inflammatory action through efficacy

verification. Esculetin, used in this study, has been exhibited anti-

inflammatory and anti-aging efficacies. Such compounds can be

modified via biorenovation to obtain derivatives that exhibit

biological activity. In the present study, biorenovation of esculetin

produced ESP which contained a phosphate group attached to the

C6-OH site of esculetin. Therefore, this study aimed to investigate

the effect of ESP on LPS-triggered inflammatory response of

RAW 264.7 and the activation of MAPK and NF-kB signaling

pathways and the release of inflammatory cytokines. LPS triggers

inflammation by synthesizing and secreting inflammatory substances

which also act as signaling molecules. Protein expression of iNOS

and COX-2 in LPS-treated macrophages increases drastically

during inflammation and the unregulated production of NO and

PGE2 could cause serious inflammatory decease such as septic

shock Thus, the inhibition of inflammation-related mediators and

cytokines may have therapeutic use in the treatment of

inflammatory conditions. In this study, ESP treatment inhibited

the LPS-induced protein expression of iNOS and COX-2 as well

as their respective enzymatic product NO and PGE2 in the order

of increasing ESP concentration. Based on these results, ESP

treatment showed its effectiveness in inhibiting the increased

production of iNOS, and COX-2 in RAW 264.7 cells and their

reduced protein expression led to the inhibition of NO and PGE2.

Upon inflammation, macrophages secrete pro-inflammatory

cytokines in addition to inflammatory cytokines to warn other

immune cells and restore body homeostasis. Pro-inflammatory

cytokines produced in response to inflammatory stimuli can

Fig. 4 Effect of ESP on the LPS-triggered secretion of (A) TNF-α, (B)

IL-1β, (C) and IL-6. Cells were treated with LPS and/or 1.25, 2.5, and 5

μM ESP. The results are presented as the relative percentage of the

control (untreated cells). Data are expressed as the mean and standard

error. The mean of an LPS-treated group was used a reference to express

any statistically significant difference between the means of each

samples, *p <0.05, **p <0.01
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facilitate the production of other cytokine. And since it further

increases the production of NO and PGE2, it must be precisely

controlled in the early stages of the inflammatory response. Our

results, ESP inhibited the generation of pro-inflammatory cytokines

such as IL-1β, IL-6, and TNF-α and the production of NO and

PGE2 through the down-regulation of iNOS and COX-2.

In LPS-induced macrophages, the expression of inflammatory

mediators and cytokines is regulated mainly through MAP Kinase

and NF-κB signaling pathways. Therefore, we investigated the

effect of ESP treatment on the expression of p38, JNK, ERK 1/2

phosphorylation, and IκB-α signaling pathways. Western blot

results confirmed that the phosphorylation of p38, JNK, and ERK

Fig. 5 Effect of ESP on the protein expression of (A) ERK, (B) JNK (C)

p38 (D) NF-κB, and (E) IκB-α. Cells were treated with LPS and/or ESP.

The results are presented as the rel-ative percentages of the control

(untreated cells). Data points are expressed as mean and standard error.

The mean of each sample group was compared to the mean of the LPS

on-ly-treated group, *p <0.05. **p <0.01. tive percentages of the control

(untreated cells). Data points are expressed as mean and standard error.

The mean of each sample group was compared to the mean of the LPS

on-ly-treated group, *p <0.05, **p <0.01
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1/2 in MAPK proteins was downregulated in the order of

increasing ESP concentration compared to the LPS only treatment

group. And ESP also inhibited the phosphorylation of NF-κB

while promoting degradation of IκB-α. In conclusion, ESP

showed anti-inflammatory activity by effectively inhibiting p38,

ERK1/2, JNK, and NF-κB phosphorylation. Therefore, we suggest

that ESP can be applied as an anti-inflammatory agent targeting

inflammatory factors expressed through MAP Kinase and NF-κB

signaling pathways.

Poor solubility in drug development is one of the major problems

facing researchers. It is well known that decrease in bioavailability

of poorly water-soluble drugs is often related to its poor solubility

and low dissolution rate in an aqueous environment and there is a

huge struggle in the pharmaceutical industry for improvement,

with scientists and researchers spending lots of time and money in

developing new techniques. The synthesis of phosphate derivatives

is used in many cases to improve the water solubility of the parent

compound [45], and according to our previous study, naringenin

7-O-phosphate synthesized through biorenovation showed an

approximately 45-fold increase in water solubility compared to

naringenin [46]. Therefore, phosphate derivatives can be used as

a strategy to modify molecules to optimize the physicochemical

and pharmacological properties of drugs. In conclusion, our study

suggests that ESP, a novel compound, could be used as an effective

anti-inflammatory agent with good water solubility, achieved

through structural modification of esculetin by biorenovation.

Acknowledgment This research was supported by a grant from the

National Institute of Biological Resources (NIBR), funded by the Ministry of

Environment (MOE) of the Republic of Korea (NIBR202102109).

References

1. Arulselvan P, Fard MT, Tan WS, Gothai S, Fakurazi S, Norhaizan ME,

Kumar S (2016) Role of antioxidants and natural products in

inflammation. Oxid Med Cell Longev 5276130. doi: 10.1155/2016/

5276130

2. Murray PJ, Wynn TA (2011) Protective and pathogenic functions of

macrophage subsets. Nat Rev Immunol 11 (11): 723–737. doi: 10.1038/

nri3073

3. Lin WW, Karin MA (2007) cytokine-mediated link between innate

immunity, inflammation, and cancer. J Clin Invest 117: 1175–1183. doi:

10.1172/JCI31537

4. Dai GF, Zhao J, Jiang ZW, Zhu LP, Xu HW, Ma WY, Chen XR, Dong

RJ, Li WY, Liu HM (2011) Anti-inflammatory effect of novel

andrographolide derivatives through inhibition of NO and PGE2

production. Int Immunopharmacol 11: 2144–2149. doi: 10.1016/

j.intimp.2011.09.010

5. Kaminska B (2005) MAPK signalling pathways as molecular targets for

anti-inflammatory therapy-from molecular mechanisms to therapeutic

benefits. Biochim Biophys Acta 1754: 253–262. doi: https://doi.org/

10.1016/j.bbapap.2005.08.017

6. Kwon JY, Hong SH, Park SD, Ahn SG, Yoon JH, Kwon BM, Kim SA

(2012) 2'-Benzoyloxycinnamaldehyde inhibits nitric oxide production in

lipopolysaccharide-stimulated RAW 264.7 cells via regulation of AP-1

pathway. Eur J Pharmacol 696: 179–186. doi: 10.1016/j.ejphar.2012.

09.027

7. Kotas ME, Medzhitov R (2015) Homeostasis, inflammation, and disease

susceptibility. Cell 160: 816–827. doi: 10.1016/j.cell.2015.02.010

8. Han S, Lee JH, Kim C, Nam D, Chung WS, Lee SG, Ahn KS, Cho SK,

Cho M, Ahn KS (2013) Capillarisin inhibits iNOS, COX-2 expression,

and proinflammatory cytokines in LPS-induced RAW 264.7 macrophages

via the suppression of ERK, JNK, and NF-kappa B activation.

Immunopharmacol Immunotoxicol 35: 34–42. doi: 10.3109/08923973.

2012.736522

9. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman

K, Cobb MH (2001) Mitogen-activated protein (MAP) kinase pathways:

regulation and physiological functions. Endocr Rev 22: 153–183. doi:

10.1210/er.22.2.153

10. Deshmukh SK, Shilpa AV, Giridharan P, Ganguli BN (2011) Fungi: A

Potential Source of Anti-inflammatory Compounds. Microorganisms in

Sustainable Agriculture and Biotechnology pp 613-645. doi: 10.1007/

978-94-007-2214-9_27

11. Guha M, Mackman N (2001) LPS induction of gene expression in

human monocytes. J Cellular Signalling 13: 85–94. doi: 10.1016/s0898-

6568(00)00149-2

12. Praveen KY, Chi C, Zhanju L (2011) Potential Role of NK Cells in the

Pathogenesis of Inflammatory Bowel Disease. J Biomed Biotechnol

4:348530. doi: 10.1155/2011/348530 

13. Wang C, Lou Y, Xu J, Feng Z (2017) Endoplasmic Reticulum Stress and

NF-κB Pathway in Salidroside Mediated Neuroprotection: Potential of

Salidroside in Neurodegenerative Diseases. Am J Chin Med 45: 1−17.

doi: 10.1142/S0192415X17500793

14. Bosca L, Zeini M, Traves PG, Hortelano S (2005) Nitric oxide and cell

viability in inflammatory cells; a role for NO in macrophage function

and fate. Toxicology 208: 249-258. doi: 10.1016/j.tox.2004.11.035

15. Endale M, Park SC, Kim S, Kim SH, Yang Y, Cho JY, Rhee MH (2013)

Quercetin disrupts tyrosine-phosphorylated phosphatidylinositol 3-kinase

and myeloid differentiation factor-88 association, and inhibits MAPK/

AP-1 and IKK/NF-kappa B-induced inflammatory mediators production

in RAW 264.7 cells. Immunobiology 218: 1452–1467. doi: 10.1016/

j.imbio.2013.04.019

16. Chun J, Choi RJ, Khan S, Lee DS, Kim YC, Nam YJ, Lee DU, Kim YS

(2012) Alantolactone suppresses inducible nitric oxide synthase and

cyclooxygenase-2 expression by down-regulating NF-κB, MAPK and

AP-1 via the MyD88 signaling pathway in LPS-activated RAW 264.7

cells. Int Immunopharmacol 14: 375–383. doi: 10.1016/j.intimp.2012.

08.011

17. Shimizu T, Shibuya N, Narukawa Y, Oshima N, Hada N, Kiuchi F

(2018) Synergistic effect of baicalein, wogonin and oroxylin A mixture:

multistep inhibition of the NF-κB signaling pathway contributes to an

anti-inflammatory effect of Scutellaria root flavonoids. J Nat Med 72:

181–191. doi: 10.1007/s11418-017-1129-y

18. Pietro S, Louis M, Claudia T, Sandrine C (2015) MAP kinases and the

inflammatory signaling cascade as targets for the treatment of endometriosis?.

Expert Opin Ther Targets 19: 1465−1483. doi: 10.1517/14728222.2015.

1090974

19. Lieb K, Engels S, Fiebich BL (2003) Inhibition of LPS-induced iNOS

and NO synthesis in primary rat microglial cells. Neurochem Int 42:

131−137. doi: 10.1016/s0197-0186(02)00076-1

20. Pintha K, Yodkeeree S, Pitchakarn P, Limtrakul P (2014) Anti-invasive

activity against cancer cells of phytochemicals in red jasmine rice (Oryza

sativa L.). Asian Pac J Cancer Prev 15: 4601–4607. doi: 10.7314/apjcp.

2014.15.11.4601

21. Lim JW, Kim HY, Kim KH (2001) Nuclear Factor-κB Regulates

Cyclooxygenase-2 Expression and Cell Proliferation in Human Gastric

Cancer Cells. Nature 81: 349–360

22. Shao J, Li Y, Wang Z, Xiao M, Yin P, Lu Y, Qian X, Xu Y, Liu J (2013)

A novel naphthalimide derivative, exhibited anti-inflammatory effects

via targeted-inhibiting TAK1 following down-regulation of ERK1/2- and

p38 MAPK-mediated activation of NF-κB in LPS-stimulated RAW264.7



J Appl Biol Chem (2022) 65(1), 33−41  41

macrophages. Int Immunopharmacol 17: 216−228. doi: 10.1016/j.intimp.

2013.06.008

23. Hippeli S, Elstner EF (1999) Inhibition of biochemical model reactions

for inflammatory processes by plant extracts: a review on recent

developments. Free Radic Res 31: 81−87. doi: 10.1080/1071576990030

1361

24. Fylaktakidou K, Hadjipavlou-Litina D, Litinas K, Nicolaides D (2004)

Natural and synthetic coumarin derivatives with anti-inflammatory/

antioxidant activity. Curr Pharm Des 10: 3813–3833. doi: 10.2174/

1381612043382710

25. Egan D, Kennedy RO, Moran E, Cox D (1990) The pharmacology,

metabolism, analysis and applications of coumarin and coumarin related

compounds. Drug Metab Rev 22: 503–529. doi: 10.3109/036025390089

91449

26. Zhen AX, Piao MJ, Kang KA, Fernando PDSM, Kang HK, Koh YS,

Hyun JW (2019) Effect of Fermented Fish Oil on Fine Particulate

Matter-Induced Skin Aging. Marine Drugs 17: 61. doi: 10.3390/md

17010061

27. Hong SH, Jeong HK, Han MH, Park C, Choi YH (2014) Esculetin

suppresses lipopolysaccharide-induced inflammatory mediators and

cytokines by inhibiting nuclear factor-κB translocation in RAW264.7

macrophages. Mol Med Rep 10: 3241−3246. doi: https://doi.org/10.

3892/mmr.2014.2613

28. Razwan Sardar M, Jin Y, Kong GH, Li HF, Lin JM (2014) Molecularly

imprinted polymer for pre-concentration of esculetin from tobacco

followed by the UPLC analysis. Science China Chemistry 57: 1751−

1759. doi: 10.1007/s11426-014-5180-1

29. Lee BC, Lee SY, Sim GS, Kim JH, Cho YH, Lee DH, Pyo HB, Choe

TB, Moon DC, Yun YP, Hong JT (2007) Anti-oxidative and photo-

protective effects of coumarins isolated from Fraxinus chinensis. Arch

Pharm Res 30: 1293−1301. doi: 10.1007/BF02980270

30. Liang C, Ju W, Pei S, Tang YH (2017) Pharmacological Activities and

Synthesis of Esculetin and Its Derivatives: A Mini-Review. Molecules

22: 387. doi: 10.3390/molecules22030387

31. Kwak JH, Kim YH, Christine ES, Baek IH (2021) Oral bioavailability

and pharmacokinetics of esculetin following intravenous and oral

administration in rats. Animal Pharmacokinetics and Metabolism 51:

811−817. doi: 10.1080/00498254.2021.1925774

32. Choi HR, Park JS, Kim KM, Kim MS, Ko KW, Hyun CG, Ahn JW, Seo

JH, Kim SY (2018) Enhancing the antimicrobial effect of genistein by

biotransformation in microbial system. J Ind Eng Chem 63: 255−261.

doi: 10.1016/j.jiec.2018.02.023

33. Kim MS, Park JS, Chung YC, Jang SC, Hyun CG, Kim SY (2019) Anti-

Inflammatory Effects of Formononetin 7-O-phosphate, a Novel

Biorenovation Product, on LPS-Stimulated RAW 264.7 Macrophage

Cells. Molecules 24: 3910. doi: 10.3390/molecules24213910

34. Hong HH, Park TJ, Kang MS, Kim SY (2021) Anti-inflammatory

Activity of Beta vulgaris Extract Using Biorenovation in LPS-stimulated

RAW 264.7 Cells. KSBB J 36: 123−129. doi: 10.7841/ksbbj.2021.36.

2.123

35. Park TJ, Sim JH, Hong HH, Han DH, Kim SY (2020) Anti-

inflammatory Effect of Colocasia esculenta Biorenovate Extract in LPS-

stimulated RAW 264.7 Cells. KSBB J 35: 162−168. doi: 10.7841/ksbbj.

2021.35.2.162

36. Kim KM, Park JS, Choi HR, Kim MS, Seo JH, Ramesh PP, Kim JW,

Hyun CG, Kim SY (2010) Biosynthesis of novel daidzein derivatives

using Bacillus amyloliquefaciens whole cells. J Biocatalysis and

Biotransformation 36: 1−7. doi: 10.1080/10242422.2018.1461212

37. Shin YW, Bae EA, Kim SS, Lee YC, Lee BY (2005) Effect of

ginsenoside Rb1 and compound K in chronic oxazolone-induced mouse

dermatitis. Biol Pharm Bull 5: 1183−1191. doi: 10.1016/j.intimp.2005.

02.016

38. Shih MF, Cheng YD, Shen CR, Cherng JY (2010) A molecular

pharmacology study into the anti-inflammatory actions of Euphorbia

hirta L. on the LPS-induced RAW 264.7 cells through selective iNOS

protein inhibition. J Natural Medicines 64: 330–335. doi: 10.1007/

s11418-010-0417-6

39. Kim MN, Hwang IG, Kim SB, Cho AJ (2019) Chemical characterization

of balloon flower (Platycodon grandiflorum) sprout extracts and their

regulation of inflammatory activity in lipopolysaccharide-stimulated

RAW 264.7 murine macrophage cell. J Food Science and Nutrition 8:

246−256. doi: 10.1002/fsn3.1297

40. Sun J, Zhang X, Broderick M, Fein H (2003) Measurement of Nitric

Oxide Production in Biological Systems by Using Griess Reaction

Assay. Sensors 3: 276−284. doi: 10.3390/s30800276

41. Shih MF, Cheng YD, Shen CR, Cherng JY (2010) A molecular

pharmacology study into the anti-inflammatory actions of Euphorbia

hirta L. on the LPS-induced RAW 264.7 cells through selective iNOS

protein inhibition. J Natural Medicines 64: 330–335. doi: 10.1007/

s11418-010-0417-6

42. Kim MN, Hwang IG, Kim SB, Cho AJ (2019) Chemical characterization

of balloon flower ( Platycodon grandiflorum ) sprout extracts and their

regulation of inflammatory activity in lipopolysaccharide?stimulated

RAW 264.7 murine macrophage cells. J Food Science and Nutrition 8:

246−256. doi: 10.1002/fsn3.1297

43. Kim MJ, Chung YC, Kim SS, Lim CK, Park KJ, Choi YH, Park TJ,

Kim SY, Hyun CG (2019) Anti-inflammatory effect of Sechium edule

extract in LPS-stimulated RAW 264.7 cells via p-JNK and p-p38 down-

regulation. Korean Society for Biotechnology and Bioengineering

Journal 34: 99−106. doi: 10.7841/ksbbj.2019.34.2.99

44. Kim MS, Lim JS, Park TJ, Ko KW, Kim SY (2019) Anti-inflammatory

Activity of Agaricus blazei Extract in Lipopolysaccharide-stimulated

RAW264.7 Cells. KSBB J 34: 31−37. doi: 10.7841/ksbbj.2019.34.1.31

45. Daniela HJ, Guilherme Felipe dos SF, Diego EC, Thais Regina Ferreira

de M, Jean Leandro dos S, Man CC (2016) The Prodrug Approach: A

Successful Tool for Improving Drug Solubility. Molecules 21: 42. doi:

10.3390/molecules21010042

46. Koiralal M, Lee YK, Kim MS, Chung YC, Park JS, Kim SY (2019)

Biotransformation of Naringenin by Bacillus amyloliquefaciens Into

Three Naringenin Derivatives. J Natural Product Communications 14:

1934578X1985197. doi: 10.1177/1934578X19851971


