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A B S T R A C T   

Inflammation is a vital process that maintains tissue homeostasis. However, it is widely known that uncontrolled 
inflammation can contribute to the development of various diseases. This study aimed to discover anti- 
inflammatory metabolites from Penicillium bialowiezense. Seven spiroditerpenoids, including two new com
pounds, breviones P and Q (1 and 2), were isolated and characterized by various spectroscopic and spectrometric 
methods. All isolated compounds were initially tested for their inhibitory effects against lipopolysaccharide- 
induced nitric oxide (NO) production in RAW 264.7 macrophages. Of these, brevione A (3) exhibited this ac
tivity with a half-maximal inhibitory concentration value of 9.5 μM. Further mechanistic studies demonstrated 
that 3 could suppress the expression of pro-inflammatory cytokines and mediators, such as NO, prostaglandin E2, 
interleukin (IL)-1β, tumor necrosis factor-α, IL-6, and IL-12 by inhibiting the activation of nuclear factor-kappa B 
and c-Jun N-terminal kinase.   

1. Introduction 

Inflammation is a protective response to harmful stimuli, including 
pathogen invasion. It is a critical procedure that the body can utilize to 
signal the immune system to maintain tissue homeostasis [1]. However, 
failure to control inflammation can cause pathological changes that 
contribute to acute or chronic diseases. Many diseases, such as Alz
heimer’s disease, arthritis, and cancer, are associated with inflammation 
[1]. For this reason, controlling inflammation using various classes of 
molecules has been considered a prospective strategy to treat or prevent 
diseases. Although a lot of lead compounds have been proposed and 
some of them including nonsteroidal anti-inflammatory drugs, gluco
corticoids, and immunosuppressant drugs have been approved, therapy 
using these drugs is often still hampered due to insufficient effects or 
adverse effects such as gastrointestinal or renal side effects. Thus, 

discovering new and potent inhibitors of inflammation is still in great 
demand in academia and industry [2]. Natural products, especially 
microbes and plants, have played a critical role in discovering these 
molecules, as they contain a rich suite of secondary metabolites [3–5]. 
Various studies have shown that natural product-derived compounds 
can control inflammatory responses and mediate signaling pathways, 
such as nuclear factor-kappa B (NF-κB) and mitogen-activated protein 
kinases (MAPKs) [6,7]. 

Meroterpenoids are naturally occurring compounds of mixed 
biosynthetic origin. These compounds, which are commonly isolated 
from fungi, display diverse chemical structures with a range of biolog
ical activities, including antimicrobial, anticancer, anti-inflammatory, 
and immunosuppressive effects [8]. In particular, breviones are an 
important group that contains a breviane spiroditerpenoid framework 
produced by the hybrid polyketide and terpenoid pathways [8]. These 

* Corresponding author. 
E-mail address: dongholee@korea.ac.kr (D. Lee).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Bioorganic Chemistry 

journal homepage: www.elsevier.com/locate/bioorg 

https://doi.org/10.1016/j.bioorg.2021.105012 
Received 27 January 2021; Received in revised form 4 May 2021; Accepted 20 May 2021   

mailto:dongholee@korea.ac.kr
www.sciencedirect.com/science/journal/00452068
https://www.elsevier.com/locate/bioorg
https://doi.org/10.1016/j.bioorg.2021.105012
https://doi.org/10.1016/j.bioorg.2021.105012
https://doi.org/10.1016/j.bioorg.2021.105012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioorg.2021.105012&domain=pdf


Bioorganic Chemistry 113 (2021) 105012

2

biosynthetic pathways confer structural complexity and diversity with 
biological activities. Since brevione A was first isolated from Penicillium 
sp. [9], a total of 15 naturally occurring compounds exhibiting allelo
pathic, anti-human immunodeficiency virus, anti-cancer, and anti-beta- 
amyloid effects have been reported [9–13]. 

In our ongoing research on anti-inflammatory compounds from fungi 
[6,14], we isolated seven breviones from Penicillium bialowiezense 
(Fig. 1). Compounds 1 and 2 were characterized as new structures by 
spectroscopic and spectrometric techniques. All isolated compounds 
were initially screened for their inhibitory effects of nitric oxide (NO) 
production in lipopolysaccharide (LPS)-activated RAW264.7 cells, 
which led to further mechanistic studies using brevione A (3). This paper 
reports the isolation, structural elucidation, and anti-inflammatory 
evaluation of the isolated compounds. 

2. Experimental 

2.1. General experimental procedures 

Optical rotation, ultraviolet (UV), infrared (IR), and electronic cir
cular dichroism (ECD) data were obtained using a Jasco P-2000 digital 
polarimeter (Tokyo, Japan), an Optizen spectrophotometer (Daejeon, 
Republic of Korea), an Agilent Cary 630 FTIR spectrometer (Santa Clara, 
CA, USA), and a Jasco J-1100 CD spectrometer, respectively. Nuclear 
magnetic resonance (NMR) spectra were recorded on a Varian 500 MHz 
NMR spectrometer (Palo Alto, CA, USA) in acetone-d6 containing D2O 
and tetramethylsilane. High-resolution electrospray ionization mass 
spectrometry (HRESIMS) data were collected on a Waters Q-TOF mass 
spectrometer (Milford, MA, USA). The medium pressure liquid chro
matography (MPLC) system utilized a Biotage Isolera One (Uppsala, 
Sweden) with silica gel in SNAP cartridge (25 g, 72 × 30 mm i.d.). 
Preparative-high performance liquid chromatography (prep-HPLC) 
separation was performed on a Varian system with an YMC ODS-A 
column (5 μm, 250 × 20 mm i.d.) (Kyoto, Japan). Flash column chro
matography was carried out using an YMC reverse-phased (RP)-C18 
resin. Roswell Park Memorial Institute 1640 (RPMI 1640) medium, fetal 
bovine serum (FBS), and cell culture reagents were obtained from Gibco 
BRL (Grand Island, NY, USA). All other chemicals were obtained from 
Sigma-Aldrich (St. Louis, MO, USA) unless otherwise indicated. Anti
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). An enzyme-linked immunosorbent assay (ELISA) kit was obtained 
from R&D Systems (Minneapolis, MN, USA) Dimethylsulfoxide was used 
as a negative control of all biological evaluations. 

2.2. Fungal material and fermentation 

P. bialowiezense KACC 45970 was obtained from the Korean Agri
cultural and Culture Collection (KACC), Wanju, Republic of Korea. The 
strain was identified using the β-tubulin gene (S2, Supplementary 

material) and detailed information is on the KACC website (http:// 
genebank.rda.go.kr). Solid fermentation of the fungus was carried out 
on 75 Petri dishes (150 mm × 20 mm) with potato dextrose agar at 25 ◦C 
for 13 days. 

2.3. Extraction and isolation of compounds 

The fermented cultures were extracted with methanol (MeOH, 2 × 2 
L). The solvent was concentrated until MeOH was completely removed; 
partitioning was then carried out using water (H2O, 2 L) and ethyl ac
etate (EtOAc, 2 × 2 L) to acquire the EtOAc layer (1.2 g). The obtained 
layer was separated by MPLC using two SNAP cartridges connected (2 ×
25 g) and eluted with chloroform–MeOH (2 × 25 g, CHCl3–MeOH, 1:0 to 
0:1 in 10 min, 50 mL/min) to yield 20 fractions (F1 to F20). F10 (84.4 
mg) was purified by prep-HPLC (MeOH–H2O, 1:1 to 7:3 in 60 min, 8 mL/ 
min) to obtain brevione H (3.8 mg, tR 25.6 min) and deacetylbrevione E 

Fig. 1. Structures of all isolated compounds.  

Table 1 
NMR spectroscopic data for compounds 1 and 2 in acetone‑d6 with D2O.  

Position 1 2 

δC δH (J in Hz) δC δH (J in Hz) 

1 86.3 3.77 dd (13.0, 3.0) 34.9 1.32 d (9.0) 
2 49.3 2.96 dd (15.0, 13.0) 32.6 2.63 dd (20.0, 9.0)   

2.59 dd (15.0, 3.0)  2.42 dd (20.0, 1.0) 
3 197.6  197.5  
4 163.0  164.3  
5 46.2 2.99 d (11.0) 27.6  
6 22.7 2.10 m 27.3 2.29 ddd (14.0, 5.0, 5.0)   

1.98 m  1.40 m 
7 30.4 1.75 m 31.1 1.66 m   

1.58 m  1.49 m 
8 41.2  41.4  
9 51.2 2.15 d (11.0) 50.6 1.89 d (10.5) 
10 46.4  28.2  
11 74.4 4.27 ddd (11.5, 2.0, 2.0) 67.6 4.35 ddd (10.0, 2.5, 2.0) 
12 127.9 5.95 br s 133.6 5.72 br s 
13 137.7  132.4  
14 100.1  100.5  
15 29.3 3.10 d (16.0) 30.3 3.02 d (16.0)   

2.98 d (16.0)  2.93 d (16.0) 
16 19.1 1.74 s 18.2 1.68 s 
17 16.2 1.10 s 20.0 1.13 s 
18 130.6 5.83 br d (1.0) 127.0 5.85 br d (1.0) 
19 23.0 1.98 s 23.1 2.10 s 
20 18.7 1.25 s 10.4 1.15 s 
1′ 171.2  172.0  
2′ 100.3  100.2  
3′ 161.9  161.9  
4′ 103.5  103.4  
5′ 161.8  161.8  
6′ 9.5 1.96 s 9.5 1.91 s 
7′ 17.2 2.22 s 17.2 2.22 s  
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(3.0 mg, tR 33.2 min). F9 (279.1 mg) was separated on an RP-C18 column 
(3.6 g, 180 × 10 mm i.d., MeOH–H2O, 2:8 to 1:0) to obtain 11 fractions 
(F9-1 to F9-11). F9-6 (21.5 mg) was separated by prep-HPLC 
(MeOH–H2O, 57:43 to 3:2 in 60 min, 8 mL/min) to obtain brevione P 
(1, 1.4 mg, tR 26.1 min), and the residue was again purified by prep- 
HPLC (MeOH–H2O, 1:1 to 3:2 in 60 min, 8 mL/min) to obtain bre
vione Q (2, 1.7 mg, tR 32.5 min). F9-7 (34.3 mg) was separated by prep- 
HPLC (MeOH–H2O, 3:2 to 7:3 in 60 min, 8 mL/min) to obtain brevione I 
(6.8 mg, tR 28.9 min). F9-8 (12.0 mg) was purified by prep-HPLC 
(MeOH–H2O, 6:4 to 1:0 in 60 min, 8 mL/min) to obtain brevione A 
(3, 6.0 mg, tR 30.0 min). F9-9 (26.3 mg) was purified by prep-HPLC 
(MeOH–H2O, 7:3 to 9:1 in 60 min, 8 mL/min) to obtain brevione B (4, 
11.6 mg, tR 27.8 min). 

2.3.1. Brevione P (1) 
White solid; [α]26

D + 63.6 (c 0.02, MeOH); UV (MeOH) λmax (log ε) 
213 (3.80), 245 (3.55), 296 (3.15) nm; IR νmax (ATR) 2923, 1718, 1648, 
1436, 1201, 1115 cm− 1; ECD (c 0.13 mM, MeOH) Δε + 13.3 (217), 15.1 
(241); 1H and 13C NMR (500 and 125 MHz, acetone‑d6 + D2O), see 
Table 1; ESIMS (positive) m/z 437 [M + H]+; HRESIMS (positive) m/z 
437.2344 [M + H]+ (calcd for C27H33O5, 437.2328). 

2.3.2. Brevione Q (2) 
White solid; [α]26

D + 34.4 (c 0.02, MeOH); UV (MeOH) λmax (log ε) 
212 (3.85), 284 (3.15) nm; IR νmax (ATR) 2969, 1684, 1437, 1277, 1202, 
1134, 1025 cm− 1; ECD (c 0.13 mM, MeOH) Δε + 8.8 (214), +2.3 (239), 
3.1 (329); 1H and 13C NMR (500 and 125 MHz, acetone‑d6 + D2O), see 
Table 1; ESIMS (positive) m/z 437 [M + H]+; HRESIMS (positive) m/z 
437.2336 [M + H]+ (calcd for C27H33O5, 437.2328). 

2.4. Computational methods 

Computational methods were conducted based on previous studies 
[15]. Briefly, conformational analysis was carried out using the molec
ular mechanics force field model of Spartan’ 14 software (Wavefunction, 
Irvine, CA, USA). Geometry optimization and energy calculation were 
performed using density functional theory (DFT) and time-dependent 
DFT calculations, respectively, in Gaussian 09 software (Gaussian, 
Wallingford, CT, USA). 

2.5. Cell culture and viable assay 

RAW 264.7 cells were grown at 37 ◦C in an atmosphere containing 
5% CO2 in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL 
penicillin G, 100 μg/mL streptomycin, and 2 mM L-glutamine. Viability 
was measured using an MTT assay as previously described [6]. 

2.6. Measurement of NO and PGE2 production and cytokine assay 

Cells in 24-well plates were pretreated with various concentrations 
of 3 for 3 h and then stimulated with LPS (1 μg/mL) for 24 h. For the 
measurement of NO production, the Griess reaction was used to monitor 

nitrite levels as an indicator. To measure prostaglandin E2 (PGE2), 
interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-6, and IL-12 
levels, an ELISA kit was used based on the manufacturer’s recommen
dations. The assays were conducted as previously reported [6]. 

2.7. Quantitative real-time RT-PCR 

Total RNA was obtained using a Trizol kit (Invitrogen, Carlsbad, CA, 
USA), quantified at 260 nm, and reverse transcribed with a High- 
Capacity RNA-to-cDNA kit (Applied Biosystems, Carlsbad, CA, USA). 
The cDNA was amplified using a SYBR Premix Ex Taq kit (Takara Bio, 
Shiga, Japan). Detailed procedures have been described previously [6]. 

2.8. Preparation of cytosolic and nuclear fractions 

Cells were lysed using a Mammalian Protein Extraction Reagent kit 
(Pierce Biotechnology, Rockford, IL, USA) with protease inhibitor 
cocktail I (EMD Biosciences, San Diego, CA, USA) and 1 mM phenyl
methylsulfonyl fluoride. The cytosolic fraction was obtained by centri
fugation. Nuclear and cytoplasmic fractions were obtained using a 
Nuclear and Cytoplasmic Extraction Reagent kit (Pierce Biotechnology), 
respectively. Detailed procedures have been described previously [6]. 

2.9. DNA binding activity of NF-κB 

Cells were pretreated with various concentrations of 3 for 3h and 
then treated with LPS for 1 h. The DNA-binding activity of NF-κB was 
measured using a TransAM kit (Active Motif, Carlsbad, CA, USA). 
Detailed procedures have been described previously [6]. 

2.10. Western blot analysis 

Cells were harvested, pelleted, washed with phosphate-buffered sa
line, and lysed using 20 mM Tris-HCl buffer with a protease inhibitor 
mixture. The concentration was determined using a Lowry protein assay 
kit (Sigma-Aldrich). Detailed procedures have been described previously 
[6]. 

2.11. Statistical analysis 

All experiments were conducted at least three times. All data are 
expressed as the mean ± standard deviation. One-way analysis of vari
ance was carried out for multiple comparisons followed by Tukey’s 
multiple comparison test. 

3. Results and discussion 

3.1. Structural characterization of compounds 

Compound 1 was obtained as a white solid. The molecular formula 
was determined to be C27H32O5 based on the HRESIMS data, showing 12 
indices of hydrogen deficiency. The UV absorption at 213, 245, and 296 

Fig. 2. COSY and HMBC NMR correlations of compounds 1 and 2.  
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nm suggested an extended conjugation system. The IR data displayed a 
strong absorption band at 1718 cm− 1, implying the presence of a 
carbonyl group. The 1H NMR data (Table 1) showed six methyl signals 
(δH 2.22, 1.98, 1.96, 1.74, 1.25, and 1.10), four pairs of geminal meth
ylene signals (δH 3.10, 2.98, 2.96, 2.59, 2.10, 1.98, 1.75, and 1.58), two 
olefinic signals (δH 5.95 and 5.83), and two oxygenated methine signals 
(δH 4.27 and 3.77). The 13C NMR data (Table 1) showed 27 resonances 
comprising six methyl carbons, four methylene carbons, four methine 
carbons, and 13 non-protonated carbons, including two carbonyl 
groups. All proton resonances were assigned to the corresponding car
bons using heteronuclear single quantum coherence (HSQC) NMR data. 
Comparing the aforementioned data to those of previously reported 
breviones suggested that 1 had a partial structure similarity to that of 
brevione C [9], which has a pentacyclic carbon framework. However, 
two olefinic signals and geminal methylene signals in brevione C were 
replaced by newly appeared methylene signals [δH 2.96 (H-2a) and 2.59 
(H-2b); δC 49.3 (C-2)] and two oxygenated methine signals [δH 4.27 (H- 
11) and 3.77 (H-1); δC 86.3 (C-1) and 74.4 (C-11)] in 1. These results 
indicated the presence of an additional tetrahydrofuran ring produced 
through oxidative cyclization. Correlation spectroscopy (COSY) and 
heteronuclear multiple bond correlation (HMBC) NMR data (Fig. 2 and 
S3–S5) demonstrated the presence of an ether linkage between C-1 and 
C-11. The relative configuration was determined using nuclear over
hauser enhancement spectroscopy (NOESY) NMR data (Fig. 3). NOESY 
correlations between H-1/H3-20, H-11/H3-20, H-11/H-17, and H-15a/ 

H-17 indicated that these were oriented on the same side, while those 
between H-5 and H-9 suggested that the remaining groups had the 
opposite orientation. The absolute configuration was determined using 
the ECD calculation method, as described previously [15]. The experi
mental ECD data showed positive Cotton effects (CEs) at 217 nm (Δε +
13.3) and 241 nm (Δε + 15.1), similar to those of previously reported 
breviones. Furthermore, the experimental ECD data corresponded 
closely with the calculated data (Fig. 4), suggesting the absolute ste
reochemistry as 1S, 5S, 8R, 9R, 10S, 11R, and 14S. Compound 1 was 
named brevione P. 

Compound 2 was also obtained as a white solid. The molecular for
mula was the same as that of 1. The 1H and 13C NMR data of 2 showed 
that the compound exhibited resonances similar to those of brevione G. 
However, two methylene signals [δH 2.63 (H-2a) and 2.42 (H-2b); δC 
32.6 (C-2)] and a methine signal [δH 1.32 (H-1); δC 34.9 (C-1)] were 
observed in 2 instead of two olefinic signals as found in brevione G [10]. 
The 1H chemical shift and coupling constant of H-1 (J = 9.0 Hz) sug
gested that C-1 was uniquely connected to two quaternary carbons [δC 
27.6 (C-5) and 28.2 (C-10)], unlike previously reported breviones. This 
implied rearrangement of the first seven-membered ring. The HMBC 
correlations of H-1/C-6 and H-2/C-5 demonstrated the presence of an 
additional cyclopropane ring because these correlations do not generally 
appear in the previously reported breviones. Previous studies that 
described eucarvone tautomerization suggested that a 4-methyl-cyclo
heptadienone ring could be transformed into a 4-methyl-norcarenone 

Fig. 3. NOESY NMR correlations of compounds 1 and 2.  

Fig. 4. Experimental and calculated ECD spectra of compounds 1 and 2.  
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ring with a bridged bicyclic system [16]. In particular, several diterpe
noids, including ebractenoids O and P, which were isolated from 
Euphorbia ebracteolata, are examples of this tautomerization [17]. The 
whole plane structure was confirmed by a detailed analysis of the 2D 
NMR data (Fig. 2). The relative configurations at C-1 and C-5 were 
determined by NOESY correlations between H-1/H-9 and H3-17/H3-19 
(Fig. 3). The relative configurations at the remaining positions were the 
same as those of brevione G [10]. The absolute configuration was 
determined by the ECD calculation method (Fig. 4). Experimental ECD 
data showed positive CEs at 214 nm (Δε + 8.8), 239 nm (Δε + 2.3), and 
329 nm (Δε + 3.1), which corresponded with the calculated values. 

Therefore, the absolute stereochemistry was confirmed as 1S, 5R, 8R, 
9R, 10R, 11R, and 14S, and compound 2 was named brevione Q. 

Additional five compounds were also isolated; these were identified 
as breviones A (3) [9], B (4) [9], H [10], and I [11] and deacetylbrevione 
E [9] by comparing the NMR data with those of known references. 

3.2. Anti-inflammatory effects of compounds 

All isolated compounds were preliminarily screened using LPS- 
activated RAW 264.7 cells. Compounds 3 and 4 suppressed NO pro
duction (half-maximal inhibitory concentration; IC50 = 9.5 ± 0.9 μM for 

Fig. 5. Effects of compound 3 on NO and PGE2 production and iNOS and COX-2 expression in LPS-stimulated RAW 264.7 cells (A–C). *p < 0.05; ***p < 0.01 
compared to the LPS-treated group. 

Fig. 6. Effects of compound 3 on IL-1β, TNF-α, IL-6, and IL-12 mRNA expression in LPS-stimulated RAW 264.7 cells. (A–D). *p < 0.05; **p < 0.01; ***p < 0.001 
compared to the LPS-treated group. 
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3 and 21.3 ± 2.0 μM for 4) without affecting cell viability (Table S1 and 
Figure S17), while the other compounds were inactive. Compound 3 was 
selected for further mechanistic studies since this compound showed the 
most potent activity in the screening assay. 

The effects of 3 on NO and PGE2 production as well as inducible 
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) expression 
were evaluated. Despite LPS stimulation, pretreatment with 3 attenu
ated not only the expression of inflammatory mediators but also that of 
iNOS and COX-2 in a dose-dependent manner (Fig. 5). In addition, the 
effect of 3 on the expression of pro-inflammatory cytokines, such as IL- 
1β, TNF-α, IL-6, and IL-12, were evaluated. All mRNA levels were 
downregulated by pretreatment with 3 in a dose-dependent manner 
(Fig. 6). 

The effects of 3 on NF-κB activation and DNA binding were evalu
ated. Despite LPS stimulation, pretreatment with 3 inhibited phos
phorylation and degradation of inhibitor kappa B (IκB) and hindered the 
nuclear transport of NF-κB subunits (p50-p65). The increased binding 
activity between NF-κB and DNA caused by LPS stimulation was atten
uated by pretreatment with 3 in a dose-dependent manner (Fig. 7). 

Finally, the effect of 3 on MAPK phosphorylation was evaluated to 
identify the role of 3 in MAPK pathway-associated inflammation. 
Although MAPK phosphorylation increased after LPS stimulation, pre
treatment with 3 attenuated c-Jun N-terminal kinase (JNK) phosphor
ylation in a dose-dependent manner, whereas extracellular signal- 
regulated kinase (ERK) and p38 phosphorylation were not affected 
(Fig. 8). 

4. Conclusions 

Breviones have been isolated mainly from Penicillium sp., except for 
breviones L and M, which were isolated from Aspergillus duricaulis in our 
previous study [8,13]. Even though only a limited number of studies 

have been conducted, these compounds are of interest not only because 
of their intriguing structural features but also owing to their biological 
profiles. The biosynthetic origin of breviones through the mevalonate 
and acetate pathways has been proposed in a previous report [18]. In a 
previous study, breviones A–E attenuated etiolated wheat coleoptile 
growth, and breviones F–H showed cytotoxic activity against HeLa cells 
[18]. These studies have provided directions for analyzing the synthesis 
of breviones [19]. 

In the present study, we isolated seven breviones, including two new 
compounds (1 and 2), from P. bialowiezense and investigated the role of 
these compounds in inflammatory responses. Although some mer
oterpenoids, including amestolkolides, inhibit NO production [20], to 
the best of our knowledge, this is the first study to investigate the anti- 
inflammatory effects of breviones. In the screening procedure, brevione 
A (3) showed an inhibitory effect against NO production with IC50 value 
of 9.5 μM; thus, further mechanistic studies are warranted. In general, 
pathogenic substances, such as LPS, induce the expression of iNOS and 
COX with the release of NO and PGE2 [21]. Inflammatory signals also 
induce the release of pro-inflammatory cytokines, such as IL-1β, TNF-α, 
IL-6, and IL-12 [22]. Compound 3 inhibited PGE2 production and iNOS 
and COX-2 expression. In addition, compound 3 inhibited the expression 
of IL-1β, TNF-α, IL-6, and IL-12. Controlling these cytokines is an 
important therapeutic strategy to overcome several inflammatory dis
eases. In particular, understanding the signal transduction mechanisms 
and gene regulation associated with inflammation could provide many 
opportunities to discover lead compounds for the treatment of various 
diseases. The NF-κB pathway controls the synthesis of these cytokines by 
regulating pro-inflammatory gene expression. The NF-κB pathway is 
activated by the phosphorylation of IκB, thereby releasing p50-p65 
heterodimers and allowing them to translocate to the nucleus [23]. 
MAPKs such as JNK, ERK, and p38 are serine/threonine protein kinases 
involved in cellular responses to diverse stimuli [24]. Activated MAPKs 

Fig. 7. Effects of compound 3 on the degradation and phosphorylation of IκB, activation of NF-κB, and binding activity of NF-κB in LPS-stimulated RAW 264.7 cells 
(A–C). **p < 0.01 and ***p < 0.001 compared to the LPS-treated group. 

Fig. 8. Effects of compound 3 on ERK, JNK, and p38 MAPK phosphorylation and protein expression.  
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also lead to the activation of transcription factors, including NF-κB [25]. 
Compound 3 inhibited not only the phosphorylation of IκB and nuclear 
transport of NF-κB subunits but also JNK phosphorylation; in contrast, 
ERK and p38 levels were not affected. The NF-κB pathway has remained 
an attractive target for decades because of its critical role in the path
ogenesis of inflammatory diseases. However, severe on-target toxicities 
from NF-κB inhibition have prevented the development of a clinically 
useful drug [26]. Nonetheless, understanding the signaling networks 
associated with NF-κB activation could provide critical clues to elucidate 
the NF-κB conundrum, thus paving the way for safe therapeutics. In the 
case of the JNK pathway, studies to determine the exact role of JNK are 
ongoing, and very few JNK inhibitors have entered clinical evaluation 
[24]. However, recent studies have shown that natural product-derived 
compounds, such as curcumin and steppogenin, attenuate inflammation 
by suppressing the NF-κB and JNK signaling pathways [27,28]. There
fore, further studies using breviones should be conducted, which may 
offer new avenues for the development of breviones as anti- 
inflammatory drugs. 
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