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Abstract

Novel antiviral agents for influenza, which poses a substantial threat to humans, are
required. Cyclobakuchiols A and B have been isolated from Psoralea glandulosa, and cyclo-
bakuchiol C has been isolated from P. corylifolia. The structural differences between cyclo-
bakuchiol A and C arise due to the oxidation state of isopropyl group, and these compounds
can be derived from (+)-(S)-bakuchiol, a phenolic isoprenoid compound present in P. coryli-
folia seeds. We previously reported that bakuchiol induces enantiospecific anti-influenza A
virus activity involving nuclear factor erythroid 2-related factor 2 (Nrf2) activation. However,
it remains unclear whether cyclobakuchiols A—C induce anti-influenza A virus activity. In this
study, cyclobakuchiols A, B, and C along with cyclobakuchiol D, a new artificial compound
derived from cyclobakuchiol B, were synthesized and examined for their anti-influenza A
virus activities using Madin-Darby canine kidney cells. As a result, cyclobakuchiols A-D
were found to inhibit influenza A viral infection, growth, and the reduction of expression of
viralmMRNAs and proteins in influenza A virus-infected cells. Additionally, these compounds
markedly reduced the mRNA expression of the host cell influenza A virus-induced immune
response genes, interferon-f and myxovirus-resistant protein 1. In addition, cyclobakuchiols
A-D upregulated the mRNA levels of NAD(P)H quinone oxidoreductase 1, an Nrf2-induced
gene, in influenza A virus-infected cells. Notably, cyclobakuchiols A, B, and C, but not D,
induced the Nrf2 activation pathway. These findings demonstrate that cyclobakuchiols have
anti-influenza viral activity involving host cell oxidative stress response. In addition, our
results suggest that the suitably spatial configuration between oxidized isopropy! group and
phenol moiety in the structure of cyclobakuchiols is required for their effect.
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Introduction

The World Health Organization (WHO) estimates that approximately 3 to 5 million cases of
severe influenza infection occur annually, with approximately 290,000 to 650,000 mortalities
[1]. Thus, influenza poses a substantial threat to public health. M2 ion channel inhibitors, ada-
mantane antiviral drugs, such as amantadine and rimantadine, and neuraminidase (NA)
inhibitors, such as oseltamivir, zanamivir, and peramivir, have been approved as anti-influenza
viral drugs [2]. However, strains of influenza that are resistant to M2-ion channel inhibitors
continue to circulate, and oseltamivir-resistant influenza strains have been detected in some
cases of HINT1 influenza in 2009 and seasonal HIN1 influenza between 2007 and 2009,
whereas a low prevalence of H3N2 and H5N1 viruses has been reported [2-7]. Additionally,
baloxavir, which targets the cap-dependent endonuclease activity of polymerase acid (PA) pro-
tein, was approved in 2018 [8]. However, baloxavir-resistant influenza A HIN1 and H3N2
viruses in 138T/M/F-substituted PA have been detected, with records of human-to-human
transmission of a PA-138 mutant H3N2 virus [9,10]. Therefore, there is an urgent need to
develop novel anti-influenza drugs to prevent and control potential influenza epidemics and
pandemics. In particular, anti-influenza viral drugs targeting host factors related to the viral
life cycle, but not those of influenza viral proteins, are required.

(+)-(S)-bakuchiol (1) (Fig 1A) is a phenolic isoprenoid with a chiral tetra-alkylated (all-car-
bon) quaternary center that has been isolated from the seeds of Psoralea corylifolia [11]. Cyclo-
bakuchiols A (2) (Fig 1A) and B (3) (Fig 1A) were isolated as a mixture of diastereomers from
the bioactive guide fraction of the dichloromethane extract of P. glandulosa and found to pos-
sess anti-inflammatory and anti-pyretic activities [12,13]. Cyclobakuchiol C (4) (Fig 1A) was
isolated from the non-polar fraction of P. corylifolia seeds [14]. The structural differences
between cyclobakuchiols arise from the distinct configurations and the oxidation state of
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Fig 1. Chemical structures and synthetic schemes of cyclobakuchiols A, B, C, and D. (A) Transformation of (+)-(S)-
bakuchiol (1) to cyclobakuchiols A (2), B (3), and C (4) under acidic condition. (B) Transformation of 2 and 3 to 4 and
cyclobakuchiol D (5) by acetylation, epoxidation, and reduction.
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isopropyl group, as shown in Fig 1A. 2, 3, and 4 can be synthesized from 1 in a few steps, and
their absolute structures determined using NOESY spectra data were found to analogous to
the absolute configuration of the chiral tetra-alkylated quaternary center of bakuchiol [15] (Fig
1A). Backhouse et al. reported that a mixture of 2 and 3 possesses a higher degree of anti-
inflammatory and antipyretic activities than 1 alone. Bakuchiol has been reported to exert a
range of biological and pharmacological effects, including anti-microbial [16], antioxidant
[17,18], anti-inflammatory [19,20], and anti-tumor [21,22] activities. Although we recently
reported that bakuchiol inhibits enantiospecific influenza A HIN1 viral infection and growth
involving nuclear factor erythroid 2-related factor 2 (Nrf2) activation [23], it remains unclear
whether 2, 3, 4, and their derivatives possess anti-influenza A virus activity. Therefore, the aim
of this study was to determine whether 2, 3 and 4, and cyclobakuchiol D (5) (Fig 1B), a new
artificial compound derived from 2 and 3 (Fig 1B), induce anti-influenza A virus activity and
investigate the structure required for anti-viral activity.

Materials and methods
Chemicals and instruments

Commercial-grade reagents and solvents were used as obtained, without further purification.
conc. HCl, CH,Cl,, hexane, 2-propanol, benzene, m-chloroperbenzoic acid (m-CPBA),
LiAlH,4, NaHCO3, and Na,S,0; were obtained from Nacalai Tesque (Kyoto, Japan). Anisalde-
hyde, acetic anhydride, and pyridine were procured from Tokyo Chemical Industry (Tokyo,
Japan). EtOH, CDCI;, and CD3;0D were procured from Kanto Chemical (Tokyo, Japan).
High-pressure liquid chromatography (HPLC) system consisted of a pump (PU-2089, JASCO,
Tokyo, Japan), UV detector (UV-2075, JASCO, Tokyo, Japan), chromato-integrator (D-2500,
HITACHI, Tokyo, Japan), column (CHIRALPAK™® IA-3, 4.6 x 250 mm, 3 pm, DAICEL,
Osaka, Japan), and solvent (hexane/2-propanol = 100/1, flow speed = 3 mL/min). Fourier-
transform infrared (FTIR) spectra were measured using a JASCO FT/IR-410 infrared spectro-
photometer. Nuclear magnetic resonance (NMR) spectra were recorded on a Varian Unity600
NMR400 spectrometer. Chemical shifts are reported in parts per million (ppm). For the 'H
NMR spectra, tetramethylsilane was used as an internal reference (0.0 ppm), while for the >C
NMR spectra (CDCls), the residual solvent peak was used as the reference (77.1 ppm). For
CD;OD, the reference used for the 'H and '>C NMR spectra was the residual solvent peak
(3.30 ppm and 49.0 ppm, respectively). The mass spectra were recorded using a JEOL JMS-700
instrument. Analytical thin layer chromatography (TLC) was performed using E. Merck pre-
coated TLC plates (silica gel 60F-254, layer thickness 0.25 mm; Merck KGaA, Darmstadt, Ger-
many) and visualized by ultraviolet irradiation or 5% anisaldehyde/5% H,SO, in EtOH. Silica
gel chromatography was performed using silica gel 60 N (63-210 pm, Kanto Chemical).

Preparation of cyclobakuchiols A-D

The synthesis of cyclobakuchiols A (2), B (3), C (4), and D (5) was initiated from the synthetic
(S)-(+)-bakuchiol (1) [24], which was used as the starting material, as shown in Fig 1. Various
conditions for the transformation of 1 into 2 and 3, including under acidic conditions using
protic or Lewis acids, were examined. It was found that the treatment of 1 with an excess
amount of conc. HCl in CH,Cl,/H,0 (20/1) gave rise to a diastereomeric mixture of 2 and 3
(56%, 2:3 = 75:25) with a small amount of 4 (3%). Although 2 and 3 were inseparable by flash
silica gel column chromatography, separation by HPLC allowed for 2 and 3 single isomers to
be obtained. Their structures were confirmed by comparing the spectral data (IR, HRMS, 'H
NMR and "°C NMR) to previous reports [12,15]. Subsequently, the direct transformation
from 2 and 3 to a mixture of 4 and 5 under acidic conditions was attempted, but was
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unsuccessful because of the unstable properties of phenol moiety. Therefore, the phenolic
hydroxy groups of 2 and 3 (75:25) were protected using an acetyl group, followed by treatment
with m-CPBA to produce a diastereomeric mixture of epoxide 6 in moderate yield. Finally, the
reduction of the epoxy and acetyl groups of 6 by LiAlH, resulted in a diastereomeric mixture
of 4 and 5 in satisfactory yields. Diastereomers 4 and 5 were not separable by flash column
chromatography. Thus, separation was performed under conditions similar to those described
previously using HPLC, resulting in 4 as the major product and 5 as the minor product. The
structure of 4 was confirmed by comparing the spectral data ([ot]p, IR, EI-MS, and 'H and *C
NMR) to a previous report [14]. Similarly, the absolute configuration of 5 was determined
based on the quantitative relationship between 4 and 5. The 'H and '*C NMR spectra of com-
pounds 2-5 and 6 are shown in S1 Fig.

For the synthesis of 2 and 3 started, conc. HCI (0.4 mL) was added to a solution of 1 (101.5
mg, 0.396 mmol) in CH,Cl,/H,0 (20/1, 2 mL) at room temperature. The mixture was stirred
overnight, quenched with saturated NaHCOj3 (2 mL) and extracted with CH,Cl, (3 x 10 mL)
before drying over anhydrous MgSO,, filtering, and concentrating. The crude mixture was
purified by silica gel column chromatography (SiO, = 3 g, hexane/ethyl acetate = 10/1) to
obtain a diastereomeric mixture of 2, 3 (57.1 mg, 56%, 2: 3 = 75: 25), and 4 (3.1 mg, 3%) (Fig
1A). Furthermore, a part of the diastereomeric mixture of 2 and 3 was separated by HPLC to
afford 2 (RT: 9.08 min) and 3 (RT: 11.22 min), respectively. Data for 2: [a]p2!-8.0° (c 0.1,
CHCl5); IR (neat) 3332, 1642, 1605, 1509, 1447, 1369 cm™'; HRMS (EI) m/z calc for CgH,40,
256.1827 [M*]; found 256.1833; "H NMR (400 MHz, CDCl) § 0.98 (s, 3H, 10-CHj3), 1.34-1.45
(m, 2H, 2-CH,(a), 5-CH,(a)), 1.48 (s, 3H, 9-CH3), 1.53-1.70 (m, 2H, 2-CH,(b), 5-CH,(b)),
1.78-1.84 (m, 2H, 6-CH,), 2.21 (dt, ] = 4.0, 11.6 Hz, 1H, 4-CH), 2.66 (dt, ] = 3.6, 11.6 Hz, 1H,
3-CH), 4.51, (brs, 1H, 8-CH,(a)), 4.53 (brs, 1H, 8-CH, (b)), 4.60 (brs, 1H, OH), 5.07 (dd,
J=1.2,18.0 Hz, 1H, 12-CH,(a)), 5.13 (dd, ] = 1.6, 10.8 Hz, 1H, 12-CH,(b)), 5.85 (dd, /= 11.2,
17.6 Hz, 1H, 11-CH), 6.72 (d, ] = 8.8 Hz, 2H, 3’,5-CH), 6.99 (d, ] = 8.8 Hz, 2H, 2’,6’-CH); *C
NMR (100 MHz, CDCL5) § 19.7 (C9), 29.0 (C5), 31.6 (C10), 37.6 (C1), 37.8 (C6), 42.8 (C3),
47.5 (C2), 51.5 (C4), 111.2 (C8), 112.6 (C12), 115.0 (C3’,5"), 128.5 (C2,6), 138.3 (C1’), 146.3
(C11), 148.6 (C7), 153.4 (C4’). Data for 3: [o]p>'-34.8° (c 0.05, CHCl,); IR (neat) 3338, 2959,
2925, 1644, 1512, 1450, 1372 cm™}; HRMS (EI) m/z calc for C1gH,,40, 256.1827 [M*]; found
256.1828; 'H NMR (400 MHz, CDCl5) & 1.14 (s, 3H, 10-CH3), 1.45-1.77 (m, 6H, 2,5,6-CH,),
1.53 (s, 3H, 9-CH3), 2.19 (dt, J = 4.4, 11.6 Hz, 1H, 4-CH), 2.72 (dt, ] = 3.6, 12.0 Hz, 1H, 3-CH),
4.54, (brs, 1H, OH), 4.55 (brs, 1H, 12-CH,(a)), 4.57 (brs, 1H, 12-CH, (b)), 4.86 (dd, J = 4.0,
10.8 Hz, 1H, 8-CH,(a)), 4.93 (dd, J = 4.1, 17.6 Hz, 1H, 8-CH,(b)), 5.81 (dd, J = 10.8, 17.6 Hz,
1H, 11-CH), 6.72 (d, ] = 8.4 Hz, 2H, 3",5-CH), 7.01 (d, ] = 8.4 Hz, 2H, 2’,6'-CH); '>°C NMR
(100 MHz, CDCl3) & 19.8 (C9), 22.2 (C10), 28.3 (C5), 36.6 (C6), 37.0 (C1), 42.3 (C3), 46.5
(C2),51.6 (C4),109.2 (C12), 111.3 (C8), 115.0 (C3’,5), 128.7 (C2’,6°), 138.1 (C1’), 148.5 (C7),
150.7 (C11), 153.5 (C4).

For the synthesis of 6, acetic anhydride (ca. 50 uL) was added to a solution of diastereomeric
mixture of 2 and 3 (2: 3 = 75: 25, 10.2 mg, 0.0398 mmol) in pyridine (0.5 mL) at room temper-
ature under argon atmosphere and the mixture was stirred for 1 h. Pyridine was removed
through azeotropy by benzene, and the resin was dissolved in CH,Cl, (0.2 mL). Then,
NaHCOj; (34.4 mg) and m-CPBA (ca 70% with water; 20.3 mg, 0.0818 mmol) were added to
the mixture at 0°C and stirred for 2 h at same temperature. The reaction mixture was
quenched with saturated NaHCO3-10% Na,S,05 (1: 1, 10 mL), extracted with ethyl acetate
(3 x 10 mL), dried over anhydrous MgSQO,, filtered, and concentrated. The crude mixture was
purified by preparative thin layer chromatography (0.5 x 200 x 200 mm, hexane/ethyl ace-
tate = 4/1) to yield a diastereomeric mixture of epoxides 6 (7.2 mg, 0.0229 mmol, 58% in 2
steps). Data for 6: IR (KBr) 2924, 1761, 1503, 1204, 1009, 910 cm™; HRMS (EI) m/z calc for
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CooHa605, 314.1882 [M*]; found 314.1883; 'H NMR (400 MHz, CDCL) § 0.98 (s, 3H,
10-CHs), 1.13 (s, 3H, 9-CHs), 1.17-1.91 (m, 7H, 2,5,6-CH,, 4-CH), 2.04 (d, ] = 4.8 Hz, 1H,
8-CH, (a)), 2.14 (d, ] = 4.4 Hz, 1H, 8-CH, (b)), 2.29 (s, 3H, CH,(CH;CO)), 2.62 (m, 1H,
3-CH), 4.87 (dd, J = 1.2, 10.8 Hz, 0.23H, 12-CH, (al)), 4.93 (dd, J = 1.2, 17.6 Hz, 0.23H,
12-CH, (b1)), 5.06 (dd, ] = 1.2, 17.6 Hz, 0.77H, 12-CH, (a2)), 5.14 (dd, ] = 1.2, 10.8 Hz, 0.77H,
12-CH, (a2)), 5.80 (dd, J = 10.8, 17.6 H, 0.23H, 11-CH(1)), 5.81 (dd, J = 10.8, 17.6 H, 0.77,
11-CH(2), 7.00 (d, ] = 8.8 Hz, 2H, 3,5-CH), 7.15 (d, ] = 8.8 Hz, 2H, 2’,6’-CH); '>*C NMR (100
MHz, CDCls) 8 16.6 (C9a), 16.7 (C9b), 21.3 (CH(a)5CO), 22.1(CH(b);CO), 23.5 (C10b), 24.3
(C10a), 31.6 (C6a), 35.8 (C6b), 36.7 (C5b), 36.8 (C5a), 37.6 (C2a), 37.7 (C2b), 42.2 (C4b), 42.7
(C4a), 45.3 (C3b), 46.1 (C3a), 50.61 (C8a), 50.65 (C8b), 56.8 (C7a), 58.3 (C7b), 109.6 (C12b),
112.9 (C12a), 121.5 (C3’,5), 128.4 (C2’a,6'a), 128.5 (C2’b,6'b), 142.1 (C1’b), 142.3 (C1’a), 145.8
(Cl11b), 146.0 (C11a), 149.0 (C4’a), 149.1 (C4’b), 150.2 (C4’c), 169.6 (CH;CO).

The synthesis procedure of 4 and 5 started with the addition of LiAIH, (71.8 mg, 1.89
mmol) to a solution of epoxide 6 (19.5 mg, 0.0620 mmol) in anhydrous THF (0.5 mL) under
argon atmosphere at 0°C. Immediately, the mixture was allowed to warm up to room tempera-
ture, stirred for 10 min at the same temperature, and refluxed for 30 min. The reaction mixture
was quenched with saturated NaHCO;—14% citric acid (1:1, 10 mL) at 0°C, then extracted
with ethyl acetate (3 x 10 mL), dried over anhydrous MgSO,, filtered, and concentrated. The
crude mixture was purified by preparative thin layer chromatography (0.5 x 200 x 200 mm,
hexane/ethyl acetate = 1/1) to yield a diastereomeric mixture of 4 and 5 (17.0 mg, 0.0620
mmol, 100%) (Fig 1B). Furthermore, a part of the diastereomer was separated by HPLC to
afford 4 (RT: 13.78 min) and 5 (RT: 16.95 min). Data for 4: [a]p”>'-18.6" (c 0.54, CH;OH); IR
(neat) 3522, 3270, 2867, 2953, 1605, 1513, 1450, 1375 cm™'; HRMS (EI) m/z calc for C1gH,60,,
274.1933 [M*]; found 274.1937; "H NMR (400 MHz, CD;0D) & 0.72 (s, 3H, 10-CH3), 0.94 (s,
3H, 8-CHs), 0.99 (s, 3H, 9-CH,), 1.28-1.52 (m, 3H, 2-CH,(a), 5-CH,(a), 6-CH,(a)), 1.67 (m,
2H, 2-CH,(b), 4-CH), 1.81 (m, 1H, 6-CH,(b)), 1.91 (m, 1H, 5-CH,(b)), 2.56 (dt, ] = 3.6, 12.4
Hz, 1H, 3-CH), 5.04 (dd, = 1.2, 17.6Hz, 1H, 12-CH,(a)), 5.10 (dd, J = 1.2, 10.8H, 1H,
12-CH, (b)), 5.82 (dd, J = 10.8, 18.0 Hz, 1H, 11-CH), 6.69 (d, ] = 8.0 Hz, 2H, 3’,5"-CH), 7.00 (d,
] = 8.0 Hz, 2H, 4°,6’-CH); '>C NMR (100 MHz, CD;0D) § 25.2 (C5), 26.1(C9), 30.1 (C8), 31.9
(C10), 38.5 (C1), 38.8 (C6), 43.4 (C3), 49.9 (C2), 54.0 (C4), 74.8 (C7), 113.1 (C12), 116.3
(C3,5),129.8 (C2’,6)), 139.3 (C1’), 147.4 (C11), 156.7 (C4’). Data for 5: [o]p*'~5.6" (c 0.215,
CH,OH); IR (neat) 3528, 3275, 2965, 2830, 1608, 1512, 1455, 1377 cm™'; HRMS (EI) m/z calc
for C1gH,60,, 274.1933 [M]; found 274.1931; "H NMR (400 MHz, CDCl;) § 1.08 (s, 3H,
10-CH3), 1.17 (s, 3H, 8-CH3), 1.19 (s, 3H, 9-CH3), 1.22-1.90 (m, 7H, 2, 5, 6-CH,, 4-CH), 2.73
(dt, J=4.1,10.5 Hz, 1H, 3-CH), 4.86 (dd, J = 1.2, 9.6 Hz, 1H, 12-CH,(a)), 4.92 (dd, J = 1.2, 16.2
Hz, 1H, 12-CH,(b)), 5.79 (dd, J = 9.6, 16.2 Hz, 1H, 11-CH), 6.59 (d, ] = 8.1 Hz, 2H, 3’,5’-CH),
7.10 (d, J = 8.1 Hz, 2,,6'-CH); ">*C NMR (100 MHz, CDCl5) & 21.8 (C5), 24.7 (C9), 25.0 (C8),
29.3 (C10), 36.5 (C1), 36.6 (C6), 40.9 (C3), 47.5 (C2), 53.1 (C4), 75.9 (C7), 109.5 (C12), 116.2
(C3,5),129.2 (C2,6), 137.0 (C1’), 150.3 (C11), 155.1 (C4’).

Stock solutions (10 mM) were formed by dissolving 1-5 in dimethyl sulfoxide (DMSO)
(Sigma-Aldrich, MO, USA).

Cell culture

Madin-Darby canine kidney (MDCK) cells (Cell Bank, Ibaraki, Japan) were cultured in high-
glucose Dulbecco’s modified Eagle’s medium (DMEM) (Wako, Osaka, Japan) supplemented
with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, MA, USA), 100 units/mL peni-
cillin, 100 pg/mL streptomycin (P/S; Thermo Fisher Scientific), and 4 mM L-glutamine at 37°C
in the presence of 5% CO,.
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Viral strains

The Puerto Rico 8/34 (A/PR/8/34), California 7/09 [A/CA/7/09, 2009 pandemic strain
(HIN1pdm09)], or Wisconsin 33 (A/WSN/33) strains of the influenza A HIN1 virus provided
by Takahashi E. and Kido H. [25] were used for the experiments. Viral titers were determined
via immunostaining of the influenza A viral nucleoprotein (NP), as previously described
[23,26,27].

Thiazolyl blue tetrazolium bromide (MTT) assay

MDCK cells were seeded on a 96-well plate at 1 x 10* cells/well. 1-5 (0.8-100 uM) were pre-
pared in DMSO (100 puM, 1%; 50 uM, 0.5%; 25 uM, 0.25%; 12.5 pM, 0.125%; 6.3 uM, 0.063%;
3.1 uM, 0.031%; 1.6 M, 0.016%; 0.8 puM, 0.008%) and mixed with infection medium (DMEM
supplemented with 1% bovine serum albumin (BSA; Wako), P/S and 4 mM r-glutamine). The
resulting mixture was added to the cells and incubated for 24 or 72 h at 37°C in the presence of
5% CO,. After incubation, cell viability was determined using an MTT cell count kit (Nacalai
Tesque) according to the manufacturer’s instructions, as previously described [23,27].

Analysis of cell viability of influenza A virus-infected MDCK cells by
naphthol blue-black staining

MDCK cells were seeded on a 96-well plate (1 x 10* cells/well). 2-5 (0.4-25 uM) were mixed
with A/PR/8/34, A/CA/7/09, or A/WSN/33 viruses in 10% FBS-supplemented growth medium
at a multiplicity of infection (MOI) of ten. DMSO (0.004-1%) or 1 (0.4-25 uM) [23] were used
as negative or positive controls, respectively. The resulting mixture was added to the cells after
incubation for 30 min at 37°C in the presence of 5% CO, and then incubated for 72 h at 37°C
in the presence of 5% CO,. After incubation, the cells were stained with naphthol blue-black,
as previously described [23,27,28]. Viable cells in each well were stained blue, whereas dead
cells remained unstained.

Immunofluorescence staining of influenza A virus-infected MDCK cells

MDCK cells were seeded on a 96-well plate at 1 x 10* cells/well. 25 (3.1-12.5 uM) were mixed
with A/PR/8/34 or A/WSN/33 viruses at an MOI of 0.1 in the infection medium and incubated
for 30 min at 37°C in the presence of 5% CO,. Each mixture was added to the cells at 37°C in
the presence of 5% CO,. DMSO (0.031-0.125%) or 1 (3.1-12.5 uM) were used as negative or
positive controls, respectively. After influenza A viral infection for 24 h, the cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min at 4°C and subse-
quently permeabilized by the addition of 0.3% Triton X-100 for 20 min at 25°C. A mouse pri-
mary antibody was used to detect the NP of A/PR/8/34 or A/WSN/33 viruses (FluA-NP 4F1;
SouthernBiotech, AL, USA). Alexa Fluor488-conjugated goat anti-mouse IgG (H + L) anti-
body (Thermo Fisher Scientific) was used as the secondary antibody. Cell nuclei were then
stained using diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific). Wells were pho-
tographed using a fluorescence microscope (BIOREVO BZ-X700; Keyence, Osaka, Japan).
The proportion of influenza A NP-positive cells per DAPI-positive cells was calculated based
on measurements recorded using BZ-X Analyzer software (Keyence).

Influenza A viral growth assay

MDCK cells were seeded on a 24-well plate at a density of 1 x 10° cells/well. Cells were infected
with A/PR/8/34 or A/WSN/33 viruses at an MOI of 0.001 in infection medium for 1 h at 37°C
in the presence of 5% CO,. Infected cells were washed prior to the addition of 2-5 (12.5 pM)
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in infection medium supplemented with 3 pg/mL L-tosylamido-2-phenyl ethyl chloromethyl
ketone (TPCK)-treated trypsin (Sigma-Aldrich). DMSO (0.125%) or 1 (12.5 uM) were used as
negative or positive controls, respectively. The cells were then incubated for 12, 24, 48, or 72 h
at 37°C in the presence of 5% CO,. Culture media were collected from each well at the indi-
cated time points. Viral titers (plaque forming units per mL [PFU/mL]) were calculated as pre-
viously described [23,27].

Reverse transcription and quantitative polymerase chain reaction (RT-
qPCR)

MDCK cells were seeded on a 24-well plate at a density of 1 x 10° cells/well. 2-5 (12.5 uM), 1
(12.5 uM, positive control) or DMSO (0.125%, negative control) were mixed with or without
MOI 0.1 of A/PR/8/34 virus and incubated for 30 min prior to the cells being added. Unin-
fected cells (UT) were used for mock infection. After incubation for 24 h, total RNA was
extracted from cell lysates using a RNeasy Mini Kit (Qiagen GmbH, Germany). Total RNA
was used to synthesize cDNA using SuperScript VILO (Thermo Fisher Scientific) according to
the manufacturer’s instructions. The synthesized cDNA was used as a template for qPCR,
which was performed using SYBR Green real-time PCR Master Mix (TOYOBO, Osaka,
Japan). The primers used are shown in S1 Table. PCR and data analyses were performed on an
Applied Biosystems StepOne Plus Real-time PCR system (Thermo Fisher Scientific). Relative
expression was calculated using the AACT method. The levels of viral mRNAs encoding NP,
nonstructural protein 1 (NSI), polymerase subunits (PA, PB1, and PB2), and matrix 2 (M2)
genes were normalized to that of 18s ribosomal RNA (rRNA) [23], and the mRNA levels of
canine interferon-f (Ifn-f), myxovirus-resistant protein 1 (MxI) or NAD(P)H quinone oxido-
reductase 1 (NqolI) and Firefly or Renilla luciferase genes were normalized to that of -actin.

Western blotting

MDCK cells were seeded on a 24-well plate at a density of 1 x 10° cells/well. 2-5 (12.5 uM), 1
(12.5 uM, positive control), or DMSO (0.125%, negative control) were mixed with MOI 0.1 of
A/PR/8/34 virus and incubated for 30 min prior to the cells being added. At 4, 8,12,0r24 h
post-infection, the cells were lysed in a buffer containing 125 mM Tris-HCI, pH 6.8, 5%
sodium dodecyl sulfate, 25% glycerol, 0.1% bromophenol blue, and 10% B-mercaptoethanol
and boiled for 5 min. The cell lysates were separated on a 10% polyacrylamide gel. The proteins
were transferred to a polyvinylidene fluoride microporous membrane (Millipore, MA, USA).
FluA-NP 4F1 (SouthernBiotech) or a goat anti-influenza A viral NS1 antibody (vC-20; Santa
Cruz Biotechnology, CA, USA) were used as primary antibodies to detect their respective pro-
teins. A rabbit anti-B-ACTIN antibody (13E5; Cell Signaling, MA, USA) was used as an inter-
nal control. The secondary antibodies, horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG (SouthernBiotech) or donkey anti-goat IgG (sc-2020; Santa Cruz Biotechnology),
were used as appropriate. The signals were detected using Immobilon Western Chemilumines-
cent HRP Substrate (Millipore). Signal intensities were measured using Image]J software, and
the protein levels of NP and NS1 were normalized to that of B-actin.

Nrf2 reporter assay

An Nrf2 reporter assay based on the dual luciferase system was performed as previously
described [23,29]. The plasmid pNQO1-ARE (antioxidant response element)-Fluc, provided
by Yamamoto M., expressed a Firefly luciferase gene driven by Nrf2 activation, while the plas-
mid pRL-TK-Rluc vector (Promega, CA, USA) expressed a Renilla luciferase gene driven by
the herpes simplex viral thymidine kinase promoter as an internal control. MDCK cells were

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 7/24


https://doi.org/10.1371/journal.pone.0248960

PLOS ONE

Synthesis and anti-influenza virus activity of cyclobakuchiols

seeded in a 24-well plate at 1 x 10° cells/well and transfected with pNQO1-ARE-luc (0.25 ug)
and pRL-TK-Rluc (0.25 pg). At 24 h post-transfection, the cells were treated with 12.5 uM
cyclobakuchiols A-D in the infection medium at 37°C under 5% CO,. DMSO (0.125%) and
12.5 uM 1 were used as negative and positive controls, respectively. Total RNA was extracted
from the MDCK cell lysates after 24 h of incubation. The levels of Firefly and Renilla luciferase
mRNAs were analyzed by RT-qPCR and normalized to that of S-actin mRNA.

Statistical analysis

All results are expressed as the mean + standard error of the mean (SEM) and are representa-
tive of three independent experiments. Differences between more than two groups were ana-
lyzed by one-way analysis of variance (ANOVA). The results were considered significantly
different when p < 0.05.

Results

Cyclobakuchiols A-D increased the survival of infected MDCK cells and
suppressed infection by influenza A virus

The cytotoxicity of 2-5 against MDCK cells was confirmed using the MTT assay (Fig 2). The
viability of cells treated with 100 uM 2 or 1 was reduced after 24 h of incubation (Fig 2A),
while the viability of cells treated with 100 uM 3 or 1 was reduced after 72 h of incubation (Fig
2B) compared with that of cells treated with DMSO only. Cells exposed to <50 uM 2-5 and 1
were not affected at 24 or 72 h (Fig 2A and 2B), respectively. These results indicated that expo-
sure to < 50 uM cyclobakuchiols A-D for 24 or 72 h did not induce toxicity in MDCK cells.

Next, to evaluate the anti-influenza virus activities of 2-5, their effect on the survival of
influenza A virus-infected MDCK cells were examined. Various concentrations of 2-5 were
mixed with A/PR/8/34 (Fig 3A), A/CA/7/09 (Fig 3B), or A/WSN/33 (Fig 3C) strains of the
influenza A HIN1 viruses (MOI 10) and added to MDCK cells. The cells were then stained
after incubation for 72 h. Samples without the addition of viruses were stained blue at all indi-
cated concentrations (Fig 3A-3C, right panels), suggesting that the concentrations used in this
experiment did not induce toxicity in MDCK cells. Cells exposed to DMSO and infected with
A/PR/8/34, A/CA/7/09, or A/WSN/33 (Fig 3A-3C, left panels) viruses were not stained. How-
ever, cells treated with 6.3-25 pM 2-5 and infected with A/PR/8/34 virus (Fig 3A, left panel)
or 0.8-25 pM 2-5 and infected with A/CA/7/09 virus (Fig 3B, left panel) were stained blue,
indicating that the cells remained viable following exposure to A/PR/8/34 and A/CA/7/09
viruses. A/WSN/33 virus-infected cells treated with 2-5 or 1 were not stained (Fig 3C, left
panel). Therefore, these results showed that cyclobakuchiols A-D increased the viability of
MDCK cells infected with the influenza A virus HIN1 strain, but the effects varied depending
on the viral subtype.

Cyclobakuchiols A-D inhibited influenza A viral infection and growth

To investigate whether 2-5 inhibited influenza A viral infection, immunofluorescence staining
was examined for influenza A viral nucleoprotein (NP) in MDCK cells treated with 2-5 or 1
and infected with A/PR/8/34 (Fig 4A and 4B) or A/WSN/33 (Fig 4C and 4D) viruses (MOI
0.1) for a 24-h incubation period. The wells were observed under a microscope and photo-
graphed (Fig 4A and 4C). Then, the NP-immunofluorescent stained cells were counted and
the percentage of NP-positive cells relative to DAPI-positive cells was calculated (Fig 4B and
4D). The number of NP-stained cells in wells treated with 3.1-12.5 uM 2-4, 6.3-12.5 uM 5, or
3.1-12.5 uM 1 was reduced compared to the DMSO-treated cells (Fig 4A). Treatment with
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Fig 2. Toxicity of cyclobakuchiols A-D against MDCK cells. The indicated concentrations of cyclobakuchiols A (2),
B (3), C (4), and D (5) or (+)-(S)-bakuchiol (1) in DMSO (concentrations of 100 uM, 1%; 50 M, 0.5%; 25 pM, 0.25%;
12.5 uM, 0.125%; 6.3 uM, 0.063%; 3.1 uM, 0.031%; 1.6 uM, 0.016%; 0.8 1M, 0.008%) were added to the MDCK cells.
Cell viabilities were determined by MTT assay after incubation for 24 h (n = 5 each) (A) or 72 h (n = 5 each) (B). Data
represent the mean + SEM and were representative of three independent experiments. ***p < 0.001, for the
comparison with DMSO-treatment. The results were reproducible in this experiment.

https://doi.org/10.1371/journal.pone.0248960.g002
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Fig 3. Cyclobakuchiols A-D promotes the viability of MDCK cells infected with influenza A viruses. Effects of

cyclobakuchiols A (2), B (3), C (4), and D (5) on

the viability of MDCK cells infected with influenza A viruses. 2-5

(0.4-25 uM) were mixed with or without the A/PR/8/34 (A), A/CA/7/09 (B), or A/WSN/33 (C) viruses and
subsequently added to MDCK cells. DMSO (0.004-0.25%) and (+)-(S)-bakuchiol (1) (0.4-25 pM) were used as

negative and positive controls, respectively. Cell

viability was determined via naphthol blue-black staining after

incubation for three days. Data are representative of three independent experiments. The results were reproducible

across all experiments.

https://doi.org/10.1371/journal.pone.0248960.9003
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Fig 4. Image analysis of inhibitory effect of cyclobakuchiols A-D on influenza A viral infection. The
corresponding concentrations of cyclobakuchiols A (2), B (3), C (4), and D (5) (3.1-12.5 uM; n = 9 each), (+)-(S)-
bakuchiol (1) (3.1-12.5 pM; n = 9 each), or DMSO (0.031-0.125%; n = 9 each) were mixed with A/PR/8/34 (A and B)
or A/WSN/33 (C and D) viruses and added to MDCK cells for 24 h. The infected MDCK cells were visualized by
immunofluorescence staining of influenza A viral NP and then photographed under a microscope (A and C). The
percentages of influenza A viral NP-positive cells per DAPI-positive cells were calculated based on the counts of
influenza A viral NP-positive and DAPI-positive cells (B and D). The white scale bar in each image represents 100 pm.
Data are expressed as the mean + SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 relative
to DMSO-treatment. "'p < 0.01 relative to cyclobakuchiol D-treatment. The results were reproducible in this
experiment.

https://doi.org/10.1371/journal.pone.0248960.9004

6.3-12.5 uM 2-4 or 1 and 3.1 uM 2 and 3 or 1 significantly reduced the percentage of influenza
A NP-positive cells relative to the DMSO-treated cells (Fig 4B). In addition, treatment with

6.3 uM 2-4 or 1 significantly reduced the percentage of influenza A NP-positive cells com-
pared with the 5-treatment (Fig 4B). In cells infected with A/WSN/33 virus, the number of
stained cells in 2-5- or 1-treated cells was equal to that in the DMSO-treated cells (Fig 4C).
Treatment with 3.1-12.5 uM 2-5 or 3.1-6.3 uM 1 did not significantly reduce the percentage
of influenza A NP-positive cells, but treatment with 12.5 uM 1 significantly reduced this per-
centage, relative to the treated DMSO cells (Fig 4D). In addition, the half-maximal inhibitory
concentration (ICsy) values of the antiviral effects of cyclobakuchiols A-D against A/PR/8/34
virus based on the number of influenza A virus-infected cells, as shown in the immunofluores-
cence staining of Fig 4B, were calculated (Table 1). As a result, ICs, values of 2.1 £ 1.2,
1.7+0.8,2.4+0.6,4.6 + 2.2, and 8.8 + 2.4 uM were obtained for bakuchiol and cyclobaku-
chiols A, B, C, and D, respectively (Table 1). These results indicate that cyclobakuchiols A-D
induced an inhibitory effect on influenza A viral infection, which depended on the cyclobaku-
chiol structure and viral subtypes.

In addition, the inhibitory effect on influenza A viral growth following the treatment with
A/PR/8/34 (Fig 5A) or A/WSN/33 (Fig 5B) virus-infected MDCK cells with 2-5 for 12 to 72 h
was investigated. The viral titer of conditioned media from cells infected with A/PR/8/34 virus
treated with 2-5 or 1 was significantly reduced at 12-72 h (Fig 5A), whereas the viral titer of
cells infected with A/WSN/34 virus treated with 2-5 or 1 was significantly reduced at 24 h, but

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 11/24


https://doi.org/10.1371/journal.pone.0248960.g004
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE

Synthesis and anti-influenza virus activity of cyclobakuchiols

Table 1. Anti-viral effects of cyclobakuchiols A-D against A/PR/8/34 virus.

A/PR/8/34
(+)-(S)-bakuchiol (uM) 21+1.2
cyclobakuchiol A (uM) 1.7+0.8
cyclobakuchiol B (uM) 24+0.6
cyclobakuchiol C (uM) 4.6+2.2
cyclobakuchiol D (uM) 8.8+24

The data presented are half maximal (50%) inhibitory concentration (ICs) values. Data represent the mean + SEM
and are representative of three independent experiments.

https://doi.org/10.1371/journal.pone.0248960.t001

was not reduced at 48-72 h, compared with the conditioned media of DMSO-treated cells
(Fig 5B).

Taken together, these findings demonstrate that cyclobakuchiols A-D induce an inhibitory
effect on influenza A viral infection and growth, however, the effect varies depending on the
viral subtype.

Cyclobakuchiols A-D reduced the expression of influenza A viral mRNAs
and proteins

To evaluate whether 2-5 inhibited the expression of influenza A viral mRNAs, RT-qPCR and
western blotting in MDCK cells treated with 2-5 or 1 and infected with A/PR/8/34 virus and
incubated for 24 h were performed. The relative expression levels of viral mRNAs NP, NS1,
PA, PBI, PB2, and M2 were determined by RT-qPCR (Fig 6). The relative mRNA expression
levels of viral genes were found to be significantly decreased in MDCK cells treated with 2-5
or 1, compared with those of the DMSO-treated cells (Fig 6). Additionally, the reduction in
the levels of NP or PB2 mRNA in cells treated with 2 or 1 were significantly stronger than
those of 4 and 5 (Fig 6A) or 5 (Fig 6E), respectively.

Next, the inhibitory effect of 2-5 on influenza A viral protein expression was examined. 2—-
5 or 1 were mixed with A/PR/8/34 virus and then added to MDCK cells. The expression of
influenza A viral NP and NS1 proteins in cell lysates was analyzed by western blotting after
incubation for 4, 8, 12, and 24 h post-infection (Fig 7). As a result, the expression of NP and
NS1 proteins was reduced in MDCK cells treated with 2-5 or 1 for 8, 12 (Fig 7A), or 24 h (Fig
7B), compared with those treated with DMSO. The relative expression levels of NP or NS1
proteins at 24 h post-infection (Fig 7B) were analyzed from these signal intensities (Fig 7C).
The expression levels of NP or NSI proteins in cells treated with 2-5 or 1 were significantly
reduced compared with those in the DMSO-treated cells (Fig 7C). Additionally, the expression
levels of NP protein in 2 or 1 were significantly reduced compared with those in the 4 or 5
treatment groups, respectively (Fig 7C, left panel). These results indicate that cyclobakuchiols
A-D reduced the expression of influenza A viral mRNAs and proteins, an effect that appears
to depend on the oxidation state of isopropyl group of the cyclobakuchiol structure.

Cyclobakuchiols A-D reduced the mRNA expression of IFN-f§ and Mx1
genes in host cells following influenza A viral infection

IFN-B has been known as an antiviral cytokine in the innate immune response of host cells
induced by influenza A viral infection and growth, while Mx1 is known to be an antiviral host
cell protein upregulated by IFN-B [30-32]. We previously reported that 1 inhibits the mRNA
expression of Ifn-f and Mx1, an Ifn-induced factor, in the innate immune response of host
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Fig 5. Cyclobakuchiols A-D inhibits influenza A viral growth. MDCK cells were infected with A/PR/8/34 (A) or A/
WSN/33 (B) viruses prior to the addition of cyclobakuchiol A (2), B (3), C (4), and D (5) (12.5 uM; n = 9), DMSO
(0.125%; n = 9) or (+)-(S)-bakuchiol (1) (12.5 uM; n = 9). The conditioned culture media were collected at the
indicated time-points and added to MDCK cells, and the treated cells were immunostained. The viral titers were
calculated from the number of stained cells. Data represent the mean + SEM and are representative of three
independent experiments. **p < 0.01, ***p < 0.001 for the comparison of DMSO-treatment. Results were reproducible
in this experiment.

https://doi.org/10.1371/journal.pone.0248960.9005
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Fig 7. Cyclobakuchiols A-D inhibits the expression of influenza A viral proteins. Cyclobakuchiols A (2), B (3), C (4), and D (5) (12.5 uM), DMSO (0.125%),
or (+)-(8)-bakuchiol (1) (12.5 pM) were mixed with A/PR/8/34 virus (MOI 0.1) and incubated for 30 min prior to the addition to 1 x 10° MDCK cells. (A-C)
The levels of influenza A viral NP and NS1 proteins in cell lysates were analyzed by western blotting at 4-12 h (A) or 24 h (B) post-infection. B-actin protein
was analyzed as an internal control. Signal intensities at 24 h post-infection were measured using Image] software, and the protein levels of NP/B-actin or NS1/
B-actin were analyzed, while the protein levels of NP (C, left panel) (n = 3 each) and NS1 (C, right panel) (n = 3 each) were normalized to that of B-actin. Data
represent the mean + SEM and are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 for the indicated comparisons. The
results were reproducible in this experiment.

https://doi.org/10.1371/journal.pone.0248960.9007

cells induced by influenza A viral infection and growth [23], indicating that 1 inhibits influ-
enza A viral infection and growth. Based on our findings indicating that 2-5 inhibited influ-
enza A viral infection and growth, we hypothesized that 2-5 would reduce the mRNA
expression of Ifn-f and Mx1 in host cells. Thus, the mRNA levels of Ifn-f and MxI in the
MDCK cells infected with A/PR/8/34 virus and treated with 2-5 or 1 by RT-qPCR were ana-
lyzed (Fig 8). The relative mRNA levels of Ifn-§ (Fig 8A) and MxI (Fig 8B) were found to be
upregulated in cells infected with A/PR/8/34 virus and treated with DMSO. However, this
upregulation was significantly reduced by treatment with 2-5 or 1 (Fig 8). Additionally, the
mRNA levels of Mx1 in cells treated with 2 or 1 were significantly reduced compared with
those of 4 or 5-treatment, respectively (Fig 8B). Taken together, these results provide evidence
for the suppression of the innate immune response of host cells induced by influenza A viral
infection and growth by cyclobakuchiols A-D, demonstrating that these compounds inhibit
influenza A viral infection and growth.
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Fig 8. Cyclobakuchiols A-D inhibit the upregulation of Ifn-f and MxI mRNAs in influenza A virus-infected cells.
Cyclobakuchiols A (2), B (3), C (4), and D (5) (12.5 uM), DMSO (0.125%), or (+)-(S)-bakuchiol (1) (12.5uM) were
mixed with or without A/PR/8/34 virus (MOI 0.1) and incubated for 30 min prior to the addition to 1 x 10> MDCK
cells. Total RNA was extracted from cell lysates 24 h post-infection. The relative levels of Ifn-8 (n = 9 each) (A) or Mx1
(n =9 each) (B) mRNA were determined by RT-qPCR, normalized to -actin mRNA, and expressed relative to the
levels in DMSO-treated non-infected cells (set as 1). Data are presented as the mean + SEM of three independent
experiments. *p < 0.05, ***p < 0.001 for the indicated comparisons. The results were reproducible in this experiment.

https://doi.org/10.1371/journal.pone.0248960.9008

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 16/24


https://doi.org/10.1371/journal.pone.0248960.g008
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE

Synthesis and anti-influenza virus activity of cyclobakuchiols

Cyclobakuchiols A-D upregulated Nqol mRNA, and cyclobakuchiols A-C
induced Nrf2-activation

In a previous study, the molecular pathways of intracellular activation by 1 (using KeyMolnet
and NGS results) were analyzed and found that 1 activated the Nrf pathway [23]. In addition,
it has been reported that the mRNA expression of NQOI is regulated by the Nrf2 transcription
factor and is related to the cellular response to oxidative stress [33-36].

Thus, the upregulation of Ngol mRNA in MDCK cells infected with or without A/PR/8/34
virus and treated with 2-5 or 1 by RT-qPCR was examined (Fig 9A). The relative mRNA levels
of NqolI in cells treated with 2-5 or 1 and infected with A/PR/8/34 virus were significantly
upregulated, whereas the relative mRNA levels of NgoI in cells treated with 2 and 3 or 1 with-
out A/PR/8/34 virus were significantly upregulated, compared with those of DMSO-treated
cells (Fig 9A). The relative mRNA levels of Nqo1 in cells treated with 2-5 and infected with or
without A/PR/8/34 virus were significantly lower than those treated with 1. Additionally, the
relative mRNA levels of NqoI in cells infected with A/PR/8/34 virus and treated with 2 or 3
were significantly higher than those in the 4- and 5-treated or 5-treated cells, respectively (Fig
9A). Next, it was analyzed whether 2-5 induced Nrf2 activation in MDCK cells using the Nrf2
reporter assay (Fig 9B). As a result, treatment with 2-4 or 1, but not 5, was found to induce
Nrf2 activation, in contrast to DMSO treatment (Fig 9B).

Taken together, these results indicate that cyclobakuchiols A-D activate the Nrf2 pathway,
and their effect depends on the existence of oxidized isopropyl group in the structure of
cyclobakuchiol.

Discussion

In the present study, cyclobakuchiols A-D enhanced the survival of influenza A virus-infected
MDCK cells and inhibited influenza A viral infection and growth, as well as reduced the
expression of viral mRNAs and proteins in influenza A virus-infected cells. Cyclobakuchiols
A-D reduced the expression of influenza A virus-induced immune response genes in host
cells. Cyclobakuchiols A-D also upregulated NgoI mRNAs in influenza A-infected cells.
Cyclobakuchiols A-C, but not cyclobakuchiol D, were found to induce Nrf2 activation in host
cells, indicating that their effect depends on the oxidation state of isopropyl group in the struc-
ture of the cyclobakuchiol. This study is the first to demonstrate that cyclobakuchiols A-D
have anti-influenza viral activity involving the host cell oxidative stress response and that their
effect is dependent on stereoisomers and structural isomers. These results demonstrated that
cyclobakuchiols have anti-influenza virus activity, where the strength of this effect depends on
the structure of the cyclobakuchiol. Cyclobakuchiol A and B or cyclobakuchiol C and D are
diastereomers, and cyclobakuchiol A and C or cyclobakuchiol B and D are structural isomers,
respectively (Fig 1). The anti-influenza virus activity of cyclobakuchiols is in the order of cyclo-
bakuchiols A > B > C > D, suggesting that the chirality of the oxidized isopropyl group and
its attached carbon is important (Figs 3-9). Sekine et al. reported that the presence and differ-
ence of the isopropyl group in a ring of p-menthane monoterpenoids affected termite mortal-
ity [37]. Several studies have reported that the isopropyl group in the compound has biological
effects, such as anti-mycobacterial [38,39], anti-amoebic [40], and anticancer [39] activities.
Therefore, the isopropyl group arrangement is important for the pharmacological activity of
the compounds. These results indicate that the suitably isopropyl group of cyclobakuchiols
may be required for their anti-influenza virus activity.

The results of RT-qPCR analyses and Nrf2 reporter assays in MDCK cells treated with
cyclobakuchiols and infected with A/PR/8/34 virus showed that cyclobakuchiols A-D upregu-
lated the Ngqo1 mRNA levels and cyclobakuchiols A-C induced Nrf2 activation, in comparison
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Fig 9. Cyclobakuchiols A-D increase the mRNA expression of NAD(P)H quinone oxidoreductase 1 in MDCK
cells, and cyclobakuchiols A-C induce the nuclear factor erythroid 2-related factor 2 activation. (A)
Cyclobakuchiols A (2), B (3), C (4), and D (5) (12.5 uM), DMSO (0.125%), or (+)-(S)-bakuchiol (1) (12.5 uM) were
mixed with or without A/PR/8/34 virus (MOI 0.1) and added to 1 x 10° MDCK cells for 24 h. Total RN A was extracted
from the cell lysates, and the mRNA levels of NAD(P)H quinone oxidoreductase 1 (Ngo1), a nuclear factor erythroid
2-related factor 2 (Nrf2)-induced gene (n = 9 each), were determined by RT-qPCR, normalized to S-actin mRNA, and
expressed relative to the DMSO-treated non-infected cells (set as 1). (B) A Nrf2 reporter assay based on the dual
luciferase system was performed in MDCK cells. MDCK cells (1 x 10%) were transfected with pNQO1-ARE-Fluc,
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expressing a Firefly luciferase gene driven by Nrf2 activation, and pRL-TK-Rluc, expressing Renilla luciferase driven by
the herpes simplex viral thymidine kinase promoter. At 24 h post-transfection, the cells were treated with 2-5

(12.5 uM) (n = 6 each), DMSO (0.125%) (n = 6), or 1 (12.5uM) (n = 6). The levels of Firefly and Renilla luciferase
mRNA were analyzed by RT-qPCR after 24 h and normalized to S-actin mRNA. The relative levels of Firefly per
Renilla luciferase mRNAs were calculated and compared with that observed in the DMSO-treated cells (set as 1) and
expressed relative to the DMSO-treated cells (set as 1). Data are presented as the mean + SEM of three independent
experiments. “p < 0.05, **p < 0.01, ***p < 0.001 for the indicated comparisons. The results were reproducible across
all experiments.

https://doi.org/10.1371/journal.pone.0248960.g009

with DMSO-treated cells (Fig 9). In a previous study, we found that bakuchiol upregulates
Ngol mRNA and activates Nrf2 in MDCK cells [23]. NQOL1 catalyzes the reduction of various
quinones involving NADH or NADPH, preventing the formation of free radicals and reactive
oxygen species (ROS). An increase in ROS levels activates Nrf2 binding to the NQO1 pro-
moter, increasing NQOI production [41]. Additionally, Chen et al. found that bakuchiol
increased p53 expression and induced apoptosis via ROS-dependent reduction of mitochon-
drial membrane potential in A549 cells [22]. Therefore, the upregulation of NgoI mRNA by
cyclobakuchiols is induced by ROS-dependent Nrf2 activation, resulting in an increase in the
level of p53 protein in MDCK cells. Nrf2 activation has been shown to reduce influenza A viral
entry and replication [42], and the inhibition of p53 expression increases influenza A viral
growth [43], suggesting that the upregulation of Nrf2 and p53 inhibits influenza A viral
growth. Therefore, Nrf2 activation could represent a mechanism for the anti-influenza A virus
HINT1 of cyclobakuchiols. Furthermore, cyclobakuchiol D inhibited influenza A viral infection
and growth while upregulating the NgoI mRNA levels, but did not induce Nrf2 activation
(Figs 3-9), suggesting that cyclobakuchiols have additional mechanisms of anti-influenza A
activity.

Our pre-incubation experiments showed that cyclobakuchiols A-D inhibited the HIN1
strains of influenza virus A/PR/8/34 and A/CA/7/09, but weakly inhibited the HINT1 strain A/
WSNY/33 virus. This reflects potential differences in viral strain proteins or in the host cell
response. The HINI strain has various subtypes depending on the amino acid sequence. The
WSN strain was established by adapting the A/WSN/33 virus strain isolated from humans to
various hosts, followed by the subculture of the intracerebral inoculation of mice [44,45]. In
general, differences in HA and NA amino acid sequences between A/WSN/33 and A/PR/8/34
viruses have been reported [46-48]. Although the amino acid sequences are similar, several
different amino acid sequences are suspected of being involved in influenza virus specificity.
In a previous study, we found that bakuchiol did not inhibit the hemagglutination of chicken
red blood cells by A/PR/8/34 or A/CA/7/09 viral HAs, the trypsin digestion of recombinant A/
PR/8/34 viral HA protein, or the activities of A/PR/8/34 or A/CA/7/09 viral NAs [23]. Cyclo-
bakuchiols A-D also upregulated Ngol mRNAs in influenza A-infected cells, and cyclobaku-
chiols A-C, but not cyclobakuchiol D, induced Nrf2 activation in host cells. Therefore, it is
necessary to investigate the target factors of cyclobakuchiol, such as the host cell oxidative
stress response, based on differences in the amino acid sequences of viral HA and/or NA pro-
teins, which do not involve their activities, between A/PR/8/34 or A/CA/7/09 and A/WSN/33
viruses.

Bakuchiol has been recently reported to exhibit cytotoxic activity against several specific
human cancer cell lines [49] while being physically bound to Hck, Blk, and p38 mitogen-acti-
vated protein kinase (MAPK), indicating that Hck, Blk, and p38 MAPKs are molecular targets
for bakuchiol in skin cancer [50]. In addition, Long et al. reported that, in bakuchiol treatment,
PI3K/AKT and MAPK are involved in bakuchiol-induced apoptosis, which leads to increased
phosphorylation levels of ERK, JNK and p38 expression in gastric cancer cells [51]. These
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findings suggest that Nrf2-upstream effector proteins are targets for the anti-cancer activity of
bakuchiol, and thus could be considered as targets of bakuchiol or cyclobakuchiols in anti-
influenza virus activity. However, the direct target factors of bakuchiol and cyclobakuchiols in
their anti-influenza A virus activity remain to be fully elucidated, thus further research will be
needed.

Conclusion

The findings presented in this study demonstrate that cyclobakuchiols A-D inhibit influenza
A viral infection and growth in MDCK cells, as well as reducing the expression of viral
mRNAs and proteins. Cyclobakuchiols A-D were found to reduce the induction of Ifn-f and
MxI mRNAs by influenza A virus. RT-qPCR analyses showed that cyclobakuchiols A-D upre-
gulated NgoI mRNAs in influenza A-infected cells, while cyclobakuchiols A-C, but not cyclo-
bakuchiol D, induced Nrf2 activation in host cells. This effect was found to depend on the state
of isopropyl group in the structure of cyclobakuchiol. This is the first report to demonstrate
that cyclobakuchiols A-D have anti-influenza viral activity involving the host cell oxidative
stress response, and that this effect is dependent on stereoisomers and structural isomers. The
anti-influenza virus activity of cyclobakuchiols was found to be in the order of cyclobakuchiols
A > B> C > D, suggesting that the chirality of oxidized isopropyl group and its attached car-
bon play an important role. This discovery provides important insights into the structure of
compounds that can be used for the development of influenza therapeutics targeting the Nrf2
pathway in host cells. Thus, these results contribute to the determination of the structure of
compounds for use in the development of influenza therapeutics.

Supporting information

S1 Fig. "H-NMR and ">C-NMR spectra of cyclobakuchiols A-D.
(PDF)

S1 Table. Quantitative real-time PCR primer sequences.
(XLSX)

S1 File. Fig 2.
(Z1P)

S2 File. Fig 3 ABC raw data.
(Z1P)

S3 File. Fig 4 cyclobakuchiol MDCK PR8 0.1MOI IFA #1,3,4 raw data.
(XLSX)

$4 File. Fig 4 cyclobakuchiol MDCK WSN 0.1MOI IFA #1-3 raw data.
(XLSX)

S5 File. Fig 4 PR8 raw data tif files.
(Z1P)

S6 File. Fig 4 WSN raw data tif files.
(ZIP)

S7 File. Fig 5 cyclobakuchiol viral growth Titer.
(Z1P)

S8 File. Fig 6 Cyclobakuchiol MDCK PR8 24h qPCR #1-3 raw data.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 20/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s010
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE Synthesis and anti-influenza virus activity of cyclobakuchiols

S9 File. Fig 7 cyclobakuchiol A-D MDCK PR8 24h WB #1-3 raw data.
(XLSX)

S$10 File. Fig 7 cyclobakuchiol PR8 WB raw data.
(Z1P)

S11 File. Fig 8 cyclobakuchiol raw data.
(XLSX)

S$12 File. Fig 9 cyclobakuchiol NQO1 qPCR + Nrf2 assay.
(Z1P)

Author Contributions

Conceptualization: Masaki Shoji, Takashi Kuzuhara.
Data curation: Tomoyuki Esumi.

Formal analysis: Masaki Shoji, Tomoyuki Esumi.
Funding acquisition: Masaki Shoji.

Investigation: Masaki Shoji, Tomoyuki Esumi, Narue Tanaka, Misa Takeuchi, Saki Yamaji,
Mihiro Watanabe.

Project administration: Takashi Kuzuhara.

Resources: Tomoyuki Esumi, Mihiro Watanabe, Etsuhisa Takahashi, Hiroshi Kido, Masayuki
Yamamoto.

Supervision: Takashi Kuzuhara.
Writing - original draft: Masaki Shoji, Tomoyuki Esumi.

Writing - review & editing: Takashi Kuzuhara.

References

1.  WHO. Influenza (Seasonal) Fact Sheet December 2017 ( World Health Organization) https://www.who.
int/news-room/fact-sheets/detail/influenza-(seasonal).

2. Fiore AE, Fry A, Shay D, Gubareva L, Bresee JS, Uyeki TM, et al. Antiviral agents for the treatment and
chemoprophylaxis of influenza—recommendations of the Advisory Committee on Immunization Prac-
tices (ACIP). MMWR Recomm Rep. 2011; 60(1):1-24. PMID: 21248682

3. dedJongMD, Tran TT, Truong HK, Vo MH, Smith GJ, Nguyen VC, et al. Oseltamivir resistance during
treatment of influenza A (H5N1) infection. N Engl J Med. 2005; 353(25):2667—72. https://doi.org/10.
1056/NEJMoa054512 PMID: 16371632

4. LeQM, Kiso M, SomeyaK, Sakai YT, Nguyen TH, Nguyen KH, et al. Avian flu: isolation of drug-resis-
tant H5N1 virus. Nature. 2005; 437(7062):1108. https://doi.org/10.1038/4371108a PMID: 16228009

5. Hatakeyama S, Sugaya N, Ito M, Yamazaki M, Ichikawa M, Kimura K, et al. Emergence of influenza B
viruses with reduced sensitivity to neuraminidase inhibitors. JAMA. 2007; 297(13):1435-42. https://doi.
org/10.1001/jama.297.13.1435 PMID: 17405969

6. Hurt AC, Ho HT, Barr |. Resistance to anti-influenza drugs: adamantanes and neuraminidase inhibitors.
Expert Rev Anti Infect Ther. 2006; 4(5):795-805. https://doi.org/10.1586/14787210.4.5.795 PMID:
17140356

7. Poland GA, Jacobson RM, Ovsyannikova IG. Influenza virus resistance to antiviral agents: a plea for
rational use. Clin Infect Dis. 2009; 48(9):1254—6. https://doi.org/10.1086/598989 PMID: 19323631

8. Hayden FG, Sugaya N, Hirotsu N, Lee N, de Jong MD, Hurt AC, et al. Baloxavir Marboxil for Uncompli-
cated Influenza in Adults and Adolescents. N Engl J Med. 2018; 379(10):913-23. https://doi.org/10.
1056/NEJMoa1716197 PMID: 30184455

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 21/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248960.s014
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal)
http://www.ncbi.nlm.nih.gov/pubmed/21248682
https://doi.org/10.1056/NEJMoa054512
https://doi.org/10.1056/NEJMoa054512
http://www.ncbi.nlm.nih.gov/pubmed/16371632
https://doi.org/10.1038/4371108a
http://www.ncbi.nlm.nih.gov/pubmed/16228009
https://doi.org/10.1001/jama.297.13.1435
https://doi.org/10.1001/jama.297.13.1435
http://www.ncbi.nlm.nih.gov/pubmed/17405969
https://doi.org/10.1586/14787210.4.5.795
http://www.ncbi.nlm.nih.gov/pubmed/17140356
https://doi.org/10.1086/598989
http://www.ncbi.nlm.nih.gov/pubmed/19323631
https://doi.org/10.1056/NEJMoa1716197
https://doi.org/10.1056/NEJMoa1716197
http://www.ncbi.nlm.nih.gov/pubmed/30184455
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE

Synthesis and anti-influenza virus activity of cyclobakuchiols

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Takashita E, Ichikawa M, Morita H, Ogawa R, Fujisaki S, Shirakura M, et al. Human-to-Human Trans-
mission of Influenza A(H3N2) Virus with Reduced Susceptibility to Baloxavir, Japan, February 2019.
Emerg Infect Dis. 2019; 25(11):2108—11. https://doi.org/10.3201/eid2511.190757 PMID: 31436527

Checkmahomed L, M’'Hamdi Z, Carbonneau J, Venable MC, Baz M, Abed Y, et al. Impact of the Baloxa-
vir-Resistant Polymerase Acid I38T Substitution on the Fitness of Contemporary Influenza A(H1N1)
pdmO09 and A(H3N2) Strains. J Infect Dis. 2020; 221(1):63-70. https://doi.org/10.1093/infdis/jiz418
PMID: 31419295

Mehta URN G., Sukh Dev. Bakuchiol, a novel monoterpenoid. Tetrahedron Letters. 1966; 7(38):4561—
7.

Nadine Backhouse CLD C., Rosa E. Negrete, Bruce K. Cassels, Christiane Schneider, Eberhard Breit-
maier, Arturo San Feliciano. Cyclobakuchiols A and B from Psoralea Glandulosa. Phytochemistry.
1995; 40(1):325-7.

Backhouse CN, Delporte CL, Negrete RE, Erazo S, Zuniga A, Pinto A, et al. Active constituents isolated
from Psoralea glandulosa L. with antiinflammatory and antipyretic activities. J Ethnopharmacol. 2001;
78(1):27-31. https://doi.org/10.1016/s0378-8741(01)00309-9 PMID: 11585684

Yin S, Fan CQ, Yue JM. Cyclobakuchiol C, a new bakuchiol derivative from Psoralea corylifolia. J Asian
Nat Prod Res. 2007; 9(1):29-33. https://doi.org/10.1080/10286020500289568 PMID: 17365186

Kawashima H, Kaneko Y, Sakai M, Kobayashi Y. Synthesis of cyclobakuchiols A, B, and C by using
conformation-controlled stereoselective reactions. Chemistry. 2014; 20(1):272-8. https://doi.org/10.
1002/chem.201303538 PMID: 24273103

Katsura H, Tsukiyama RI, Suzuki A, Kobayashi M. In vitro antimicrobial activities of bakuchiol against
oral microorganisms. Antimicrob Agents Chemother. 2001; 45(11):3009—13. https://doi.org/10.1128/
AAC.45.11.3009-3013.2001 PMID: 11600349

Haraguchi H, Inoue J, Tamura Y, Mizutani K. Inhibition of mitochondrial lipid peroxidation by Bakuchiol,
a meroterpene from Psoralea corylifolia. Planta Med. 2000; 66(6):569—-71. https://doi.org/10.1055/s-
2000-8605 PMID: 10985089

Adhikari S, Joshi R, Patro BS, Ghanty TK, Chintalwar GJ, Sharma A, et al. Antioxidant activity of baku-
chiol: experimental evidences and theoretical treatments on the possible involvement of the terpenoid
chain. Chem Res Toxicol. 2003; 16(9):1062-9. https://doi.org/10.1021/tx034082r PMID: 12971793

Pae HO, Cho H, Oh GS, Kim NY, Song EK, Kim YC, et al. Bakuchiol from Psoralea corylifolia inhibits
the expression of inducible nitric oxide synthase gene via the inactivation of nuclear transcription factor-
kappaB in RAW 264.7 macrophages. Int Immunopharmacol. 2001; 1(9—10):1849-55. https://doi.org/
10.1016/s1567-5769(01)00110-2 PMID: 11562076

Lee SW, Yun BR, Kim MH, Park CS, Lee WS, Oh HM, et al. Phenolic compounds isolated from Psora-
lea corylifolia inhibit IL-6-induced STAT3 activation. Planta Med. 2012; 78(9):903—6. https://doi.org/10.
1055/s-0031-1298482 PMID: 22573369

Sun NJ, Woo SH, Cassady JM, Snapka RM. DNA polymerase and topoisomerase Il inhibitors from
Psoralea corylifolia. J Nat Prod. 1998; 61(3):362—6. https://doi.org/10.1021/np970488q PMID: 9544566

Chen Z,JinK, GaoL, Lou G, JinY, YuY, et al. Anti-tumor effects of bakuchiol, an analogue of resvera-
trol, on human lung adenocarcinoma A549 cell line. Eur J Pharmacol. 2010; 643(2—-3):170-9. https:/
doi.org/10.1016/j.ejphar.2010.06.025 PMID: 20599920

Shoji M, Arakaki Y, Esumi T, Kohnomi S, Yamamoto C, Suzuki Y, et al. Bakuchiol Is a Phenolic Isopren-
oid with Novel Enantiomer-selective Anti-influenza A Virus Activity Involving Nrf2 Activation. J Biol
Chem. 2015; 290(46):28001—17. https://doi.org/10.1074/jbc.M115.669465 PMID: 26446794

Esumi T, Yamamoto C, Fukuyama Y. A Short Synthesis of (+)-Bakuchiol. Synlett. 2013; 24(14):1845—
7.

Mizuno D, Kimoto T, Sakai S, Takahashi E, Kim H, Kido H. Induction of systemic and mucosal immunity
and maintenance of its memory against influenza A virus by nasal vaccination using a new mucosal
adjuvant SF-10 derived from pulmonary surfactant in young cynomolgus monkeys. Vaccine. 2016; 34
(16):1881-8. https://doi.org/10.1016/j.vaccine.2016.02.061 PMID: 26954466

Takahashi E, Kataoka K, Indalao IL, Konoha K, Fuijii K, Chida J, et al. Oral clarithromycin enhances air-
way immunoglobulin A (IgA) immunity through induction of IgA class switching recombination and B-
cell-activating factor of the tumor necrosis factor family molecule on mucosal dendritic cells in mice
infected with influenza A virus. J Virol. 2012; 86(20):10924—-34. https://doi.org/10.1128/JVI1.01207-12
PMID: 22896605

Shoji M, Woo SY, Masuda A, Win NN, Ngwe H, Takahashi E, et al. Anti-influenza virus activity of
extracts from the stems of Jatropha multifida Linn. collected in Myanmar. BMC Complement Altern
Med. 2017; 17(1):96. https://doi.org/10.1186/s12906-017-1612-8 PMID: 28173854

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 22/24


https://doi.org/10.3201/eid2511.190757
http://www.ncbi.nlm.nih.gov/pubmed/31436527
https://doi.org/10.1093/infdis/jiz418
http://www.ncbi.nlm.nih.gov/pubmed/31419295
https://doi.org/10.1016/s0378-8741%2801%2900309-9
http://www.ncbi.nlm.nih.gov/pubmed/11585684
https://doi.org/10.1080/10286020500289568
http://www.ncbi.nlm.nih.gov/pubmed/17365186
https://doi.org/10.1002/chem.201303538
https://doi.org/10.1002/chem.201303538
http://www.ncbi.nlm.nih.gov/pubmed/24273103
https://doi.org/10.1128/AAC.45.11.3009-3013.2001
https://doi.org/10.1128/AAC.45.11.3009-3013.2001
http://www.ncbi.nlm.nih.gov/pubmed/11600349
https://doi.org/10.1055/s-2000-8605
https://doi.org/10.1055/s-2000-8605
http://www.ncbi.nlm.nih.gov/pubmed/10985089
https://doi.org/10.1021/tx034082r
http://www.ncbi.nlm.nih.gov/pubmed/12971793
https://doi.org/10.1016/s1567-5769%2801%2900110-2
https://doi.org/10.1016/s1567-5769%2801%2900110-2
http://www.ncbi.nlm.nih.gov/pubmed/11562076
https://doi.org/10.1055/s-0031-1298482
https://doi.org/10.1055/s-0031-1298482
http://www.ncbi.nlm.nih.gov/pubmed/22573369
https://doi.org/10.1021/np970488q
http://www.ncbi.nlm.nih.gov/pubmed/9544566
https://doi.org/10.1016/j.ejphar.2010.06.025
https://doi.org/10.1016/j.ejphar.2010.06.025
http://www.ncbi.nlm.nih.gov/pubmed/20599920
https://doi.org/10.1074/jbc.M115.669465
http://www.ncbi.nlm.nih.gov/pubmed/26446794
https://doi.org/10.1016/j.vaccine.2016.02.061
http://www.ncbi.nlm.nih.gov/pubmed/26954466
https://doi.org/10.1128/JVI.01207-12
http://www.ncbi.nlm.nih.gov/pubmed/22896605
https://doi.org/10.1186/s12906-017-1612-8
http://www.ncbi.nlm.nih.gov/pubmed/28173854
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE

Synthesis and anti-influenza virus activity of cyclobakuchiols

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.
46.

47.

48.

Shoji M, Takahashi E, Hatakeyama D, Iwai Y, Morita Y, Shirayama R, et al. Anti-influenza activity of c60
fullerene derivatives. PLoS One. 2013; 8(6):e66337. https://doi.org/10.1371/journal.pone.0066337
PMID: 23785493

Kang MI, Kobayashi A, Wakabayashi N, Kim SG, Yamamoto M. Scaffolding of Keap1 to the actin cyto-
skeleton controls the function of Nrf2 as key regulator of cytoprotective phase 2 genes. Proc Natl Acad
SciU S A. 2004; 101(7):2046-51. https://doi.org/10.1073/pnas.0308347100 PMID: 14764898

Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K, et al. Differential roles of MDA5
and RIG-I helicases in the recognition of RNA viruses. Nature. 2006; 441(7089):101-5. https://doi.org/
10.1038/nature04734 PMID: 16625202

Holzinger D, Jorns C, Stertz S, Boisson-Dupuis S, Thimme R, Weidmann M, et al. Induction of MxA
gene expression by influenza A virus requires type | or type lll interferon signaling. J Virol. 2007; 81
(14):7776-85. https://doi.org/10.1128/JV1.00546-06 PMID: 17494065

Seitz C, Frensing T, Hoper D, Kochs G, Reichl U. High yields of influenza A virus in Madin-Darby canine
kidney cells are promoted by an insufficient interferon-induced antiviral state. J Gen Virol. 2010; 91(Pt
7):1754-63. https://doi.org/10.1099/vir.0.020370-0 PMID: 20357039

Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an adaptive response in
cancer. Trends Biochem Sci. 2009; 34(4):176—-88. https://doi.org/10.1016/}.tibs.2008.12.008 PMID:
19321346

Manandhar S, Cho JM, Kim JA, Kensler TW, Kwak MK. Induction of Nrf2-regulated genes by 3H-1, 2-
dithiole-3-thione through the ERK signaling pathway in murine keratinocytes. Eur J Pharmacol. 2007;
577(1-3):17-27. https://doi.org/10.1016/j.ejphar.2007.08.018 PMID: 17854798

Klaassen CD, Reisman SA. Nrf2 the rescue: effects of the antioxidative/electrophilic response on the
liver. Toxicol Appl Pharmacol. 2010; 244(1):57—65. https://doi.org/10.1016/j.taap.2010.01.013 PMID:
20122946

Johnson J, Maher P, Hanneken A. The flavonoid, eriodictyol, induces long-term protection in ARPE-19
cells through its effects on Nrf2 activation and phase 2 gene expression. Invest Ophthalmol Vis Sci.
2009; 50(5):2398-406. https://doi.org/10.1167/iovs.08-2088 PMID: 19117929

Sekine N, Shibutani S. Chemical structures of p-menthane monoterpenes with special reference to
their effect on seed germination and termite mortality. J Wood Sci. 2013; 59:229-37.

Palos |, Luna-Herrera J, Lara-Ramirez EE, Loera-Piedra A, Fernandez-Ramirez E, Aguilera-Arreola
MG, et al. Anti-Mycobacterium tuberculosis Activity of Esters of Quinoxaline 1,4-Di-N-Oxide. Molecules.
2018; 23(6). https://doi.org/10.3390/molecules23061453 PMID: 29914062

Wioch A, Stygar D, Bahri F, Bazanow B, Kuropka P, Chelmecka E, et al. Antiproliferative, Antimicrobial
and Antiviral Activity of beta-Aryl-delta-iodo-gamma-lactones, Their Effect on Cellular Oxidative Stress
Markers and Biological Membranes. Biomolecules. 2020; 10(12). https://doi.org/10.3390/
biom10121594 PMID: 33255306

Soto-Sanchez J, Caro-Gomez LA, Paz-Gonzalez AD, Marchat LA, Rivera G, Moo-Puc R, et al. Biologi-
cal activity of esters of quinoxaline-7-carboxylate 1,4-di-N-oxide against E. histolytica and their analysis
as potential thioredoxin reductase inhibitors. Parasitol Res. 2020; 119(2):695-711. https://doi.org/10.
1007/s00436-019-06580-8 PMID: 31907668

Tsvetkov P, Reuven N, Shaul Y. Ubiquitin-independent p53 proteasomal degradation. Cell Death Differ.
2010; 17(1):103-8. https://doi.org/10.1038/cdd.2009.67 PMID: 19557012

Kesic MJ, Simmons SO, Bauer R, Jaspers |. Nrf2 expression modifies influenza A entry and replication
in nasal epithelial cells. Free Radic Biol Med. 2011; 51(2):444-53. https://doi.org/10.1016/j.
freeradbiomed.2011.04.027 PMID: 21549835

Turpin E, Luke K, Jones J, Tumpey T, Konan K, Schultz-Cherry S. Influenza virus infection increases
p53 activity: role of p53 in cell death and viral replication. J Virol. 2005; 79(14):8802—11. https://doi.org/
10.1128/JV1.79.14.8802-8811.2005 PMID: 15994774

Wilson Smith CHA, Laidlaw P.P. A Virus Obtained from Influenza Patients. The Lancet. 1933; 222
(5732):66-8.

Stuart-Harris CH. A Neurotropic Strain of Human Influenza Virus. The Lancet. 1939; 233(6027):497-9.

Alan L. Hiti DPN. Complete Nucleotide Sequence of the Neuraminidase Gene of Human Influenza
Virus AIWSN/33. Journal of Virology. 1982; 41(2):730—4. https://doi.org/10.1128/JV1.41.2.730-734.
1982 PMID: 7077751

Alan L. Hiti ARD, Debi P. Nayak. Complete sequence analysis shows that the hemagglutinins of the HO
and H2 subtypes of human influenza virus are closely related. Virology. 1981; 111(1):113-24. https:/
doi.org/10.1016/0042-6822(81)90658-9 PMID: 7233828

Caton AJ, Brownlee GG, Yewdell JW, Gerhard W. The antigenic structure of the influenza virus A/PR/8/
34 hemagglutinin (H1 subtype). Cell. 1982; 31(2 Pt 1):417-27.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 23/24


https://doi.org/10.1371/journal.pone.0066337
http://www.ncbi.nlm.nih.gov/pubmed/23785493
https://doi.org/10.1073/pnas.0308347100
http://www.ncbi.nlm.nih.gov/pubmed/14764898
https://doi.org/10.1038/nature04734
https://doi.org/10.1038/nature04734
http://www.ncbi.nlm.nih.gov/pubmed/16625202
https://doi.org/10.1128/JVI.00546-06
http://www.ncbi.nlm.nih.gov/pubmed/17494065
https://doi.org/10.1099/vir.0.020370-0
http://www.ncbi.nlm.nih.gov/pubmed/20357039
https://doi.org/10.1016/j.tibs.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19321346
https://doi.org/10.1016/j.ejphar.2007.08.018
http://www.ncbi.nlm.nih.gov/pubmed/17854798
https://doi.org/10.1016/j.taap.2010.01.013
http://www.ncbi.nlm.nih.gov/pubmed/20122946
https://doi.org/10.1167/iovs.08-2088
http://www.ncbi.nlm.nih.gov/pubmed/19117929
https://doi.org/10.3390/molecules23061453
http://www.ncbi.nlm.nih.gov/pubmed/29914062
https://doi.org/10.3390/biom10121594
https://doi.org/10.3390/biom10121594
http://www.ncbi.nlm.nih.gov/pubmed/33255306
https://doi.org/10.1007/s00436-019-06580-8
https://doi.org/10.1007/s00436-019-06580-8
http://www.ncbi.nlm.nih.gov/pubmed/31907668
https://doi.org/10.1038/cdd.2009.67
http://www.ncbi.nlm.nih.gov/pubmed/19557012
https://doi.org/10.1016/j.freeradbiomed.2011.04.027
https://doi.org/10.1016/j.freeradbiomed.2011.04.027
http://www.ncbi.nlm.nih.gov/pubmed/21549835
https://doi.org/10.1128/JVI.79.14.8802-8811.2005
https://doi.org/10.1128/JVI.79.14.8802-8811.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994774
https://doi.org/10.1128/JVI.41.2.730-734.1982
https://doi.org/10.1128/JVI.41.2.730-734.1982
http://www.ncbi.nlm.nih.gov/pubmed/7077751
https://doi.org/10.1016/0042-6822%2881%2990658-9
https://doi.org/10.1016/0042-6822%2881%2990658-9
http://www.ncbi.nlm.nih.gov/pubmed/7233828
https://doi.org/10.1371/journal.pone.0248960

PLOS ONE Synthesis and anti-influenza virus activity of cyclobakuchiols

49. XinZ,Wu X, JiT, XuB, HanY, Sun M, et al. Bakuchiol: A newly discovered warrior against organ dam-
age. Pharmacol Res. 2019; 141:208-13. https://doi.org/10.1016/j.phrs.2019.01.001 PMID: 30610961

50. KimJE, KimJH, LeeY, YangH, Heo YS, Bode AM, et al. Bakuchiol suppresses proliferation of skin
cancer cells by directly targeting Hck, Blk, and p38 MAP kinase. Oncotarget. 2016; 7(12):14616-27.
https://doi.org/10.18632/oncotarget.7524 PMID: 26910280

51. Long Lv BL. Anti-tumor Effects of Bakuchiol on Human Gastric Carcinoma Cell Lines Are Mediated
Through PISK/AKT and MAPK Signaling Pathways. Molecular Medicine Reports. 2017; 16(6):8977-82.
https://doi.org/10.3892/mmr.2017.7696 PMID: 28990045

PLOS ONE | https://doi.org/10.1371/journal.pone.0248960 March 26, 2021 24/24


https://doi.org/10.1016/j.phrs.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30610961
https://doi.org/10.18632/oncotarget.7524
http://www.ncbi.nlm.nih.gov/pubmed/26910280
https://doi.org/10.3892/mmr.2017.7696
http://www.ncbi.nlm.nih.gov/pubmed/28990045
https://doi.org/10.1371/journal.pone.0248960

