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Chemistry and Bioactivity of
Marine-Derived Bisabolane
Sesquiterpenoids: A Review

Cheng-Shou Li, Li-Ting Liu, Lei Yang, Jing Li* and Xin Dong *

Qingdao Hospital of Traditional Chinese Medicine (Qingdao Hiser Hospital), Qingdao, China

Natural products, characterized by intriguing scaffold diversity and structural complexity,
as well as significant agricultural and medicinal activities, have been a valuable source of
agrochemicals/drugs development and have historically made a huge contribution to
pharmacotherapy. Structurally, bisabolanes are a family of naturally occurring
sesquiterpenoids that featured a hexatomic ring core incorporating with eight
continuous carbons, which cause high structural variability along the alkyl side chain to
form abundant functionalities. Moreover, apart from their interesting structures,
bisabolanes have shown multitudinous bioactivities. Bisabolanes are distributed in a
variety of marine invertebrates, terrestrial plant, and microbial sources. Interestingly,
bisabolanes characterized from marine environment possess unique characteristics
both structurally and biologically. A total of 296 newly-discovered bisabolanes were
searched. Among them, 94 members were isolated from marine organisms. This
review particularly focuses on the new bisabolanes characterized from marine
organisms (covering from 2000 to 2021), including marine-derived fungi, algae, soft
corals, and sponges, with emphasis on the diversity of their chemical structures as
well as the novelty and differences between terrestrial and marine sources. Moreover,
a wide range of bioactivities of marine-derived bisabolanes, including antimicrobial, anti-
inflammatory, enzyme inhibitory, and cytotoxic properties, are presented herein, which is
considered to be a promising resource for the discovery of new drug leads and
agrochemicals.

Keywords: marine-derived bisabolanes, sesquiterpenoids, chemical diversity, biological activities, lead compounds

INTRODUCTION

Natural products (NPs) are secondary metabolites produced by plants, microorganisms, and animals
through diversified biosynthetic pathways. NPs possess attractive structural diversity and complexity
along with prominent biological properties, and hence have played an essential role in the discovery
of lead compounds for new medicines (Butler, 2005). Historically, NPs and their derivatives have
made a significant contribution to pharmacotherapy. The discovery of penicillin, the first broad-
spectrum antibiotic, is a representative example, which, not only accelerated the course of
pharmaceutical research but also saved thousands of lives (Zhang et al,, 2020). NPs have been
an inexhaustible reservoir for new drug development, which prove to be the cornerstone of modern
pharmaceutical industry. It is estimated that approximately 60% of approved small-molecule based
drugs between 1981 and 2019 are derived from NPs, indicating that there is still an urgent need to
excavate more NPs with novel structures and promising bioactivities (Newman and Cragg, 2020).
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Sesquiterpenoids represent structurally diverse NPs with
extensive pharmacological activities, with more than 300
skeletons being reported up to now (Fraga, 2011).
Bisabolanes are a family of sesquiterpenoids widely
distributed in terrestrial plants, microorganisms, and marine
organisms (algae, soft corals, and sponges) (Chen et al., 2021).
Structurally, bisabolanes contain a hexatomic ring core that
generally, but not always, features a 15-carbon skeleton.
Bisabolanes appear to be among the simplest of all
sesquiterpenoids, as most of them are monocyclic. However,
they represent high complexity of cyclic sesquiterpenoids. These
compounds incorporate an eight continuous carbons side chain,
which cause high structural diversity to generate abundant
functionalities including double bond, lactone, furan, pyran,
and so on, by oxidation, reduction, esterification, and
cyclization (Niu et al., 2020; Chen et al, 2021). Moreover,
some unique members, such as norbisabolanes (Jian Li et al,
2015; Ge et al., 2021), dimers (Sun et al., 2012; Georgantea et al.,
2013), glycosides (Lv et al., 2014), adducts (Xiao-Dong Li et al.,
2015), have also been characterized. Chemically speaking, the
findings of these fascinating molecules provide considerable
chemical foundation in the course of new drugs and agricultural
chemicals discovery. In addition, bisabolanes have been
reported to possess extensive pharmacological activities,
including but not limited to anti-inflammatory, insecticidal,
antitumor, antimicrobial, and antiviral activities.

Marine environment has distinct ecological characteristics
compared to terrestrial environment, such as high salinity,
high pressure, extreme temperature, and low oxygen. To
overcome those multiple extreme environmental stresses,
marine organisms have evolved unique metabolic abilities to
produce novel bioactive natural products. Marine natural
products, therefore, possess unimaginable structural diversity
and have brought immensely attention. A large amount of
marine natural products have been discovered and reported,
including polyketides, terpenoids, steroids, peptides, and
nitrogen-containing compounds (Carroll et al, 2021).
Compared to NPs isolated from terrestrial environment,
marine natural products are often considered to be more
diversiform and variable both structurally and biologically. For
example, marine-derived heterocyclic alkaloids are challenging
NPs possessing structurally unique skeletons arising from distinct
amino acids (Zhang et al, 2020). Moreover, many of marine
natural products are characterized as halogenated compounds,
which are relatively few in terrestrial natural products. As for
above-mentioned bisabolanes, it is believed that marine-derived
bisabolanes may also have certain novelty and differences in
contrast to terrestrial ones on structures and bioactivities.
Therefore, to fully demonstrate the chemistry and bioactivity
of newly-discovered marine-derived bisabolanes in recent years,
we performed an in-depth investigation of these compounds, not
only from marine sources but also from terrestrial sources. As a
result, a total of 296 new bisabolanes and 93 references were
searched, with 94 members isolated from marine organisms. They
include 64 compounds (1-64) characterized from marine fungi, 6
compounds (65-70) from marine algae, 9 compounds (71-79)
from soft corals, 15 compounds (80-94) from marine sponges.

Bioactive Marine-Derived Bisabolane Sesquiterpenoids

Moreover, another 27 compounds (95-122) from terrestrial
fungi, 169 compounds (123-291) from terrestrial plants, and 5
compounds (292-296) from others were presented in
Supplemental Materials (Supplementary Figures S1-S3).
Pharmacological studies indicated the biological potential of
these compounds, exhibiting antimicrobial, anti-inflammatory,
enzyme inhibitory, cytotoxic, antimicroalgal, and antifouling
properties. It should be pointed out that a review regarding to
the chemistry and bioactivity of bisabolanes has been published
very recently (Shu et al., 2021). The previous review by Shu et al.
described 356 bisabolanes in total isolated from 24 families,
primarily from Compositae, Zingiberaceae, Aspergillaceae,
Halichondriidae, and Aplysiidae (Shu et al,, 2021). Since the
authors mixed up the marine and terrestrial bisabolanes for
discussion, this review gave little information on marine
bisabolanes, especially their structural features. In this study,
this is the first attempt to summarize the chemical diversity of
marine-derived bisabolanes, highlight their novelty and
differences between terrestrial and marine sources, and
provide a future perspective of their potential applications as
lead compounds.

CHEMICAL DIVERSITY OF THE
NEWLY-DISCOVERED MARINE-DERIVED
BISABOLANES

Bisabolanes Characterized From

Marine-Derived Fungi

As shown in Figure 1, Figure 2, Figure 3, Figure 4, a total of 64
new bisabolanes (1-64) were characterized from marine-derived
filamentous fungi. Bioassay-guided isolation of a marine-derived
fungus Aspergillus sp. obtained from a gorgonian coral yielded
three new phenolic bisabolanes, (+)-methyl sydowate (1), 7-
deoxy-7,14-didehydrosydonic acid (2), and 7-deoxy-7,8-
didehydrosydonic acid 3) (Wei et al, 2010). 1 possessed a
2,2,6-trimethyltetrahydro-2H-pyran moiety, which was proved
as a natural product, rather than an artifact during the isolation
process. Chemical investigation of the mangrove-derived
endophytic fungus Aspergillus sp. xy02 resulted in the isolation
of seven new phenolic bisabolanes, namely (7R,10S)-7,10-
epoxysydonic acid (4), (7S,10S)-7,10-epoxysydonic acid (5),
(7R,118)-7,12-epoxysydonic acid (6), (7S,118)-7,12-
epoxysydonic acid (7), 7-deoxy-7,14-didehydro-12-
hydroxysydonic acid (8), (Z)-7-deoxy-7,8-didehydro-12-
hydroxysydonic acid (9), and (E)-7-deoxy-7,8-didehydro-12-
hydroxysydonic acid (10) (Wang et al., 2018). Compounds 4
and 5 were elucidated as a pair of isomers of the 7,10-epoxide of
sydonic acid, while compounds 6 and 7 were found to form a
7,12-epoxide. Four new phenolic bisabolanes, (S)-(+)-11-
dehydrosydonic acid 11) and (7S,115)-(+)-12-acetoxysydonic
acid (12), and expansols A 13) and B (14), were produced by
the marine fungus Penicillium expansum 091,006, which was
endogenous with the mangrove plant Excoecaria agallocha (Lu
et al., 2010). Compounds 13 and 14 were the first examples of
adducts containing both phenolic bisabolane sesquiterpenoid and
diphenyl ether units.

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 881767


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lietal Bioactive Marine-Derived Bisabolane Sesquiterpenoids

MeOOC HOOC HOOC HOOC
O
=
OH OH OH
1 2 3 4 5 6
HO HO OH
HOOC HOOC HOOC
& = OAc

OH OH OH

8 9 10 11 12

22R,=OH,R,=H
23R, =H,R,=OH

HOOC
OH § OH oH ¥ OH
30 31 32

FIGURE 2 | Bisabolanes characterized from marine-derived fungi (Continued) (19-32).

R,00C HOOC R, i 0 s
OH 7 OR, o OH on’w OH L Y
35

33R;=Me,Ry=H 36 R, = OMe, R, = H, R; = CH,OH 38 39 40
34R,; =H,Ry=Me 37R, = OH, R, = OH, R; = COOH

H | oH OH g
|
)
HO OH
OH / OH
O 41 (+)-4278
()42 7R

H:
HO HO:..
[0}
OH
o’
49

FIGURE 3 | Bisabolanes characterized from marine-derived fungi (Continued) (33-53).
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Fourteen undescribed phenolic bisabolanes with diverse
structures, asperbisabolanes A—-N (15-28), were isolated from
the deep sea sediment-derived fungus A. sydowii MCCC 3A00324
(Niu et al., 2020). 15 and 16 represented the first bisabolanes
featuring a 6/6/6 tricyclic skeleton. 17 was characterized as a
novel seco-bisabolane containing a rare dioxolane moiety, and 25
possessed a rare methylsulfonyl group. Four new bisabolanes,
including aspergiterpenoid A (29), (-)-sydonol (30), (—)-sydonic
acid (31), and (-)-5-(hydroxymethyl)-2-(2',6',6'-
trimethyltetrahydro-2H-pyran-2-yl)phenol (32), were
characterized from a marine sponge-sourced fungus Aspergillus
sp. (Li et al, 2012). Two new phenolic bisabolanes, ent-
aspergoterpenin C 33) and 7-O-methylhydroxysydonic acid
(34), were obtained from the culture extracts of A. versicolor
SD-330, a deep-sea sediment-sourced fungus (Li et al., 2019a). 33
and 34 were considered as natural products through HPLC
analysis, rather than artifacts produced by esterification or
methylation. Then from the same fungus, another new
compound 12-hydroxysydowic acid 35) was isolated (Li et al.,
2019b). Three new bisabolanes, (7S)-(+)-7-O-methylsydonol
(36), (78,11S5)-(+)-12-hydroxysydonic acid (37), and 7-deoxy-
7,14-didehydrosydonol (38), were isolated from the fungus A.
sydowii by the addition of a DNA methyltransferase inhibitor 5-
azacytidine (Chung et al., 2013).

Through chemical epigenetic manipulation strategy, the
gorgonian-derived fungus A. versicolor XS-20090066 was
found to produce a new bisabolane aspergillusene E (39) with
a benzofuran moiety, by the addition of histone deacetylase
inhibitor, suberoylanilide hydroxamic acid, and DNA
methyltransferase inhibitor, 5-azacytidine (Wu et al,, 2020). A
pair of new S-containing norbisabolane enantiomers
methylsulfinyl-1-hydroxyboivinianin A [(+)-40] were produced
by the marine algal-derived endophytic fungus P. chrysogenum
LD-201810 (Ge et al., 2021). 40 was proven to possess a rare
methylsulfinyl substituent, and finally afforded individual
enantiomers (+)-40 and (-)-40 by chiral HPLC. A new
polychiral bisabolane with a 10,11-diol moiety named
bisabolanoic acid A 41) was isolated from the mangrove-

derived endophytic fungus Colletotrichum sp. SCSIO KcB3-2
(Li et al, 2021). A pair of new bisabolanes enantiomers
(+)-flavilane A (42), as well as a new derivative flavilane B
(43), were isolated from the seawater-derived fungus A.
flavipes 297 (Chen et al., 2021). 42 and 43 represented
uncommon cases of phenolic bisabolanes incorporating with a
methylsulfinyl group. A new bisabolane bisabolan-1,10,11-triol
44) and a new norbisabolane 12-nor-11-acetoxybisabolen-3,6,7-
triol 45) were isolated from a marine algal-derived endophytic
fungus T. asperellum cf44-2 (Song et al., 2018). In a systemic
phytochemical investigation on a marine red alga-epiphytic
isolate of T. asperellum Y6-2, eight new bisabolanes,
trichobisabolins A—H (46-53), were finally obtained (Shi et al,
2019). Compounds 49-53 were rare nor-sesquiterpenes.

Four new phenolic bisabolanes 54-57 were isolated from the
culture of mangrove endophytic fungus A. flavus QQSG-3 (Wu
et al, 2018). 54 was a phenol-bisabolane adduct linked via a
methylene, while 56 was a dimeric analogue of sydonol. Three
rare phenolic bisabolane dimers, disydonols A—C (58-60), were
acquired by the extensive investigation on a marine-derived
fungus Aspergillus sp. (Sun et al, 2012). 58-60 were the
dehydration dimeric metabolites of (S)-(+)-sydonol. Four new
phenolic bisabolanes, peniciaculins A 61) and B (62), (75)-
(=)-10-hydroxysydonic acid (63), and 1-hydroxyboivinianin A
(64), were isolated from a deep sea sediment-derived fungus P.
aculeatum SD-321 (Jian Li et al., 2015). 61 was a diphenyl ether-
bisabolane adduct via an ether bond, whereas 62 represented the
dimeric bisabolane with two monomers linking through an
ester bond.

Bisabolanes Characterized From Marine
Algae

Compounds 65-70 (Figure 5) were obtained from marine algae.
Two new highly halogenated monocyclic bisabolanes,
laurecomposins A 65) and B (66), were discovered from a
phytochemical investigation on the red alga Laurencia
composita Yamada (Hu et al., 2020). Phytochemical studies on
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FIGURE 7 | Bisabolanes characterized from marine sponges (80-94).

L. okamurai, a marine red alga, yielded four new bisabolane  sense of chemotaxonomy, 67 and 68 represented the first
sesquiterpenes, okamurenes A—D (67-70) (Liang et al., 2012). 67  members of brominated bisabolanes possessing a phenyl

and 68 were brominated isomers, and 69 and 70 were  moiety among sesquiterpenes isolated from algae belonging to
dehalogenated 6,9-epoxybisabola-2,7 (14),10-triene. In the  Laurencia.
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Bisabolanes Characterized From Soft

Corals

Detailed chemical investigation of the tropical soft coral
Pseudopterogorgia rigida led to the discovery of seven new
bisabolanes 71-77 (Figure 6) (Georgantea et al., 2014). These
obtained compounds belonged to phenolic bisabolanes, except for
73, which was elucidated as acetyl-p-bisabolol. Moreover, 71 and 72
were epimers of 1,9-epoxy-4-hydroxy-a-curcumene. This species
also produced minor constituents, perezoperezone 78) and
curcuperezone 79) (Georgantea et al., 2013). 78 possessed a non-
symmetrical dimeric structure through the formation of a five-
membered ring, whereas 79 was a rare dimer synthesized by
perezone and a-curcumene to form a tricyclic core.

Bisabolanes Characterized From Marine
Sponges

As shown in Figure 7, 15 bisabolanes were isolated and identified
from marine sponges. Six new aromatic bisabolanes, plakordiols
A-D (80-83), (7R, 10R)-hydroxycurcudiol (84), and (7R, 10S)-
hydroxycurcudiol (85), were isolated from the marine sponge
Plakortis simplex (Wang et al., 2021). Another four new aromatic
bisabolanes, including 6-(3-hydroxy-6-methyl-1,5-heptadien-2-yl)-
3-methylbenzene-1,4-diol ~ (86),  4-hydroxy-3,7-dimethyl-7-(3-
methylbut-2-en-1-yl)benzofuran-15-one  (87), 6-(2-methoxy-5-
methylhept-4-en-2-yl)-3-methylbenzene-1,4-diol (88), and 9-(3,3-
dimethyloxiran-2-yl)-1,7-dimethyl-7-chromen-4-ol ~ (89), were
obtained from an organic extract of the marine sponge
Mpyrmekioderma sp. (Costa et al, 2019). All of the isolated
compounds represented cyclic bisabolanes bearing rich oxo
functionality. Furthermore, chemical investigation of the Thai
marine sponge Myrmekioderma sp. afforded two new aromatic
bisabolanes, myrmekioperoxides A (90) and B 91) (Wongbundit
et al, 2020). A new monocyclic bisabolane (E)-3-
isocyanobisabolane-7,10-diene 92) containing an isonitrile group
was isolated from the Okinawan sponge of the genus Axinyssa
(Iwashima et al,, 2002). Finally, two new rare epoxy-substituted
nitrogenous bisabolanes, 3-formamido-7,8-epoxy-a-bisabolane 93)
and 3-isocyano-7,8-epoxy-a-bisabolane (94), were produced by the
Hainan sponge Axinyssa sp. (Sun et al,, 2010). 93 and 94 were a-
bisabolanes with an 7,8-epoxy ring, which also contained a
formamide functional group in 93 and an isonitrile group in 94.
It is worth mentioning that, although nitrogen-bearing bisabolanes
are widely encountered in marine invertebrates, epoxy-substituted
nitrogenous bisabolanes are rather rare.

BIOLOGICAL ACTIVITIES OF
BISABOLANES

Antimicrobial Activity

Compound 1 exerted weak antibacterial efficacy against the
Gram positive strain Staphylococcus aureus with an inhibition
zone of 11 in diameter at the concentration of 100 pg/ml (Wei
et al, 2010). Compounds 5, 6, 8, and 10 showed mild
antibacterial effect on S. aureus with the ICsy values of 32.2,

Bioactive Marine-Derived Bisabolane Sesquiterpenoids

36.0, 41.9, and 31.5 uM, respectively (Wang et al., 2018).
Compound 30 was active against the pathogenic bacteria S.
albus and Micrococcus tetragenus with the MICs of 5.00 and
1.25 uM, while 32 on S. albus and Bacillus subtilis with the
MICs of 5.00 and 2.50 uM, respectively (Li et al., 2012).
Compounds 33-35 exhibited high antibacterial activity
against zoonotic pathogenic bacteria Escherichia coli,
Edwardsiella tarda, Vibrio harveyi, and V. parahaemolyticus,
with MICs no higher than 8.0 ug/ml (Li et al., 2019a; Li et al,,
2019b). 39 possessed activity against S. epidermidis and S.
aureus with MICs of 8 and 16 ug/ml. Moreover, 39 also showed
antifungal activity toward Candida albicans and C. tropicalis
with MICs of 64 and 32 pg/ml, respectively (Wu et al., 2020).
44 and 45 showed weak activity against four marine
pathogenic bacteria, V. parahaemolyticus, V. anguillarum,
V. harveyi, and V. splendidus, with the inhibitory zone
diameters of 6.3-7.5mm at 20 pg/disk (Song et al., 2018).
Compound 61 demonstrated inhibitory activity against
aquatic pathogens Micrococcus luteus and V. alginolyticus
with MICs of 1.0 and 2.0 ug/ml, respectively (Xiao-Dong Li
et al., 2015). Moreover, the dimer 62 and norbisabolane 64
showed selective activity against E. tarda and V. harveyi, with
MICs of 8.0 and 4.0 pg/ml. The halogenated bisabolanes 65
and 66 exhibited not only potent antifungal activity against
Microsporum gypseum, with MICs of 4 and 8 ug/ml, but also
considerable antibacterial activity against S. aureus with MICs
of 26.8 and 15.4 pg/ml, respectively (Hu et al., 2020).

Cytotoxic Activity

Compound 13, a new adduct of phenolic bisabolane and diphenyl
ether, possessed moderate cytotoxicity against HL-60 tumor cells
with an IC5, value of 15.7 uM, and 14 inhibited higher activity
against A549 and HL-60 cells with ICs, values of 1.9 and 5.4 uM,
respectively (Lu et al., 2010). The condensation between phenolic
bisabolanes and diphenyl ethers appear to enhance cytotoxicity
significantly. The sulfurated compounds 42 and 43 exhibited
moderate cytotoxicity against MKN-45 and HepG2 cells, with the
ICs values ranging from 19.8 to 30.1 pg/ml, which indicated that
the methylsulfinyl group could strengthen cytotoxicity (Chen
et al, 2021). The dimmers 58 and 60 showed pronounced
cytotoxic activities against HepG-2 and Caski cell lines with
ICso values of 2.91-12.40 pg/ml, whereas 59 was relatively
noncytotoxic (IC5o > 100 pg/ml) (Sun et al., 2012).

Anti-Inflammatory Activity

Compounds 15-28 were evaluated inhibition effects against nitric
oxide (NO) secretion in LPS-activated BV-2 microglia cells. 20 and
26 possessed the inhibition rates of 464 and 56.8% at a
concentration of 10 puM. Structure-activity relationship analysis
indicated that the double bond at A™® in bisabolane may
strengthen the inhibition of NO secretion. Molecular mechanism
study revealed that 26 inhibited the NF-kB-activated pathway in a
dose-dependent manner (Niu et al., 2020).

Enzyme Inhibitory Activity
The polychiral bisabolane 41 displayed moderate inhibitory activity
against acetylcholinesterase (AChE) with an IC5, value of 2.2 uM. In
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FIGURE 8 | (A) Source categories of the described bisabolanes; (B) Categories of the marine fungi-derived bisabolanes.
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silico molecular docking analysis indicated that 41 may bind to the
active site residue TYR121 by hydrogen bonds (Li et al., 2021). 54
and 56 showed strong a-glucosidase inhibitory effects with ICsy
values of 4.5 and 3.1 uM, respectively (Wu et al,, 2018).

Other Activities

Compound 32 not only showed selective antibacterial activity but
also possessed significant antifouling activity. 32 drastically inhibited
the larval settlement of the barnacle Balanus amphitrite at a
concentration of 25.0 pg/ml (Li et al, 2012). 36 and 37 showed
anti-diabetic activity, which increased medium glucose consumption
of the differentiated 3T3-L1 adipocytes in comparison with the
insulin treatment (Chung et al, 2013). 39 displayed antifouling
activity against bryozoan larvae of Bugula neritina with the ECsy and
LCs values of 6.25 and 25 pg/ml, respectively (Wu et al., 2020). The
norbisabolane 45 possessed antimicroalgal potency against the
marine phytoplankton Heterosigma akashiwo with an ICs, value
of 8.4 ug/ml (Song et al., 2018). Compounds 49-53 exhibited growth
inhibition against four marine phytoplanktons (H. akashiwo,
Prorocentrum donghaiense, Chattonella marina, and Karlodinium
veneficum) with ICsps ranging from 2.1-85 pg/ml (Shi et al,, 2019). It
appeared that the acetoxy group at C-11 could significantly enhance
inhibitory ability against marine phytoplanktons. Zebrafish Nile red
fat metabolism assay revealed that compounds 86, 87, and 89 had
significant lipid-reducing activity with ICs, values of 7.89, 12.61, and
1.22 pM, respectively (Costa et al., 2019). 92 containing an isonitrile
group exerted strong brine shrimp lethal activity with an LCsy of
0.1 pg/ml (Iwashima et al., 2002).

DISCUSSIONS AND CONCLUSION

The Novelty of Bisabolanes Characterized
From Fungi and Differences Between
Terrestrial and Marine Sources

Bisabolanes, a unique family of naturally occurring
sesquiterpenoids, have been a valuable reservoir for searching
for new lead compounds with medical and/or agricultural
potential. These compounds are widely distributed in

terrestrial plants, microorganisms, and marine organisms
(algae, soft corals, and sponges) (Figure 8A). This review
summarizes 296 newly-discovered bisabolanes in the past few
years. Among them, 92 compounds, accounting for 31.08% of all
described bisabolanes, were characterized from fungi [including
marine-derived 1-64 (Figure 1, Figure 2, Figure 3, Figure 4) and
terrestrial 95-122 (Supplementary Figure S1 in Supplemental
Materials], especially filamentous fungi. The filamentous fungi
Aspergillus, Penicillium, and Trichoderma are dominant genera as
producers of these compounds, with 44, 9, and 10 members
described, respectively (Figure 8B). Structurally, bisabolanes
characterized from fungi are mainly phenolic bisabolanes,
which featured a para-alkylated benzene ring framework
comprising a side chain with an eight consecutive carbons.
Their structure variability is due to the transformation of the
side chain, such as oxidation, reduction, esterification, and
cyclization, to generate abundant functionalities including
lactone (eg. compounds 6, 17, 22, 35), double bond (e.g,
compounds 8-10), furan (e.g., compounds 4, 5, 39), pyran
(e.g., compounds 1, 32, 43), and so on. Moreover, fungi also
produce rare bisabolane dimers. Representative examples are
compounds 13 and 14, 58-62, and 120-122. It should be
pointed out that, the endophytic fungi, an ecological group
generally resided in plants and symbiotic with their hosts, are
considered as an important producer of bisabolanes. Endophytic
fungi possess a complicated interaction with their host plants,
thus they have evolved novel metabolic pathways to produce the
same or similar secondary metabolites as the hosts. Therefore, it is
a more talented pathway to isolate bisabolanes from fungal
endophytes, rather than the medicinal plants.

Compared to bisabolanes isolated from terrestrial fungi, some
of bisabolanes from marine-derived fungi possess unique
functionalities. For example, the sulfurated bisabolanes were
exclusively isolated from marine fungi, including 25 with a
rare methylsulfonyl group isolated from the deep sea
sediment-derived fungus A. sydowii MCCC 3A00324 (Niu
et al, 2020), 40 and 42-43 incorporating with a rare
methylsulfinyl group isolated from the marine algal-derived
endophytic fungus P. chrysogenum LD-201810 (Ge et al,
2021) and the seawater-derived fungus A. flavipes 297 (Chen
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et al., 2021), respectively. 52 isolated from a marine red alga-
epiphytic isolate of T. asperellum Y6-2, represented a rare
example of nor-sesquiterpenes with a spiro system (Shi et al,
2019). It is believed that marine-derived fungi suffered more
survival stress than terrestrial fungi, and thus evolved more
flexible metabolic pathways by producing novel secondary
metabolites.

Characterization of Terrestrial and
Marine-Derived Bisabolanes

Apart from marine-derived fungi, a total of 30 compounds
(65-94) were characterized from marine organisms, including
marine plants algae and marine invertebrates, soft corals and
sponges. It is well-known that marine organisms, which are
suffered from high salinity, high pressure,
temperature, and low oxygen, possess unique metabolic
pathways that are quite different from that of terrestrial
organisms. Accordingly, marine-derived natural products tend
to have unexpected structural types. For example, compounds 78
and 79, two unprecedented non-symmetrical tricyclic dimers
were  characterized from the tropical soft coral
Pseudopterogorgia rigida (Georgantea et al., 2013). In addition,
some highly halogenated bisabolanes, such as 65-68, were
isolated from the marine algae belonging to Laurencia (Liang
etal., 2012; Hu et al., 2020). With this consideration, it is believed
that marine organisms, which have emerged as a valuable frontier
for the discovery of new lead compounds, continue to be a rich
source of structurally diverse bisabolanes.

Most of the described bisabolanes, apparently, are isolated
from terrestrial plants. As shown in Figure 8A and
Supplementary Figure S2, 169 compounds (123-291,
accounting for 57.09% of all bisabolanes) are scattered
across a variety of species belonging to the genera Ligularia,
Parasenecio, Curcuma, and so on. The chemical types of plant-
derived bisabolanes are relatively common. Most of them are
featured as highly oxygenated monocyclic bisabolanes bearing
a cyclohexane ring. Interestingly, some bisabolanes, such as
184, 187-190, 196, and 201, are uncommon chlorinated
derivatives. It is generally considered that halogenated
compounds can be exclusively isolated from the marine
environment. The isolation of halogenated bisabolanes from
terrestrial plants indicated that terrestrial plants may also
possess great potentiality in finding novel halogenated
compounds.

extreme

Bioactivity Diversity and Potential
Applications

Bisabolanes are also attractive for their various and potent
biological activities. As shown in Figure 9 and Table 1, the
reported bisabolanes exhibited an extensive range of biological
activities, including antimicrobial, anti-inflammatory, enzyme
inhibitory, cytotoxic, antimicroalga, and other activities.
Among the 94 described marine-derived bisabolanes, 43
compounds were found to possess moderate to potent
biological activities. 18 compounds showed promising
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FIGURE 9 | Bioactivity categories of the reported bisabolanes.

antibacterial or antifungal activity, while 6 compounds
possessed various degrees of cytotoxic activity. Most
importantly, some of them possessed significant
bioactivities, which were higher than the positive controls.
For example, 14 inhibited potent cytotoxic activity against
A549 and HL-60 cells with ICs, values of 1.9 and 5.4 puM,
respectively (Lu et al, 2010). 33-35 exhibited strong
antibacterial activity against E. coli, E. tarda, V. harveyi,
and V. parahaemolyticus, with MICs no higher than 8.0 pg/
ml (Li et al., 2019a; Li et al., 2019b). In addition, bisabolanes
characterized from terrestrial fungi and plants also possess
promising activities. Compounds 118 and 119, two dicyclic
bisabolanes produced by the fungus Pleurotus cystidiosus were
found to have significant cytotoxicity at the nM level.
Especially, 119 exhibited the strongest effect on two human
prostate cancer DU-145 and C42B cells, with the ICsys of 28
and 52 nM. Further pharmacological studies indicated that
119 induced the apoptosis of DU-145 cells (Zheng et al., 2015).
The dicyclic 141 obtained from the rhizomes of Curcuma longa
displayed more potent anti-inflammatory activity against the
LPS-activated production of NO (ICsy, 25.5uM), when
compared with the positive control dexamethasone (ICso,
33.6 uM) (Cheng et al., 2019). The aromatic bisabolanes 182
and 183 potently inhibited a-glucosidase with the ICs, values
of 14.9 and 19.4 uM, respectively, approximately 30 times
stronger than the positive control acarbose (ICsq, 496 uM)
(Song et al., 2021). The attractive bioactivities make many of
these compounds suitable lead compounds or even candidates
for the development of new medicines and agrochemicals and
may trigger further pharmacological and synthesis studies.
In conclusion, bisabolane-type sesquiterpenoids, especially
those isolated from marine organisms are considered to be
nonnegligible natural products both structurally and
biologically. This review systematically summarizes 296 newly
reported bisabolanes characterized from fungi, marine algae, soft
corals, marine sponges, terrestrial plants, and the others. Among
them, 94 members were isolated from marine organisms. The
following pharmacological studies indicated the biological
potential of these compounds, which exhibited antimicrobial,
anti-inflammatory, enzyme inhibitory, cytotoxic, antimicroalgal,
and antifouling properties. This is the first attempt to focus on the
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TABLE 1 | The environment source, producer, and biological activities of compounds 1-94.

Compounds

(+)-methyl sydowate (1), 7-deoxy-7,14-didehydrosydonic acid (2), and 7-
deoxy-7,8-didehydrosydonic acid (3)

(7R,10S)-7,10-epoxysydonic acid (4), (7S,10S)-7,10-epoxysydonic acid
8), (7R,11S)-7,12-epoxysydonic acid (6), (7S,11S)-7,12-epoxysydonic
acid (7), 7-deoxy-7,14-didehydro-12-hydroxysydonic acid (8), (2)-7-
deoxy-7,8-didehydro-12-hydroxysydonic acid (9), and (E)-7-deoxy-7,8-
didehydro-12-hydroxysydonic acid (10)

(S)-(+)-11-dehydrosydonic acid (11) and (7S,11S)-(+)-12-acetoxysydonic
acid (12), and expansols A (13) and B (14)

asperbisabolanes A-N (15-28)

aspergiterpenoid A (29), (-)-sydonol (30), (-)-sydonic acid (31), (-)-5-
(hydroxymethyl)-2-(2',6',6-trimethyltetrahydro-2H-pyran-2-yl)

phenol (32)

ent-aspergoterpenin C (33), 7-O-methylhydroxysydonic acid (34)
12-hydroxysydowic acid (35)

(7S)-(+)-7-O-methylsydonol (36), (7S,11S)-(+)-12-hydroxysydonic acid
(87), and 7-deoxy-7,14-didehydrosydonol (38)

aspergillusene E (39)

methylsulfinyl-1-hydroxyboivinianin A (40)

bisabolanoic acid A (41)

(+)-flavilane A (42), flavilane B (43)

bisabolan-1,10,11-triol (44), 12-nor-11-acetoxybisabolen-3,6,7-triol (45)
trichobisabolins A-H (46-53)

54-57 (names ungiven)

disydonols A-C (58-60)

peniciaculins A (61) and B (62), (7S)-(-)-10-hydroxysydonic acid (63), and
1-hydroxyboivinianin A (64)

laurecomposins A (65) and B (66)

okamurenes A-D (67-70)
71-77 (names ungiven)

perezoperezone (78) and curcuperezone (79)

plakordiols A-D (80-83), (7R, 10R)-hydroxycurcudiol (84), and (7R, 10S)-
hydroxycurcudiol (85)
6-(3-hydroxy-6-methyl-1,5-heptadien-2-yl)-3-methylbenzene-1,4-diol
(86), 4-hydroxy-3,7-dimethyl-7-(3-methylbut-2-en-1-yl)benzofuran-15-
one (87), 6-(2-methoxy-5-methylhept-4-en-2-yl)-3-methylbenzene-1,4-
diol (88), and 9-(3,3-dimethyloxiran-2-yl)-1,7-dimethyl-7-chromen-4-

ol (89)

myrmekioperoxides A (90) and B (91)

(E)-3-isocyanobisabolane-7,10-diene (92)

3-formamido-7,8-epoxy-a-bisabolane (93) and 3-isocyano-7,8-epoxy-a-
bisabolane (94)

Source

Marine
fungi
Marine
fungi

Marine
fungi
Marine
fungi
Marine
fungi

Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Marine
fungi
Algae

Algae
Soft corals

Soft corals
Sponges

Sponges

Sponges
Sponges

Sponges

chemistry and bioactivity of marine-derived bisabolanes, aiming
to summarize the chemical diversity of marine-derived
bisabolanes, highlight their novelty and differences between

Producer
Aspergillus sp.

Aspergillus sp. xy02

Penicillium expansum
A. sydowii MCCC 3A00324

Aspergillus sp

A. versicolor SD-330

A. versicolor SD-330

A. sydowii

A. versicolor XS-20090066
P. chrysogenum LD-
201810

Colletotrichum sp. SCSIO
KcB3-2

A. flavipes 297

T. asperellum cf44-2

T. asperellum Y6-2

A. flavus QQSG-3
Aspergillus sp

P. aculeatum SD-321
Laurencia composita
Yamada

L. okamurai
Pseudopterogorgia rigida
Pseudopterogorgia rigida

Plakortis simplex

Myrmekioderma sp

Myrmekioderma sp
Axinyssa sp

Axinyssa sp

terrestrial and

marine

Biological activities
Antibacterial activity

Antibacterial activity

Cytotoxic activity
Anti-inflammatory activity

Antibacterial and antifouling
activity

Antibacterial activity
Antibacterial activity
Anti-diabetic and anti-
inflammatory activity
Antimicrobial and antifouling
activity

Antifungal activity
Enzyme inhibitory activity
Cytotoxic activity
Antibacterial and
antimicroalgal activity
Antimicroalgal activity
Enzyme inhibitory activity
Cytotoxic activity
Antibacterial activity

Antimicroalgal activity

No brine shrimp lethal activity
Unreported

Unreported
No cytotoxic and

antibacterial activity
Lipid-reducing activity

Unreported
Brine shrimp lethal activity

No cytotoxic activity

sources,

and provide

References

Wei et al. (2010)

Wang et al. (2018)

Lu et al. (2010)
Niu et al. (2020)

Li et al. (2012)

Li et al. (2019a)

Li et al. (2019b)
Chung et al. (2013)
Wu et al. (2020)
Ge et al. (2021)

Li et al. (2021)
Chen et al. (2021)
Song et al. (2018)
Shi et al. (2019)
Wu et al. (2018)
Sun et al. (2012)
Jian Li et al. (2015)
Hu et al. (2020)
Liang et al. (2012)
Georgantea et al.
(2014)
Georgantea et al.
(2013)

Wang et al. (2021)

Costa et al. (2019)
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(2020)

Iwashima et al.
(2002)

Sun et al. (2010)

a future

perspective of their potential application prospect as lead
compounds. It is believed that in the near future, the research
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on these fascinating compounds will be increasingly abundant
and conducive to the development of new drugs and
agrochemicals.
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We previously reported that the structural modifications of pentacyclic triterpenoids
including oleanolic acid resulted in enhanced hyaluronidase inhibitory activity but
whether this applies to other pentacyclic triterpenoids such as betulinic acid (BA) is
unknown. Herein, we synthesized BA derivatives with an a,p-unsaturated ketene
moiety and evaluated for their: 1) hyaluronidase inhibitory activity and, 2) anti-
inflammatory effects against lipopolysaccharides (LPS) induced inflammation.
Compared to BA, the BA derivatives exerted improved anti-hyaluronidase activity
(26.3%-72.8% vs. 22.6%) and anti-inflammatory effects by reducing nitrite production
in BV2 cells (3.9%-46.8% vs. 3.4%) and RAW264.7 cells (22.7%-49.2% vs. 20.4%).
BA derivatives inhibited LPS-induced production of pro-infammatory cytokines in
THP-1 cells (15.2%-22.4%). BA derivatives also exerted promising anti-
inflammatory effects against hyaluronic acid fragment induced nitrite production
(8.6%—-35.6%) in THP-1 cells. BA derivatives showed augmented anti-hyaluronidase
and anti-inflammatory effects but further biological evaluations using in vivo models are
warranted to confirm their efficacy.

Keywords: betulinic acid, a,p-unsaturated ketene, derivative, hyaluronidase, anti-inflammatory

HIGHLIGHTS

Novel betulinic acid (BA) derivatives with a,p-unsaturated ketene moiety

BA derivatives exhibit augmented anti-hyaluronidase activity

BA derivatives exert anti-inflammatory effects in murine macrophage and human
monocyte cells

e BA derivatives inhibit hyaluronic acid fragment induced inflammation in human monocytes
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INTRODUCTION

Hyaluronic acid (HA) is a naturally occurring polysaccharide
produced in the cell plasma membrane and distributed in all
living organisms (Fallacara et al., 2018). HA has a linear structure
with numerous repeating units consisting of anionic, nonsulfated
disaccharides known as glycosaminoglycan (GAG). Each GAG
disaccharide unit contains an amino sugar (N-acetyl-
galactosamine or N-acetyl-glucosamine) and a uronic sugar
(glucuronic acid, iduronic acid, or galactose) linked by f-1,3-
glycosidic bonds (Girish and Kemparaju, 2007). The GAG two-
sugar repeating units are connected by 1,3-glycosidic bonds to
form a varying length of HA, which can reach to a high molecular
weight (HMW) form with up to 2,50,000 GAGs (Girish and
Kemparaju, 2007). HA is negatively charged in an aqueous
solution, which enables it to attract water molecules and
display a non-Newtonian, shear-thinning, and viscoelastic
rheological profile. Due to its unique structural characteristics,
HA has several critical biological functions, such as maintaining
the elastoviscosity of extracellular matrix (ECM) in connective
tissues and lubricating movable parts of the body (Price et al.,
2007). In addition, HA plays a pivotal regulatory role in various
cellular functions (e.g., cell growth, mitosis, and migration) and
physiological conditions including tumor development and
inflammation (Fallacara et al., 2018). Notably, HA’s structural
property, especially its size, and the synthesis-degradation rate, is
a key factor for its modulatory effects in the development of
inflammation (Jiang et al., 2011). Reported studies suggest that
HA can exert both pro- and anti-inflammatory effects and this

opposite effect is mediated by its length. Intact high molecular
weight HA (HMWHA; >1 x 10° Da) exerts anti-inflammatory
effects by suppressing the recruitment of inflammatory cells and
reducing the levels of pro-inflammatory cytokines (Quero et al.,
2013; Litwiniuk et al., 2016). On the contrary, HMWHA can be
degraded into smaller fragments known as low molecular weight
HAs (LMWHAs; 2 x 10*-1 x 10° Da), which stimulates the
production of pro-inflammatory cytokines and chemokines
(Litwiniuk et al., 2016; Fallacara et al.,, 2018) The degradation
of HMWHA can be mediated by two types of mechanisms: 1)
non-specific oxidative damage by reactive oxygen species (e.g.,
free radicals) generated during tissue injury and infection; and 2)
fragmentation catalyzed by a group of enzymes named
hyaluronidases (Fallacara et al., 2018). Hyaluronidase (HAase)
is the key enzyme catalyzing the cleavage of the B-1,4-glycosidic
bonds of HA to produce small HA fragments (<2 x 10* Da). HA
fragments can bind to a set HA cell surface receptor, such as
CD44 and toll-like receptors, and subsequently triggers signaling
cascades to exacerbate inflammation (Quero et al., 2013). Thus,
HAase inhibitors which have the potential to suppress the
generation of HA fragments are regarded as promising anti-
inflammatory agents (Girish et al., 2009).

Phytochemicals including triterpenes from medicinal plants
show great promise as HAase inhibitors. For instance, a group of
pentacyclic triterpenoids, including a representative compound,
namely, ursolic acid (UA), from Prismatomeris tetrandra showed
inhibitory effects on the activity of HAase. Furthermore, chemical
modifications (i.e., acetylation and methylation) of the UA
skeleton resulted in the generation of new UA analogues with
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enhanced anti-HAase activity (Abdullah et al., 2016). In addition,
an extract of Carissa carandas leaf containing a high level of UA
was reported to inhibit the activity of HAase and reduce the level
of inflammatory biomarkers, such as nuclear factor kappa B, in
human monocytes (Neimkhum et al, 2021). Given these
previously published data, our laboratory initiated a project to
screen for small molecule based HAase inhibitors from natural
resources and a triterpenoid, namely, oleanolic acid (OA), as a
“lead compound”. We showed that chemical synthesis of OA
derivatives with indole moieties led to HAase inhibitors with
augmented activity (He et al., 2021). Betulinic acid (BA), another
subtype of pentacyclic triterpenoid, has been reported to show
anti-HAase and anti-inflammatory effects (Tsai et al,, 2011;
Abdullah et al., 2016; Ou et al., 2019). However, it is not clear
whether the inhibitory effect of BA on HAase can be improved by
chemical modifications, nor whether BA based HAase inhibitors
can inhibit HA fragment induced inflammation. Herein, we
initiated this study to 1) synthesize novel BA derivatives and
assess their anti-HAase activity using in vitro and in silico
methods; and 2) evaluate the anti-inflammatory effects of BA
derived HAase inhibitors against HA-fragment induced
inflammation using a panel of murine and human cells.

GENERAL PROCEDURES FOR THE
SYNTHESIS OF BA DERIVATIVES

Preparation of BA Derivatives BA-O and
BA-O-Me

BA was dissolved in acetone at 0°C; Jones reagent was added to
the reaction mixture drop-wise until the solution color was a
stable light brown color, which implied that the Jones reagent was
in slight excess to oxidize the C-3 hydroxyl group into a ketone to
produce the intermediate BA-O. Then the BA-O was dissolved in
DMEF. K,CO;3 and CHj;I were added and the mixture was stirred
overnight at room temperature to obtain the BA derivative BA-
O-Me.

General Procedure for the Preparation of

BA Derivatives (BA-01 to BA-22)

Derivatives BA-01~BA-13 could be prepared by Claisen Schmidt
condensation of intermediate BA-O with corresponding
aldehydes in the presence of ethanolic potassium hydroxide in
good yield at room temperature. The same condition of reactions
starting with BA-O-Me led to derivatives BA-14~BA-22. All the
results were detailed below.

Synthesis of BA Derivative BA-01-BA-13

BA-01 (IR 3aS,5aR,5bR,7aR,11aR,11bR, 13aR, 13bR)-10-((E)-3-
fluorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-1-
en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic acid
(BA-01, C;;H49FO;). According to the general procedure,
derivative BA-01 was prepared by Claisen Schmidt
condensation of intermediate BA-O with 3-fluorobenzaldehyde
in the presence of ethanolic potassium hydroxide at room
temperature. The residue was purified by flash
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chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-01 as a white solid with a yield of 90%. 'H NMR
(600 MHz, Chloroform-d) & 7.32 (dd, J = 3.0, 1.5 Hz, 1H), 7.27
(td, J = 8.0, 6.0 Hz, 1H), 7.08 (d, ] = 7.8 Hz, 1H), 7.00 (dt, ] = 10.2,
2.1 Hz, 1H), 6.93 (td, ] = 8.4, 2.6 Hz, 1H), 4.79-4.48 (m, 2H),
3.01-2.85 (m, 2H), 2.22-2.11 (m, 2H), 2.11-2.06 (m, 1H),
1.95-1.86 (m, 2H), 1.60 (d, J = 34.7 Hz, 5H), 1.47-1.29 (m,
11H), 1.24-1.11 (m, 3H), 1.04 (s, 3H), 1.02 (s, 3H), 0.93 (s,
3H), 0.87 (s, 3H), 0.69 (s, 3H). >C NMR (151 MHz, CDCl;) 8
208.09, 181.99, 161.78, 150.38, 138.08, 135.92, 135.39, 129.92,
126.07, 116.57, 115.23, 109.79, 56.43, 52.82, 49.15, 48.35, 46.85,
45.24, 4431, 42.51, 40.52, 38.43, 37.02, 36.54, 33.01, 32.05, 30.59,
29.67,29.42, 25.54, 22.33, 21.63, 20.33, 19.47, 15.81, 15.47, 14.61.
HRMS (ESI): C3,H9FNaO; (583.3558) [M + Na]* = 583.3558.

BA-02 (IR 3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
2-bromobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
I-en-2-yl)icosahydro-3aH-cyclopentala]chrysene-3a-carboxylic
acid (BA-02, C3;H49BrO;). According to the general procedure,
derivative BA-02 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 2-bromobenzaldehyde in the presence
of ethanolic potassium hydroxide at room temperature. The
residue was purified by flash chromatography (eluent:
petroleum ether: ethyl acetate = 10: 1) to afford BA-02 as a
white solid with a yield of 71%. "H NMR (600 MHz, Chloroform-
d) 67.61 (dd,]J=8.0,1.2 Hz, 1H), 7.50-7.47 (m, 1H), 7.33 (td, ] =
7.5, 1.2 Hz, 1H), 7.22 (dd, J = 7.8, 1.6 Hz, 1H), 7.18 (td, ] = 7.7,
1.7 Hz, 1H), 4.66 (dt, ] = 71.4, 1.6 Hz, 2H), 2.99 (td, J = 10.8,
4.9 Hz, 1H), 2.81 (dd, J = 16.0, 1.5 Hz, 1H), 2.28 (dt, J = 13.0,
3.4 Hz, 1H), 2.21 (td, ] = 12.3, 3.6 Hz, 1H), 2.02-1.94 (m, 3H),
1.66 (d, J = 32.6 Hz, 5H), 1.46 (tdd, ] = 22.8, 16.7, 13.3 Hz, 10H),
1.32 (d, J = 10.6 Hz, 1H), 1.26-1.21 (m, 2H), 1.17 (s, 3H), 1.13 (s,
3H), 1.09-1.01 (m, 1H), 0.99 (s, 3H), 0.95 (s, 3H), 0.80 (s, 3H). '*C
NMR (151 MHz, CDCl;) 6 208.06, 181.59, 150.48, 136.57, 136.40,
135.99, 132.86, 130.12, 129.42, 127.04, 124.81, 109.65, 56.38,
53.29, 49.13, 48.36, 46.81, 45.71, 43.36, 42.50, 40.54, 38.41,
37.00, 36.85, 33.17, 32.04, 30.56, 29.65, 28.91, 25.49, 22.42,
21.46, 20.19, 19.43, 15.73, 15.54, 14.60. HRMS (ESI):
Cs;Hyo°BrNaO;  (6432757) [M  + Na]* = 643.2757,
Cs,H,o* ' BrNaO, (645.2737) [M + Na]* = 645.2737.

BA-03 (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
5-methoxy-2-nitrobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-
1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-
carboxylic acid (BA-03, C33Hs5;NOg). According to the general
procedure, derivative BA-03 was prepared by Claisen Schmidt
condensation of intermediate BA-O with 5-methoxy-2-
nitrobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-03 as a white solid with a yield of 79%. 'H NMR
(600 MHz, Chloroform-d) 6 8.20 (d, J = 9.1 Hz, 1H), 7.60 (d, ] =
2.6 Hz, 1H), 6.93 (dd, J=9.2,2.8 Hz, 1H), 6.67 (d, ] = 2.8 Hz, 1H),
4.77-4.50 (m, 2H), 3.91 (s, 3H), 2.97 (td, ] = 10.8, 5.0 Hz, 1H),
2.63 (dd, J = 15.8, 1.4 Hz, 1H), 2.27 (dt, ] = 12.9, 3.3 Hz, 1H), 2.20
(td, J = 12.3, 3.6 Hz, 1H), 1.97 (qd, J = 9.1, 8.0, 3.0 Hz, 2H),
1.87-1.78 (m, 1H), 1.69-1.58 (m, 5H), 1.52-1.44 (m, 3H),
1.43-1.35 (m, 5H), 1.33 (d, ] = 7.0Hz, 1H), 1.29-1.24 (m,
2H), 1.22 (dt, J = 13.2, 3.2 Hz, 2H), 1.18 (s, 3H), 1.13 (s, 3H),
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1.03-0.98 (m, 1H), 0.96 (s, 3H), 0.93 (s, 3H), 0.80 (s, 3H). °C
NMR (151 MHz, CDCl;) 6§ 207.90, 181.11, 163.16, 150.59, 140.90,
135.58, 135.29, 134.92, 127.63, 115.75, 113.33, 109.58, 56.35,
56.07, 53.41, 49.07, 48.25, 46.81, 45.97, 43.04, 42.50, 40.55,
38.36, 36.98, 33.18, 32.02, 30.55, 29.71, 29.63, 28.64, 25.46,
2241, 2141, 20.12, 19.43, 15.73, 15.55, 14.57. HRMS (ESI):
CssHsNNaOg (640.3609) [M + Na]™ = 640.3609.

BA-04 (1R 3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
5-fluoro-2-nitrobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-
1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-
carboxylic acid (BA-04, C;;H,sFNOs). According to the general
procedure, derivative BA-04 was prepared by Claisen Schmidt
condensation of intermediate BA-O with 5-fluoro-2-
nitrobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-04 as a white solid with a yield of 88%. 'H NMR
(600 MHz, Chloroform-d) § 8.20 (dd, J=9.1,5.0 Hz, 1H), 7.54 (d,
J=2.8Hz, 1H), 7.17 (ddd, J = 9.5, 7.1, 2.8 Hz, 1H), 6.96 (dd, ] =
8.5,2.8 Hz, 1H), 4.74-4.55 (m, 2H), 2.97 (td, ] = 10.7, 5.0 Hz, 1H),
2.66-2.52 (m, 1H),2.27 (dt, ] =13.0, 3.4 Hz, 1H), 2.20 (td, ] = 12.3,
3.6 Hz, 1H), 2.01-1.94 (m, 2H), 1.88 (dd, ] = 15.9, 3.0 Hz, 1H),
1.64 (d, J = 34.2 Hz, 5H), 1.55-1.32 (m, 11H), 1.30-1.18 (m, 3H),
1.18 (s, 3H), 1.13 (s, 3H), 1.04-0.97 (m, 1H), 0.97 (s, 3H), 0.94 (s,
3H), 0.80 (s, 3H). °C NMR (151 MHz, CDCl;) § 207.43, 181.64,
163.71, 150.42, 144.10, 136.70, 135.63, 132.95, 127.83, 117.69,
115.82, 109.70, 56.36, 53.36, 49.07, 48.24, 46.82, 45.95, 43.10,
42.50, 40.55, 38.36, 37.00, 36.98, 33.13, 32.02, 30.53, 29.62, 28.67,
25.39,22.41,21.42,20.11, 19.39, 15.70, 15.54, 14.56. HRMS (ESI):
Cs,7H,sFNNaOs (628.3409) [M + Na]™ = 628.3408.

BA-05 (IR 3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
2-methoxybenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
I-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-05, C33H5,0,). According to the general procedure,
derivative BA-05 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 2-methoxybenzaldehyde in the
presence of ethanolic potassium hydroxide at room
temperature.  The residue was purified by flash
chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-05 as a white solid with a yield of 74%. 'H NMR
(600 MHz, Chloroform-d) 8 7.78-7.74 (m, 1H), 7.30 (ddd, J =
19.2, 7.7, 1.7 Hz, 2H), 6.98 (t, ] = 7.5 Hz, 1H), 6.90 (d, ] = 8.3 Hz,
1H), 4.68 (d, J= 68.0 Hz, 2H), 3.83 (s, 3H), 3.00 (ddd, J=15.9, 5.7,
3.1 Hz, 2H), 2.33-2.26 (m, 1H), 2.23 (td, ] = 12.3, 3.6 Hz, 1H),
2.11 (dd, J = 16.1, 3.1 Hz, 1H), 2.05-1.93 (m, 2H), 1.68 (d, ] =
33.8 Hz, 5H), 1.56-1.47 (m, 2H), 1.49-1.39 (m, 8H), 1.25 (ddd, ] =
16.3,10.4,4.1 Hz, 3H), 1.14 (s, 3H), 1.13 (s, 3H), 1.08 (dd, J = 13.1,
4.3 Hz, 1H), 1.01 (s, 3H), 0.96 (s, 3H), 0.79 (s, 3H). °C NMR
(151 MHz, CDCl;) § 207.89, 182.06, 158.39, 150.50, 133.72,
133.24, 129.88, 129.83, 125.01, 120.02, 110.69, 109.66, 56.43,
55.49, 53.10, 49.16, 48.40, 46.83, 45.30, 43.99, 42.50, 40.53,
38.45, 37.02, 36.64, 33.17, 32.07, 30.59, 29.67, 29.29, 25.57,
22.53, 21.52, 20.29, 19.46, 15.71, 15.53, 14.61. HRMS (ESI):
CssHs,NaO, (595.3758) [M + Na]* = 595.3758.

BA-06 (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
4-fluoro-2-nitrobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-
1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-
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carboxylic acid (BA-06, C5;H4sFNOs). According to the general
procedure, derivative BA-06 was prepared by Claisen Schmidt
condensation of intermediate BA-O with 4-fluoro-2-
nitrobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-06 as a white solid with a yield of 69%. 'H NMR
(600 MHz, Chloroform-d) 6 7.85 (dd, J = 8.3,2.7 Hz, 1H), 7.52 (d,
J=1.6 Hz, 1H), 7.38 (ddd, J = 9.9, 7.3, 2.7 Hz, 1H), 7.30-7.26 (m,
1H), 4.73-4.56 (m, 2H), 2.97 (td, ] = 10.8, 5.1 Hz, 1H), 2.62 (dd,
J=15.8, 1.4 Hz, 1H), 2.27 (dt, ] = 12.9, 3.3 Hz, 1H), 2.20 (td, ] =
123, 3.6Hz, 1H), 2.03-1.91 (m, 2H), 1.89-1.82 (m, 1H),
1.76-1.68 (m, 1H), 1.67 (s, 3H), 1.61 (t, J = 11.4Hz, 1H),
1.51-1.44 (m, 3H), 1.42 (tt, J = 9.1, 4.9 Hz, 5H), 1.38-1.34 (m,
1H), 1.32 (d, ] = 16.0 Hz, 1H), 1.27 (d, J = 17.8 Hz, 2H), 1.21 (ddt,
J=10.7, 8.3, 3.6 Hz, 2H), 1.18 (s, 3H), 1.13 (s, 3H), 0.97 (s, 3H),
0.94 (s, 3H), 0.79 (s, 3H).13C NMR (151 MHz, CDCI3) § 207.58,
181.81, 150.46, 136.68, 132.88, 132.57, 132.52, 130.94, 128.86,
120.87, 120.73, 112.77, 112.59, 109.66, 77.25, 77.04, 76.83, 65.60,
56.38, 53.36, 49.08, 48.31, 46.81, 45.93, 43.21, 42.50, 40.55, 38.37,
37.01, 36.97, 33.16, 32.02, 30.58, 30.54, 29.62, 28.69, 25.42, 22.41,
21.44,20.11,19.42, 19.20, 15.70, 15.54, 14.57, 13.75. HRMS (ESI):
Cs,H,sFNNaOs (628.3409) [M + Na]* = 628.3409.

BA-07 (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
2-fluorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-1-
en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic acid
(BA-07, C3;H49FO;). According to the general procedure,
derivative BA-07 was prepared by Claisen Schmidt
condensation of intermediate BA-O with 2-fluorobenzaldehyde
in the presence of ethanolic potassium hydroxide at room
temperature.  The residue was purified by flash
chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-07 as a white solid with a yield of 57%. 'H NMR
(600 MHz, Chloroform-d) § 7.59-7.55 (m, 1H), 7.32 (dddd, J =
12.9,7.3,6.1,1.8 Hz, 2H), 7.17 (td, J = 7.5, 1.1 Hz, 1H), 7.12-7.06
(m, 1H), 5.00-4.54 (m, 2H), 3.00 (td, J= 10.8,4.9 Hz, 1H), 2.91 (d,
J=16.1Hz, 1H), 2.29 (dt, J = 13.0, 3.3 Hz, 1H), 2.23 (td, ] = 12.3,
3.6 Hz, 1H), 2.11 (dd, J = 16.5, 3.1 Hz, 1H), 1.99 (dq, J = 11.9, 9.2,
8.0 Hz, 2H), 1.71 (s, 4H), 1.65 (t, ] = 11.4 Hz, 1H), 1.52 (ddd, ] =
18.2, 8.9, 4.1 Hz, 2H), 1.47 (d, ] = 3.4 Hz, 2H), 1.46-1.39 (m, 6H),
1.28-1.21 (m, 2H), 1.14 (s, 3H), 1.13 (s, 3H), 1.08 (dd, J = 13.0,
44 Hz, 1H), 1.01 (s, 3H), 0.96 (s, 4H), 0.79 (s, 3H). '*C NMR
(151 MHz, CDCI3) § 207.69, 181.76, 160.04, 150.53, 109.65,
56.41, 53.07, 49.14, 48.36, 46.82, 45.41, 43.97, 42.51, 40.54,
38.42, 37.01, 36.64, 33.12, 32.05, 30.57, 29.66, 29.19, 25.55,
22.44, 21.53, 20.27, 19.46, 19.19, 15.77, 15.52, 14.60, 13.74.
HRMS (ESI): C3,H4oFNaO; (583.3558) [M + Na]* = 583.3558.

BA-08 (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
3-bromobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
I-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-08, C;5;H49BrOs). According to the general procedure,
derivative BA-08 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 3-bromobenzaldehyde in the presence
of ethanolic potassium hydroxide at room temperature. The
residue was purified by flash chromatography (eluent:
petroleum ether: ethyl acetate = 10: 1) to afford BA-08 as a
white solid with a yield of 85%. 'H NMR (600 MHz, Chloroform-
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d) 8 751 (d, ] = 1.8 Hz, 1H), 7.45 (dt, J = 7.9, 1.6 Hz, 1H),
7.39-7.37 (m, 1H), 7.34-7.31 (m, 1H), 7.28 (t, ] = 7.8 Hz, 1H),
4.95-4.54 (m, 2H), 3.14-2.93 (m, 2H), 2.34-2.20 (m, 2H),
2.18-2.11 (m, 1H), 2.04-191 (m, 2H), 1.79-1.61 (m, 5H),
1.56-1.40 (m, 11H), 1.31-1.22 (m, 3H), 1.13 (s, 3H), 1.12 (s,
3H), 1.02 (s, 3H), 0.97 (s, 3H), 0.79 (s, 3H). >C NMR (151 MHz,
CDCI3) 6 208.00, 181.84, 181.78, 167.75, 150.42, 138.10, 135.66,
133.22, 132.32, 131.25, 130.93, 129.95, 128.86, 128.09, 122.55,
109.75,77.25,77.03, 76.82, 65.59, 56.43, 52.91, 49.15, 48.36, 46.84,
45.31, 44.13, 42.52, 40.64, 40.54, 38.42, 37.02, 36.62, 34.99, 34.88,
33.04, 32.05, 31.52, 31.45, 30.61, 30.58, 30.33, 30.20, 30.15, 29.71,
29.69, 29.36, 25.53, 22.36, 21.63, 20.33, 19.50, 19.20, 15.82, 15.50,
14.63, 13.75, 1.05. HRMS (ESI): C,Hso’°BrO; (621.2938) [M +
H]" = 621.2938, C3,Hs,*'BrO; (623.2917) [M + H]* = 623.2919.

BA-09 (1R 3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
3-methoxybenzylidene-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
I-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-09, C33Hs,0,4). According to the general procedure,
derivative BA-09 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 3-methoxybenzaldehyde in the
presence of ethanolic potassium hydroxide at room
temperature.  The residue was purified by flash
chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-09 as a white solid with a yield of 87%. 'H NMR
(600 MHz, Chloroform-d) § 7.45 (dd, J = 2.8, 1.5 Hz, 1H), 7.33 (t,
J=7.9Hz, 1H), 7.01 (d, J = 7.7 Hz, 1H), 6.93 (t, ] = 2.0 Hz, 1H),
6.88 (dd, J = 8.1, 2.6 Hz, 1H), 4.84-4.55 (m, 2H), 3.83 (s, 3H),
317-2.96 (m, 2H), 2.32-221 (m, 2H), 2.21-2.16 (m, 1H),
2.05-1.96 (m, 2H), 1.69 (d, ] = 349 Hz, 5H), 1.57-1.38 (m,
12H), 1.27 (ddt, ] = 16.6, 10.9, 3.8 Hz, 2H), 1.14 (s, 3H), 1.12
(s, 3H), 1.02 (s, 3H), 0.97 (s, 3H), 0.79 (s, 3H). ’C NMR
(151 MHz, CDCl;) & 208.24, 181.98, 159.43, 150.46, 137.32,
137.29, 134.55, 129.42, 122.39, 116.03, 113.97, 109.71, 56.44,
55.28, 52.86, 49.16, 48.39, 46.84, 45.22, 44.35, 42.50, 40.52,
38.44, 37.02, 36.52, 33.06, 32.06, 30.60, 29.68, 29.42, 25.56,
22.36, 21.63, 20.34, 19.48, 15.81, 15.49, 14.62. HRMS (ESI):
CssHs304 (573.3938) [M + H]" = 573.3938.

BA-10 (IR .3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-(E)-4-
fluorobenzylidene-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-1-
en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-10, C3;H49FO3). According to the general procedure,
derivative BA-10 was prepared by Claisen Schmidt condensation of
intermediate BA-O with 4-fluorobenzaldehyde in the presence of
ethanolic potassium hydroxide at room temperature. The residue
was purified by flash chromatography (eluent: petroleum ether:
ethyl acetate = 10: 1) to afford BA-10 as a white solid with a yield of
91%. "H NMR (600 MHz, Chloroform-d) 8 7.45 (t, ] = 2.0 Hz, 1H),
7.42-7.38 (m, 2H), 7.10 (t, J = 8.7 Hz, 2H), 4.79-4.62 (m, 2H),
3.07-2.96 (m, 2H), 2.33-2.22 (m, 2H), 2.21-2.16 (m, 1H),
2.07-195 (m, 2H), 1.70 (d, J = 34.3 Hz, 5H), 1.58-1.39 (m,
10H), 1.34-1.24 (m, 3H), 1.13 (d, J = 13.8Hz, 7H), 1.03 (s,
3H), 0.97 (s, 3H), 0.78 (s, 3H). '*C NMR (151 MHz, CDCl;) &
208.09, 182.06, 161.70, 150.53, 136.22, 133.82, 132.21, 132.16,
132.09, 115.66, 115.52, 109.69, 56.44, 52.76, 49.16, 48.45, 46.83,
45.15, 44.40, 42.51, 40.52, 38.45, 37.02, 36.48, 33.04, 32.05, 30.61,
29.67, 29.48, 25.61, 22.33, 21.66, 20.34, 19.51, 15.81, 15.47, 14.61.
HRMS (ESI): Cs,H,oFNaO; (583.3558) [M + Na]* = 583.3558.
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BA-11 (IR 3aS,5aR,5bR,7aR,11aR,11bR,13aR, 13bR)-5a,5b,8,8,11a-
pentamethyl-9-oxo-1-(prop-1-en-2-yl)-10-((E)-3-(trifluoromethyl)
benzylidene)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-11, CsgHsoF;03). According to the general procedure,
derivative BA-11 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 3-(trifluoromethyl) benzaldehyde in the
presence of ethanolic potassium hydroxide at room temperature. The
residue was purified by flash chromatography (eluent: petroleum
ether: ethyl acetate = 10: 1) to afford BA-11 as a white solid with
a yield of 83%. '"H NMR (600 MHz, Chloroform-d) 8 7.62 (s, 1H),
7.60-7.56 (m, 2H), 7.56-7.51 (m, 1H), 7.46 (d, J = 2.4 Hz, 1H),
4.90-4.61 (m, 2H), 3.23-2.83 (m, 2H), 2.34-2.28 (m, 1H), 2.25 (td, ] =
12.3,3.6 Hz, 1H), 2.19 (dd, J = 16.2, 3.0 Hz, 1H), 2.00 (dq, J = 12.0, 9.2,
8.0 Hz, 2H), 1.77-1.62 (m, 5H), 1.56-1.39 (m, 10H), 1.30-1.23 (m,
3H), 1.14 (d,] = 6.2 Hz, 7H), 1.02 (s, 3H), 0.97 (s, 3H), 0.80 (s, 3H). °C
NMR (151 MHz, CDCl;) § 207.94, 181.90, 150.39, 136.72, 135.99,
135.51, 132.50, 130.84, 128.95, 127.18, 124.83, 123.03, 109.74, 56.43,
52.92,49.13, 48.42, 46.83, 45.35, 44.16, 42.52, 40.54, 38.43, 37.01, 36.62,
33.05, 32.04, 30.59, 29.68, 29.32, 25.49, 22.36, 21.62, 20.31, 19.46, 15.84,
1549, 14.63. HRMS (ESD): CasHsoF50; (611.3707) [M + H]* =
611.3707.

BA-12 (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-((E)-
3-chlorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-12, C;3;H,9ClO;). According to the general procedure,
derivative BA-12 was prepared by Claisen Schmidt condensation
of intermediate 01 with 3-chlorobenzaldehyde in the presence of
ethanolic potassium hydroxide at room temperature. The residue
was purified by flash chromatography (eluent: petroleum ether:
ethyl acetate = 10: 1) to afford BA-12 as a white solid with a yield
of 79%. "H NMR (600 MHz, Chloroform-d) & 7.45-7.37 (m, 1H),
7.37-7.32 (m, 2H), 7.31-7.26 (m, 2H), 4.79-4.58 (m, 2H),
3.06-2.87 (m, 2H), 2.33-2.21 (m, 2H), 2.17 (dd, ] = 164,
31Hz, 1H), 2.06-1.95 (m, 2H), 1.69 (d, J = 34.2 Hz, 5H),
1.56-1.39 (m, 12H), 1.33-1.22 (m, 2H), 1.14 (s, 3H), 1.12 (s,
3H), 1.03 (s, 3H), 0.97 (s, 3H), 0.79 (s, 3H). ’C NMR (151 MHz,
CDCl;) 6 208.03, 181.93, 150.40, 137.79, 135.77, 135.58, 134.35,
130.20, 129.69, 128.36, 127.81, 109.74, 56.44, 52.89, 49.14, 48.34,
46.83, 45.29, 44.15, 42.51, 40.52, 38.41, 37.01, 36.60, 33.02, 32.05,
30.60, 29.68, 29.36, 25.52, 22.35, 21.62, 20.32, 19.48, 15.81, 15.49,
14.62. HRMS (ESI): Cs;H5,ClO; (577.3443) [M + H]" =
577.3443.

BA-13 (IR 3aS,5aR,5bR,7aR,11aR,11bR,13aR, 13bR)-10-((E)-
4-methoxybenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-
I-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylic
acid (BA-13, C33H5,0,). According to the general procedure,
derivative BA-13 was prepared by Claisen Schmidt condensation
of intermediate BA-O with 4-methoxybenzaldehyde in the
presence of ethanolic potassium hydroxide at room
temperature.  The  residue purified by flash
chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-13 as a white solid with a yield of 80%. 'H NMR
(600 MHz, Chloroform-d) 6 7.47 (t, ] = 2.0 Hz, 1H), 7.44-7.36 (m,
2H), 6.97-6.92 (m, 2H), 4.81-4.60 (m, 2H), 3.85 (s, 3H),
3.11-2.94 (m, 2H), 2.33-2.23 (m, 2H), 2.23-2.18 (m, 1H),
2.07-1.96 (m, 2H), 1.71 (d, J = 35.7 Hz, 5H), 1.58-1.41 (m,
11H), 1.36-1.24 (m, 4H), 1.14 (s, 3H), 1.11 (s, 3H), 1.03 (s,
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3H), 0.98 (s, 3H), 0.79 (s, 3H). '*C NMR (151 MHz, CDCL;) &
208.12, 181.49, 159.82, 150.63, 137.29, 132.23, 132.23, 131.96,
128.67, 114.00, 114.00, 109.62, 56.43, 55.32, 52.66, 49.18, 48.51,
46.83, 45.01, 44.67, 42.51, 40.52, 38.46, 37.02, 36.40, 33.07, 32.06,
30.63, 29.69, 29.62, 25.66, 22.32, 21.68, 20.38, 19.54, 15.86, 15.48,
14.63. HRMS (ESI): C35Hs30, (573.3938) [M + H]* = 573.3938.

Synthesis of BA Derivative BA-14~BA-22
BA-14 methyl (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-
((E)-5-methoxy-2-nitrobenzylidene)-5a,5b,8,8,11a-pentamethyl-
9-oxo-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopentala]chrysene-3a-
carboxylate (BA-14, Cs;oHs3NOg). According to the general
procedure, derivative BA-14 was prepared by Claisen Schmidt
condensation of intermediate BA-O-Me with 5-methoxy-2-
nitrobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-14 as a white solid with a yield of 66%. 'H NMR
(600 MHz, Chloroform-d) § 8.20 (d, J = 9.1 Hz, 1H), 7.59 (d, ] =
2.6 Hz, 1H), 6.93 (dd, J = 9.2, 2.8 Hz, 1H), 6.67 (d, ] = 2.7 Hz, 1H),
4.84-4.48 (m, 2H), 3.91 (s, 3H), 3.66 (s, 3H), 2.97 (td, ] = 10.7,
4.5 Hz, 1H), 2.63 (dd, J = 15.6, 1.4 Hz, 1H), 2.29-2.13 (m, 2H),
1.92-1.80 (m, 3H), 1.69-1.55 (m, 5H), 1.49-1.31 (m, 11H), 1.25
(s,3H), 1.18 (s, 3H), 1.13 (s, 3H), 0.95 (s, 3H), 0.92 (s, 3H), 0.81 (s,
3H). °C NMR (151 MHz, CDCl;) & 207.93, 176.58, 163.16,
150.81, 140.89, 135.64, 135.29, 134.86, 127.63, 115.74, 113.34,
109.43, 56.55, 56.06, 53.45, 51.33, 49.31, 48.32, 46.87, 45.99, 43.03,
42.46, 40.54, 38.23, 36.99, 36.90, 33.20, 32.03, 30.62, 29.71, 29.61,
28.62,25.50,22.44, 21.46, 20.15, 19.45, 15.73, 15.51, 14.59. HRMS
(EST): C39H53NNaOg (654.3765) [M + Na]* = 654.3765.
BA-15 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
10-((E)-5-fluoro-2-nitrobenzylidene)-5a,5b,8,8,11a-pentamethyl-
9-ox0-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-
3a-carboxylate (BA-15, C33H50FNOs). According to the general
procedure, derivative BA-15 was prepared by Claisen Schmidt
condensation of intermediate BA-O-Me with 5-fluoro-2-
nitrobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-15 as a white solid with a yield of 71%. '"H NMR
(600 MHz, Chloroform-d) 6 8.18 (d, J = 9.1 Hz, 1H), 7.58 (d, ] =
2.5 Hz, 1H), 6.91 (dd, J = 9.2, 2.8 Hz, 1H), 6.64 (d, ] = 2.7 Hz, 1H),
4.72-4.56 (m, 2H), 3.66 (s, 3H), 2.97 (td, J = 10.6, 4.5 Hz, 1H),
2.62 (dd, J = 15.7, 1.4 Hz, 1H), 2.25-2.18 (m, 2H), 1.89-1.86 (m,
1H), 1.84-1.78 (m, 1H), 1.66 (s, 3H), 1.67-1.53 (m, 2H), 1.47 (t,
J = 7.0 Hz, 4H), 1.44-1.31 (m, 8H), 1.29-1.21 (m, 3H), 1.17 (s,
3H), 1.13 (s, 3H), 1.02 (d, ] = 4.6 Hz, 1H), 0.95 (s, 3H), 0.92 (s,
3H), 0.80 (s, 3H). "°C NMR (151 MHz, CDCls) § 207.96, 176.58,
162.66, 150.86, 140.64, 135.52, 135.33, 135.03, 127.59, 115.88,
113.93, 109.40, 56.55, 53.44, 51.33, 49.31, 48.32, 46.86, 45.97,
43.04, 42.46, 40.54, 38.24, 36.98, 36.90, 33.20, 32.03, 30.62, 29.61,
28.63, 25.51, 22.42, 21.47, 20.15, 19.45, 15.72, 15.51, 14.56.
BA-16 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
10-((E)-3-fluorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-
(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylate
(BA-16, C;33Hs5FO;3). According to the general procedure,
derivative BA-16 was prepared by Claisen Schmidt
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condensation  of  intermediate BA-O-Me  with  3-
fluorobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-16 as a white solid with a yield of 76%. "H NMR
(600 MHz, Chloroform-d) § 7.45-7.39 (m, 1H), 7.37 (td, ] = 8.0,
6.0 Hz, 1H),7.17 (d, ] =7.7 Hz, 1H), 7.10 (dt, ] = 10.1, 2.1 Hz, 1H),
7.02 (td, J = 8.4, 2.6 Hz, 1H), 4.93-4.58 (m, 2H), 3.67 (s, 3H),
3.04-2.93 (m, 2H), 2.31-2.21 (m, 2H), 2.18 (dd, ] = 16.1, 3.3 Hz,
1H), 1.96-1.84 (m, 2H), 1.72 (s, 4H), 1.63 (t, ] = 11.4 Hz, 1H),
1.52-1.34 (m, 11H), 1.33-1.18 (m, 2H), 1.13 (d, J = 18.7 Hz, 7H),
1.01 (s, 3H), 0.95 (s, 3H), 0.79 (s, 3H). *C NMR (151 MHz,
CDCl;) 6 208.12, 176.62, 161.79, 150.60, 138.11, 135.85, 135.49,
129.93, 126.04, 116.57, 115.22, 109.65, 56.58, 52.89, 51.34, 49.38,
48.44, 46.91, 45.27, 44.31, 42.48, 40.52, 38.29, 36.94, 36.56, 33.06,
32.08, 30.65, 29.65, 29.42, 25.60, 22.38, 21.70, 20.38, 19.49, 15.82,
15.41, 14.63. HRMS (ESI): C3sHs;FNaO3 (597.3714) [M + Na]* =
597.3714.

BA-17 methyl (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
10-((E)-2-fluorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-
(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-carboxylate
(BA-17, Cs3gHs1FO;3). According to the general procedure,
derivative BA-17 was prepared by Claisen Schmidt
condensation  of  intermediate = BA-O-Me  with  2-
fluorobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-17 as a white solid with a yield of 75%. "H NMR
(600 MHz, Chloroform-d) 6 7.56 (t,J = 1.9 Hz, 1H), 7.32 (dtd, J =
12.9,7.6, 1.8 Hz, 2H), 7.17 (td, ] = 7.6, 1.2 Hz, 1H), 7.09 (ddd, ] =
9.7, 8.2, 1.1 Hz, 1H), 4.82-4.52 (m, 2H), 3.67 (s, 3H), 3.05-2.95
(m, 1H),2.91 (d,J=16.3 Hz, 1H), 2.31-2.21 (m, 2H), 2.10 (dt, ] =
16.0, 2.2 Hz, 1H), 1.90 (dddd, J = 13.7, 10.7, 7.5, 3.6 Hz, 2H), 1.70
(s, 4H), 1.62 (t, ] = 11.4 Hz, 1H), 1.50-1.33 (m, 12H), 1.31-1.16
(m, 2H), 1.14 (d, J = 2.2 Hz, 6H), 1.00 (s, 3H), 0.95 (s, 3H), 0.80 (s,
3H). '>’C NMR (151 MHz, CDCl3) § 207.73, 176.61, 160.04,
150.76, 136.39, 130.34, 130.05, 129.84, 123.92, 123.82, 115.69,
109.52, 56.58, 53.13, 51.34, 49.38, 48.45, 46.89, 45.44, 43.97, 42.48,
40.54, 38.30, 36.94, 36.66, 33.16, 32.07, 30.65, 29.65, 29.18, 25.60,
22.49, 21.59, 20.31, 19.49, 15.77, 15.47, 14.63. HRMS (ESI):
C3Hs FNaOj; (597.3714) [M + Na]™ = 597.3714.

BA-18 methyl (IR,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
10-((E)-3-bromobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-
1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-
carboxylate (BA-18, C;gHs5BrOs;). According to the general
procedure, derivative BA-18 was prepared by Claisen Schmidt
condensation  of  intermediate BA-O-Me  with  3-
bromobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate = 10:
1) to afford BA-18 as a white solid with a yield of 89%. 'H NMR
(600 MHz, Chloroform-d) § 7.51 (t, ] = 1.8 Hz, 1H), 7.44 (dt, ] =
7.9,1.6 Hz, 1H), 7.37 (dd, ] = 3.0, 1.5 Hz, 1H), 7.36-7.30 (m, 1H),
7.28 (t, ] = 7.8 Hz, 1H), 4.84-4.57 (m, 2H), 3.67 (s, 3H), 2.99 (ddd,
J=19.9, 13.4, 3.1 Hz, 2H), 2.35-2.19 (m, 2H), 2.17-2.12 (m, 1H),
1.90 (ddt, J=13.3,10.2, 5.5 Hz, 2H), 1.77-1.57 (m, 6H), 1.51-1.35
(m, 10H), 1.31-1.16 (m, 3H), 1.14 (s, 3H), 1.12 (s, 3H), 1.01 (s,
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Betulinic acid (BA)

.................................................................

! Series 1 A Series 2 !
iBA-01: R{=3-F BA-06: R(=4-F-2-NO, BA-11: R=3-CF, BA-14: R,=5-OMe-2-NO, BA-19: Ry=3-Cl
§BA-02; R;=2-Br BA-07: R,=2-F BA-12: R;=3-Cl BA-15: R,=5-F-2-NO, ~ BA-20: Ry=3-CF3
§BA-03; R;=5-OMe-2-NO, BA-08: R;=3-Br BA-13: R;=4-OMe BA-16: R,=5-F BA-21: R2=4-OMe§
iBA-04: R;=5-F-2-NO,  BA-09: R;=3-OMe BA-17: Ry=2-F BA-22: Ry=2-Br
i BA-05: R4=2-OMe BA-10: Ry=4-F i i BA-18: R,=3-Br i

SCHEME 1 | Chemical synthesis of two series of BA derivatives. Reagents and conditions: (A) Jones reagent, acetone, 0°C to r.t., 2 h, 92%,; (B) CHal, K,COg,
DMF, Ny, r.t., overnight, 98%; (C) R-CHO, KOH, EtOH, r.t., 3 h, 53-91%.

3H), 0.95 (s, 3H), 0.78 (s, 3H). °C NMR (151 MHz, CDCl;) § ~ 1H), 1.99-1.86 (m, 2H), 1.80-1.54 (m, 6H), 1.51-1.34 (m, 11H),
208.00, 176.61, 150.62, 138.11, 135.73, 135.58, 133.21, 131.22, 1.32-1.19 (m, 3H), 1.14 (s, 3H), 1.12 (s, 3H), 1.01 (s, 3H), 0.95 (s,
129.93, 128.05, 122.53, 109.59, 56.58, 52.94, 51.33, 49.36, 48.43, 3H), 0.78 (s, 3H). ">*C NMR (151 MHz, CDCl3) 6 208.04, 176.62,
46.88, 45.31, 44.12, 42.48, 40.52, 38.27, 36.92, 36.62, 33.06, 32.06, 150.63, 137.82, 135.70, 135.68, 134.35, 130.21, 129.69, 128.34,
30.65, 29.65, 29.34, 25.56, 22.39, 21.67, 20.35, 19.50, 15.81, 15.42, 127.78, 109.61, 56.59, 52.95, 51.34, 49.38, 48.43, 46.90, 45.31,
14.64. HRMS (ESI): CssHs,”BrNaO; (657.2914) [M + Na]* =  44.16, 42.49, 40.53, 38.28, 36.93, 36.62, 33.07, 32.07, 30.66, 29.66,
657.2914, C3gHs;*'BrNaO; (659.2893) [M + Na]* = 659.2894. 29.36, 25.57, 22.40, 21.68, 20.36, 19.51, 15.81, 15.43, 14.64. HRMS
BA-19 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)- (ESI): C33H5;CINaO3 (613.3419) [M + Na]™ = 613.3420.
10-((E)-3-chlorobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo- BA-20 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-  5a,5b,8,8,11a-pentamethyl-9-oxo-1-(prop-1-en-2-yl)-10-((E)-3-
carboxylate (BA-19, C;3Hs;ClO;3). According to the general  (trifluoromethyl)benzylidene)icosahydro-3aH-cyclopenta[a]
procedure, derivative BA-19 was prepared by Claisen Schmidt chrysene-3a-carboxylate (BA-20, CsoHs F30;). According to
condensation  of  intermediate = BA-O-Me  with 3-  the general procedure, derivative BA-20 was prepared by
chlorobenzaldehyde in the presence of ethanolic potassium  Claisen Schmidt condensation of intermediate BA-O-Me with
hydroxide at room temperature. The residue was purified by  3-(trifluoromethyl)benzaldehyde in the presence of ethanolic
flash chromatography (eluent: petroleum ether: ethyl acetate =10: ~ potassium hydroxide at room temperature. The residue was
1) to afford BA-19 as a white solid with a yield of 53%. '"H NMR  purified by flash chromatography (eluent: petroleum ether: ethyl
(600 MHz, Chloroform-d) é 7.38 (d, ] = 2.6 Hz, 1H), 7.37-7.31 acetate = 10: 1) to afford BA-20 as a white solid with a yield of 58%.
(m, 2H), 7.31-7.26 (m, 2H), 4.96-4.52 (m, 2H), 3.67 (s, 3H), 'H NMR (600 MHz, Chloroform-d) 8 7.62 (s, 1H), 7.59-7.56 (m,
3.26-2.88 (m, 2H), 2.31-2.23 (m, 2H), 2.16 (dd, J = 16.3, 3.0 Hz, 2H),7.55-7.50 (m, 1H), 7.46 (dd, J= 3.0, 1.5 Hz, 1H), 4.87-4.49 (m,
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TABLE 1 | The structure and functional groups of BA derivatives and their inhibition rate of HAase (at a threshold concentration of 40 uM).

BA-01~BA-13

Cpd Rzo= R3= Rs= Rs= %?

BA-01 H F H H 441 + 2.7
BA-02 Br H H H 65.4 +0.4
BA-03 NO, H H OMe 46.5 + 3.6
BA-04 NO, H H F 72.8 £ 0.9
BA-05 OMe H H H 68.1 + 6.8
BA-06 NO» H F H 527 +1.4
BA-07 F H H H 26.3+28
BA-08 H Br H H 353+ 6.6
BA-09 H OMe H H 42.4 + 21
BA-10 H H F H 355 +25
BA-11 H CF3 H H 316 +2.0
BA-12 H cl H H 21.3+1.1
BA-13 H H OMe H 777 £1.9

Inhibition rate against HAase of test compounds at 40 uM.

2H), 3.67 (s, 3H), 3.05-2.93 (m, 2H), 2.31-2.23 (m, 2H), 2.19-2.14
(m, 1H), 2.01-1.82 (m, 2H), 1.76-1.56 (m, 6H), 1.54-1.37 (m,
11H), 1.32-1.17 (m, 2H), 1.15 (s, 3H), 1.13 (s, 3H), 1.01 (s, 3H),
0.95 (s, 3H), 0.80 (s, 3H). °C NMR (151 MHz, CDCl;) § 207.96,
176.61, 150.60, 136.74, 136.08, 135.43, 132.47, 130.84, 128.94,
127.18, 124.80, 123.03, 109.59, 56.58, 52.97, 51.34, 49.36,
48.49, 46.89, 45.36, 44.16, 42.48, 40.53, 38.29, 36.92, 36.63,
33.08, 32.06, 30.65, 29.65, 29.31, 25.53, 22.40, 21.67, 20.34,
19.48, 15.84, 15.43. HRMS (ESI): CsoHs F3NaO; (647.3683)
[M + Na]* = 647.3685.

BA-21 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-
10-((E)-4-methoxybenzylidene)-5a,5b,8,8,11a-pentamethyl-9-
oxo-1-(prop-1-en-2-yl)icosahydro-3aH-cyclopenta[a]chrysene-3a-
carboxylate (BA-21, C;oHs404). According to the general
procedure, derivative BA-21 was prepared by Claisen Schmidt
condensation  of  intermediate  BA-O-Me  with  4-
methoxybenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by flash
chromatography (eluent: petroleum ether: ethyl acetate = 10: 1) to
afford BA-21 as a white solid with a yield of 77%. 'H NMR
(600 MHz, Chloroform-d) § 7.47 (t, ] = 1.9 Hz, 1H), 7.32 (d, ] =
7.9 Hz, 2H), 7.22 (d, ] = 7.9 Hz, 2H), 4.80-4.61 (m, 2H), 3.67 (s,
3H), 3.11-2.96 (m, 2H), 2.38 (s, 3H), 2.30-2.23 (m, 2H),
2.24-2.17 (m, 1H), 1.96-1.82 (m, 2H), 1.73 (s, 3H), 164 (t,
J = 11.4 Hz, 1H), 1.52-1.36 (m, 10H), 1.35-1.18 (m, 4H), 1.15
(s, 3H), 1.11 (s, 3H), 1.01 (s, 3H), 0.96 (s, 3H), 0.78 (s, 3H). °C
NMR (151 MHz, CDCl;) 6 208.09, 176.60, 150.71, 136.53, 136.43,

BA-14~BA-22

Cpd Ro= R3= Rs= Rs= %2

BA-14 NO, H H OMe 125 + 34
BA-15 NO» H H F 149 + 2.1
BA-16 H H H F 1.0+ 1.1
BA-17 F H H H 49+19
BA-18 H Br H H 6.7 +2.8
BA-19 H Cl H H 3425
BA-20 H CF3 H H 88+ 14
BA-21 H H OMe H 75+23
BA-22 Br H H H 55+ 1.0

136.07, 132.86, 130.14, 129.41, 127.05, 124.80, 109.51, 56.56,
53.35, 51.33, 49.36, 48.44, 46.88, 45.74, 43.35, 42.47, 40.55,
38.27, 36.93, 36.87, 33.21, 32.06, 30.62, 29.64, 28.90, 25.54,
22.47, 21.52, 20.23, 19.46, 15.73, 15.50, 14.62.

BA-22 methyl (1R,3aS,5aR,5bR,7aR,11aR,11bR,13aR,13bR)-10-
((E)-2-bromobenzylidene)-5a,5b,8,8,11a-pentamethyl-9-oxo-1-
(prop-1-en-2-yl)icosahydro-3aH-cyclopentala]chrysene-3a-
carboxylate (BA-22, C33H5BrO;). According to the general
procedure, derivative BA-22 was prepared by Claisen Schmidt
condensation  of  intermediate = BA-O-Me  with  2-
bromobenzaldehyde in the presence of ethanolic potassium
hydroxide at room temperature. The residue was purified by
flash chromatography (eluent: petroleum ether: ethyl acetate =
10: 1) to afford BA-22 as a white solid with a yield of 68%. 'H NMR
(600 MHz, Chloroform-d) 6 7.61 (dd, J = 7.9, 1.2 Hz, 1H), 7.48 (d,
J=2.7Hz, 1H), 7.33 (td, J = 7.5, 1.2 Hz, 1H), 7.24-7.19 (m, 1H),
717 (td, J = 7.7, 1.7 Hz, 1H), 5.09-4.41 (m, 2H), 3.66 (s, 3H),
3.05-2.94 (m, 1H), 2.82 (dd, J=15.9, 1.5 Hz, 1H), 2.23 (td, J = 12.3,
3.4 Hz, 2H), 2.03-1.81 (m, 3H), 1.68 (s, 5H), 1.49-1.34 (m, 10H),
1.30-1.18 (m, 4H), 1.16 (s, 3H), 1.14 (s, 3H), 0.97 (s, 3H), 0.94 (s,
3H), 0.81 (s, 3H). >*C NMR (151 MHz, CDCl;) § 208.09, 176.60,
150.71, 136.53, 136.43, 136.07, 132.86, 130.14, 129.41, 127.05,
124.80, 109.51, 56.56, 53.35, 51.33, 49.36, 48.44, 46.88, 45.74,
43.35, 42.47, 40.55, 38.27, 36.93, 36.87, 33.21, 32.06, 30.62,
29.64, 28.90, 25.54, 22.47, 21.52, 20.23, 19.46, 15.73, 15.50,
14.62. HRMS (ESI): CsHs,”°BrNaO; (657.2914) [M + Na]* =
657.2914, C3sHs,*' BrNaO; (659.2893) [M + Na|* = 659.2894.
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FIGURE 1 | Effects of leading BA derivatives on the activity of HAase enzyme activity. The inhibition rates (%) of each compound were measured at five
concentrations (1, 5, 25, 50, and 100 uM) and an inhibition curve of each compound was constructed to calculate the ICsq value by analyzing the inhibition rates at
different concentrations with a nonlinear regression algorithm using GraphPad Prism.

HAase Inhibition Assay were prepared to 100 mM in DMSO, then diluted with DMSO
The effect of BA derivatives on HAase activity was evaluated yield concentrations ranging from 6.25 to 100 pg/mL. 5 pL test
using a previous report with some modifications (Bahadir  samples and 95 pL HAase protein (7.5 U/mL) were dissolved in
Acikara et al, 2019; He et al, 2021). Briefly, BA derivatives sodium phosphate buffer (20 mM) containing 0.01% BSA (pH =
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TABLE 2 | Estimated free binding energy and inhibition constant of BA derivatives
by molecular docking method.

Compounds Banding energy (kcal/mol) K; (Inhibition constant; pM)
BA-02 -8.8 338.0

BA-03 -11.4 4.6

BA-04 -9.5 115.9

BA-05 -8.7 436.3

BA-06 -9.2 169.0

BA-09 -9.2 169.0

BA-13 -8.7 434.7

7.0) and incubated at 37°C for 10 min. Then HA (100 ul) to the
mixture, followed incubation at 37°C for 45 min. Undigested HA
was precipitated by adding the acidic albumin solution (1 ml; pH
= 3.75) containing 0.1% BSA which dissolved in sodium acetate
(24 mM) and acetic acid (79 mM) solution. After 10 min,
absorbance was measured at a wavelength of 600 nm using a
microplate reader (SpectraMax M2, Molecular Devices Corp.,
operated by SoftmaxPro v.4.6 software, Sunnyvale, CA,
United States). The inhibition rate was calculated using
following formula: Inhibition% 1 - [OD (HA) - OD
(sample)]/[OD (HA) — OD (HAase)]. The ICs, value of each
sample was determined by analyzing its inhibition rates at
different concentrations with a nonlinear regression algorithm
by GraphPad Prism.

Molecular Docking

The molecular docking analysis was conducted on the
molecular modeling station provided by the Rhode Island
IDeA Network of Biomedical Research Excellence (RI-
INBRE) using the Autodock 4.2 and Autodock Tools base
on the Lamarckian Genetic Algorithm (LGA). The structure
of compound BA derivatives was generated by Chemdraw 3D
(PerkinElmer Inc.; Waltham, MA, United States). And the
crystal structure of collagenase protein (PDB ID: 2PE4) was
retrieved in PDB format from the RCSB protein data bank
(www.rcsb.org). The HAase protein was prepared by
removing water molecules and adding force field
parameters and their co-crystallized ligands were used for
assigning the ligand-binding domain for the docking
simulations. The optimized protein structure, construction
of missing side chains and loops, binding site, and the
binding score of the ligands were obtained on the basis of
their free banding energy and hydrogen bond. The 2D
diagrams of the protein-ligand interactions were visualized
by Discovery Studio (DS; BIOVIA Corp.; San Diego, CA,
United States).

Cell Culture

Murine macrophage RAW264.7 cells were purchased from the
American Type Culture Collection (ATCC; Rockville, MD,
United States). The BV-2 murine microglial cells were a gift
kindly provided by Dr. Grace Y. Sun (The University of Missouri
at Columbia, MO, United States). Cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% (v/v) Fetal bovine serum (FBS) (Gibco, Life

Anti-Inflammatory Potential of Betulinic Acid

Technologies, Gaithersburg, MD, United States) and 1% (v/v)
Penicillin/Streptomycin ~ antibiotic ~ solution (Gibco, Life
Technologies, Grand Island, NY, United States) and placed in
an incubator maintained at temperature 37°C under humidified
atmospheric conditions consisting of 5% CO,. Human THP-1
monocytes were purchased from the ATCC. The cells were
cultured in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% (v/v) FBS and 1% (v/v)
Penicillin/Streptomycin antibiotic solution, placed in an
incubator maintained at a temperature of 37°C under
humidified atmospheric conditions consisting of 5% CO,.
THP-1 monocytes were differentiated by incubation with
phorbol 12-myristate 13-acetate (PMA from Sigma Aldridge;
25nM) for 48h. Then PMA was removed and cells were
cultured with PMA-free medium for another 24 h.

Cell Viability

The cytotoxicity of each compound was determined in BV-2
and RAW264.7 cells with the MTT assay (Li et al., 2020). Briefly,
cells were seeded in 96-well plates at 20,000 cells per well. Cells
were allowed to adhere for 24 h. BA derivatives were prepared to
100 mM in DMSO, then diluted in serum-free media to yield
concentrations of 10 uM. After the treatment of the cells with
BA derivatives for 2 h, the cells were incubated in the absence or
presence of LPS (1 pug/mL) for 24h. Cellular viability was
determined as a percentage of control (DMSO) by using a
Cell Proliferation Kit II (Promega, Madison, WI,
United States). XTT reagent (0.3 mg/mL) was then added to
each well and incubated for 4 h at 37°C and an absorbance value
was measured at 492 nm using a Spectramax M2 microplate
reader (Hayon et al., 2003).

NO Measurement

NO concentration was determined by the Griess assay according
to a previous report (Ma et al., 2016), RAW264.7 and BV-2 cells
(20,000 cells per well) were plated into 96-well plates. After an
incubation period of 24 h, the cells were pre-treated with BA
derivatives for 2h and were co-treated with LPS (1 ug/mL) for
24 h. For the LMWHAFs-induced inflammation assay, THP-1
cells were pre-treated with BA derivatives for 2 h and then treated
with LPS (1ug/mL) and HA fragment (a hyaluronan
oligosaccharide 6mer; 50 pg/mL) from Amsbio (Rockville, MD,
United States; product code: CSR-11002) for 24 h (Campo et al.,
2012; Scuruchi et al., 2016). Subsequently, the culture medium
was mixed with the Griess reagent in a 1:1 ratio followed by a
15min incubation in the dark. An absorbance value was
measured at 540 nm using a Spectramax M2 microplate
reader, and the NO concentration was calculated based on the
standard NO curve.

Measurement of IL-6 by ELISA Assay

To evaluate the effect of BA derivatives on LPS-induced IL-6
secretion, THP-1 monocytes were seeded at a density of 50,000
cells per well in a 48-well plate and differentiated with PMA
(25 ng/mL), pre-treated with the BA derivatives at concentrations
of 10 uM was performed for 6 h followed by stimulation with or
without 1 pg/mL LPS for 12 h. The cell culture supernatant was
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The active site of compound BA-03

FIGURE 2 | Molecule docking analysis of the interactions between HAase enzyme protein and BA derivatives. (A) Binding pocket of HAase with embedded
compound BA-03; (B) The active site of most potent compound BA-03; (C) The molecular interactions of compound BA-03 and HAase showing formed molecular
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FIGURE 3 | Effects of BA derivatives on the cell viability of BV-2 cells (A) and effects of BA derivatives on the NO production in BV2 cells with or without the
stimulation of LPS. (B) Data presented as mean + S.E. (n = 3). Significance was reported by analysis of variance (ANOVA) followed with Dunnett multiple comparison
or compared to the model (LPS-stimulated) group, p < 0.05 (¥) and p < 0.0001 (##xx).

10 uM

collected for the measurement of IL-6. The levels of IL-6 were
determined using specific ELISA kits (BioLegend, San Diego, CA,
United States) (Liu et al., 2020).

RESULTS AND DISCUSSION
Synthesis of BA Derivatives

A series of novel a,f-unsaturated BA ketene derivatives was
synthesized using BA as the initial starting compound. The
synthetic routes and chemical structures of two sets of BA

derivatives including o,B-unsaturated ketene analogues (BA-
0), and their methylated analogues (BA-O-Me) are shown in
Scheme 1. The intermediate BA-O was synthesized by modifying
the C-3 position of BA to obtain a carbonyl moiety with the Jones
reagent, followed by converting it to the other intermediate BA-
O-Me by modifying the -COOH group at the C-22 position via
esterification with CH;I and K,COj3 in DMF. Next, two series of
target derivatives were generated by Claisen Schmidt
condensation at the C-3 position of the ketone intermediates
BA-O and BA-O-Me to obtain derivatives BA-01~BA-13 (Series
1) and BA-14~BA-22 (Series 2), respectively. All compounds
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FIGURE 4 | Effects of BA derivatives on the cell viability of RAW 264.7 cells (A) and effects of BA derivatives on the NO production in RAW 264.7 cells with or without
the stimulation of LPS. (B) Data presented as mean + S.E. (n = 3). Significance was reported by analysis of variance (ANOVA) followed with Dunnett multiple comparison
testing. Significance as compared to the control group p < 0.0001 (**##); or compared to the model (LPS-stimulated) group, p < 0.01 (x%) and p < 0.0001 (k).

were purified by column chromatography with yields in a range  position and a nitro group in the ortho position of the phenyl ring
between 53% and 91%, and their chemical structures were  resulted in higher anti-HAase activity (ICso = 18.3 uM) as
identified by a combination of spectroscopic analyses  compared to a BA-O derivative with a single bromo group in
including "H NMR, °C NMR, and HRMS. the ortho position of the phenyl ring (ICsy = 22.3 uM).
Furthermore, induction of a methyl group via esterification
with the -COOH group at position C-28 of BA resulted in the

Inhibition of BA Derivatives on HAase loss of anti-HAase activity of BA-O-Me derivatives. This may be
Activity attributed to the C-28-COOH group being critical for the
We first evaluated the inhibitory effects of BA derivatives on ~ maintenance of the anti-HAase activity given that this moiety
HAase enzyme at a threshold concentration of 40 um.  caninduce hydrophilicinteraction with HAase enzyme. This SAR

Compounds of Series 1 (BA-01~BA-13) showed anti-HAase  observation is in agreement with our previously reported study
activity with an inhibition rate of 21.3%-77.7% (Table 1). The  showing that the derivatives of OA (a triterpenoid with a
BA-O derivatives including BA-01, BA-02, BA-03, BA-04, BA-05,  carboxylic acid at the C-28 position) require the -COOH
BA-06, BA-09, and BA-13 showed the most potent inhibitory = group intact to impart their HAase activity (He et al., 2021).
effect on HAase, which was superior to BA (inhibition of 44.1,  In addition, this SAR pattern is also applicable to the triterpenoid
65.4, 46.5, 72.8, 68.1, 52.7, 424 and 77.7%, vs. 22.6%, ursolic acid (UA) and its derivatives where the carboxylic acid at
respectively), whilst derivatives BA-14~BA-22 (Series 2) had the C-28 position is also essential for their inhibitory effects on
weaker  anti-HAase  activity (1.0%-14.9% inhibition, HAase (Abdullah et al., 2016).
respectively). Next, the inhibitory effects of BA derivatives
with promising enzyme inhibition activity were further . . .
evaluated by obtaining their ICs, inhibition value. The potency Interactions Between BA Derivatives and
of BA-O derivatives is in an order of BA-02, BA-03, BA-04, BA- HAase Protein
05, BA-06, BA-09, BA-13 with an ICs, value of 22.3, 21.9, 21.3, Interactions between HAase enzyme protein and BA-O based
22.5, 18.3, 33.4 and 24.0 uM, respectively, (Figure 1). Oleanolic =~ HAase inhibitors including BA-02~BA-06, BA-09, BA-13 were
acid (OA; a pentacyclic terpenoid) was used as a positive control ~ investigated by molecular docking. The predicted protein-
showing an inhibitory effect on HAase by 31.7% at a  ligand complexes were evaluated on the basis of minimum
concentration of 40 uM. free binding energy values (kcal/mol). Docking results
Some preliminary structure and activity relationship (SAR)  showed that the aforementioned BA-O compounds had
can be observed based on the anti-HAase activity of BA  favorable binding energy ranging from —8.7 to —11.4 kcal/mol
derivatives. For instance, an introduction of functional groups  (Table 2). The predicted binding parameters were in agreement
including halogen, nitro, methoxy, and trifluoromethyl moiety at ~ with data obtained from the enzyme inhibition assay. For
the phenyl ring increased the anti-HAase activity of BA-O  instance, BA-03, which was the most active HAase inhibitor,
compounds as compared to their BA skeleton (by up to  had thelowest free binding energy (—11.4 kcal/mol) and binding
400%). Our preliminary SAR analysis suggested that the  constant (4.6 uM). As shown in Figure 2, BA-03 bound to a
phenyl ring on the BA skeleton with electron-withdrawing  hydrophilic pocket on the HAase protein and interacted with
groups (e.g., halogen, nitro, methoxy and trifluoromethyl) is  several amino acid residues including Argl96, Arg240, and
critical for the anti-HAase activity. In addition, the numbers  Arg20 via its -COOH group to form covalent bonding
of electron-withdrawing groups on the benzene ring seemed to be (i.e., hydrogen bond), which enhanced the stability of the
important as multiple electron-withdrawing groups had stronger ~ ligand-protein complex. This conclusion is in agreement with
HAase inhibitory activities. For instance, fluorine in the para- our previously reported results showing that triterpenoid
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FIGURE 5 | Effect of BA derivatives on the production of IL-6 in THP-1
cells. All data expressed as mean + standard error (n = 3), significance was FIGURE 6 | Effect of BA derivatives on the production of IL-6 in
reported by analysis of variance (ANOVA) followed with Dunnett multiple hyaluronic acid fragment stimulated THP-1 cells. All data expressed as
comparison testing. Significance as compared to the control group mean =+ standard error (n = 3), significance was reported by analysis of
p < 0.0001 (***) and as compared to the model (LPS-stimulated) group, variance (ANOVA) followed with Dunnett multiple comparison testing.
p < 0.05 () and p < 0.0071 (s#3). Significance as compared to the control group p < 0.0001 (*¥%) and as

derivatives can bind to HAase protein via the formation of
several molecular forces including hydrogen and alkyl bonds,
which may contribute to their anti-HAase activity (He et al,
2021). Although data from the molecular docking experiments
provide insights on possible binding modes of BA derivatives
and HAase protein, further studies using biophysical methods
(e.g., binding assays and the X-ray crystallography) are
warranted to elucidate the binding property of BA-based
ligands and HAase.

Inhibitory Effects of BA Derivatives on NO
Production in LPS-Stimulated BV2 Cells

Given that the inhibition of HAase may result in less production
of fragmented HAs, which is an inducing factor for inflammatory
response, we further assessed whether BA based HAase inhibitors
can exert anti-inflammatory effects. In this study, we first
evaluated the anti-inflammatory activity of BA derivatives in
LPS-stimulated murine microglial BV2 cells by measuring the
production of nitrite (NO). Prior to conducting the anti-
inflammatory assays, BV2 cells were treated with BA and its
derivatives BA-01~13 at a concentration of 10 uM. Compounds
tested at this concentration did not show any cytotoxicity with
cell viability of 109.5% and 93.5%-113.5%, respectively,
(Figure 3A). BA derivatives were further evaluated at the
nontoxic concentration (10 pM). As shown in Figure 3B, BA
derivatives including BA-02~BA-06, BA-09, BA-11, and BA-13
exerted anti-inflammatory effects by inhibiting the LPS-
stimulated NO production by 35.1%-46.8%, 36.0%, 7.7%, and
33.6%, respectively. These BA derivatives showed superior NO
inhibition effects as compared to their parent compound BA with
a NO reduction of 3.4%.

Additionally, the NO inhibitory effects of BA and its derivatives
were evaluated in murine macrophage RAW264.7 cells. All of the
BA derivatives showed no cytotoxicity at a concentration of 10 uM

compared with the model group, p < 0.05 (), p < 0.001 (***) and p <
0.00071 (o),

with cell viability no less than 99.0% (Figure 4A). BA showed
significant anti-inflammatory effects by decreasing the LPS-
stimulated NO production by 20.4% (Figure 4B). BA
derivatives including BA-03, BA-04, BA-05, BA-13, and BA-11
showed stronger anti-inflammatory effects as compared to BA with
areduction in NO levels of 42.9%, 32.3%, 38.5%, 46.4%, and 33.4%,
respectively. Compounds BA-03 and BA-13 had the most potent
activities by decreasing NO production by 2.3- and 2.1-fold as
compared to their parent compound BA. Other BA derivatives had
comparable NO inhibition effects by reducing the NO production
by 9.2%-25.6%. Given that BV2 cells are murine brain neuroglia
cells and BA derivatives may not be able to penetrate the brain-
blood barrier due to their molecular weight, we further evaluated
the anti-inflammatory effects of BA derivatives using a human
monocytic cell line (i.e., differentiated THP-1 cells).

BA Derivatives Reduce the Production of
Pro-Inflammatory Cytokines in
LPS-Stimulated THP-1 Cells

To further evaluate the anti-inflammatory effects of BA and its
derivatives, compounds with significant inhibitory effects on NO
production, namely, BA-02~BA-06, BA-09, and BA-13, were
selected for the further evaluation of their inhibitory effects on
the production of pro-inflammatory cytokine IL-6 in LPS-
stimulated human monocyte THP-1 cells. As shown
in Figure 5, IL-6 levels in THP-1 cells were elevated to
695.6 pg/mL after stimulation with LPS. Treatment with BA
and its derivatives (BA-02, BA-03, BA-04, and BA-05) at a
concentration of 10pM significantly decreased the LPS-
induced secretion of IL-6 to 613.3, 586.6, 586.0, 539.6,
589.8 pg/mL, respectively.
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BA Derivatives Decreased NO Production in

HA Fragment-Stimulated THP-1 Cells

Given that low molecular weight HA fragments (LMWHAFs)
generated from the degradation of HA are pro-inflammatory
molecules (Litwiniuk et al., 2016), it is possible that BA based
HAase inhibitors may exert anti-inflammatory effects by
mitigating LMWHAFs-induced inflammation. Based on the
data from the anti-inflammatory assays, BA and several of its
derivatives including BA-01~BA-06, BA-11, and BA-13, were
selected for further anti-inflammatory effects against
LMWHAFs-induced inflammation in THP-1 cells. As shown
in Figure 6, the NO level of cells stimulated with LMWHAFs
was elevated as compared to the control group (43.7 vs. 7.4 uM,
respectively). The pro-inflammatory effect of LMWHAFs was
counteracted by the treatment with BA and its derivatives BA-
01~BA-06, BA-11, and BA-13 (at a concentration of 10 pM) by
reducing the LMWHAF-stimulated NO production by 12.4%,
8.6%-27.8%, 11.3% and 35.6%, respectively). The molecular
mechanisms of BA derivatives’ effects against LMWHAFs-
induced inflammation are still not clear but several cellular
signaling pathways may be involved in the mechanisms of BA
derivatives’ action. For instance, LMWHAFs can be recognized
by toll-like receptors (TLRs), which are a group of protein
molecules in the immune system with functions of detecting
bacteria and viruses and initiating early host defense against
these pathogens (Scheibner et al., 2006). It has been reported
that LMWHAFs can bind to the TLR-2 and -4 receptors and
consequently mediate a series of signaling events, which lead to
varjous inflammatory responses including the generation of
pro-inflammatory cytokines and chemokines in immune cells
(Scheibner et al., 2006; Litwiniuk et al., 2016). Notably, in a
study using an animal model of collagen induced arthritis
(using female albino rats), BA was reported to block the
expression of TLR-2 and -4, and reduce pro-inflammatory
markers including IL-1P, tumor necrosis factor-a, and
interferon-y (Mathew and Rajagopal, 2017). It is possible
that BA and its derivatives can inhibit LMWHAFs-induced
inflammation in THP-1 cells via the regulation of TLRs related
signaling pathways but further studies are warranted to
confirm this.

CONCLUSION

In summary, a series of novel BA derivatives containing an o,p-
unsaturated ketene moiety were synthesized and their anti-HAase
and anti-inflammatory activities were evaluated. BA derivatives
with a carboxylic acid group located at the C-28 position of the
BA skeleton showed enhanced inhibitory effects on HAase
activity as compared to their parent compound. The
preliminary SAR observation was supported by data from
molecular docking assays. BA based HAase inhibitors also

Anti-Inflammatory Potential of Betulinic Acid

showed promising anti-inflammatory effects in assays using
multiple cell lines. Furthermore, BA derivatives’ anti-
inflammatory  effects against HA  fragment induced
inflammation were studied in a cell-based assay. Findings
from the current study supported that the chemical
modifications of BA yielded novel derivatives with enhanced
HAase inhibitory and promising anti-inflammatory effects but
further studies are warranted to elucidate their mechanism of
action.
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Bacteria produce a large number of virulence factors through the quorum sensing (QS)
mechanism. Inhibiting such QS system of the pathogens without disturbing their
growth is a potential strategy to control multi-drug-resistant pathogens. To
accomplish this, two new tremulane-type sesquiterpenoids, irpexolaceus H (1) and
| (2), along with two known furan compounds, irpexlacte B (3) and C (4), were isolated
from Orychophragmus violaceus (L.) OE Schulz endophytic fungus Irpex lacteus (Fr.)
Fr. Their structures were elucidated by detailed spectroscopic data (NMR, HRESIMS,
IR, and UV), single-crystal X-ray diffraction, and electronic circular dichroism (ECD)
analysis. Furthermore, those compounds were evaluated for anti-quorum sensing
(anti-QS) activity, and compound 3 was found contributing to the potential QS
inhibitory activity.

Keywords: Orychophragmus violaceus (L.) O.E. Schulz, Irpex lacteus (Fr.) Fr, sesquiterpenoids, furan, quorum
sensing

INTRODUCTION

Bacterial quorum sensing (QS) is a cell-density-dependent communication process by which cells
measure population density and trigger appropriate responses and conduct behavioral regulation,
such as luminescence, motility, secretion of virulence factors, and formation of biofilms (Papenfort
and Bassler, 2016). QS inhibitor (QSI) inhibits the QS system without affecting bacteria’s growth and
reduces its virulence production and biofilm formation; thus, the bacteria are in a low or non-toxicity
state, the growth is not inhibited, and therefore it is difficult to cause drug resistance (Jiang and Li,
2013). However, the purpose of traditional antibacterial agents is to kill or inhibit the growth of
bacteria, and it is difficult to avoid bacterial resistance (Kalia, 2013). Therefore, finding new QSIs to
replace traditional antibacterial agents has become a new strategy in the antibacterial field.

Irpex lacteus (Fr.) Fr. (Phanerochaetaceae) is a basidiomycete that usually colonizes on the
deadwood white (i.e., white rot), and it is often used as a traditional Chinese medicine for the
treatment of chronic glomerulonephritis. In our previous study on this subject, seven
sesquiterpenoids, irpexolaceus A-G, and two new furan derivatives, irpexonjust A-B, were
isolated from I lacteus OV38 (Luo et al, 2022). Furthermore, two new tremulane-type
sesquiterpenoids, irpexolaceus H (1) and I (2), were isolated in this study from fungi, as well as
two furan compounds, such as irpexlacte B (3) and C (4), were also obtained (Figure 1). These
compounds were screened for QS inhibitory activity, and compound 3 exhibited the highest QS
inhibitory activity among them. The details of the isolation, structure assignment, and QS inhibitory
activities of 1-4 are presented.
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MATERIALS AND METHODS

General Experimental Procedures

Nuclear magnetic resonance (NMR) was obtained on a Bruker
AV-400 spectrometer (Bruker Corporation, Karlsruhe,
Germany). HRMSESI data were recorded on a Q-Exactive
Orbitrap MS system (Thermo Fisher Scientific, Bremen,
Germany). UV data were obtained on an Evolution 220 UV-
vis spectrophotometer (Thermo Fisher Scientific, Madison,
United States). Infrared spectroscopy (IR) spectra were
obtained on a Nicolet™ iS10 FTIR spectrometer (Thermo
Fisher Scientific, Madison, United States). Optical rotations
were recorded on an Autopol VI automatic polarimeter
(PerkinElmer, Waltham, MA, United States). The silica gel
(100-200 and 200-300 mesh, Qingdao Marine Chemical
Factory, Qingdao, China) and Sephadex LH-20 column (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden) were used for
open column chromatography (CC). Fractions were monitored
by TLC (HSGF 254, Yantai Jiangyou Silica Gel Development Co.,
Yantai, China), and spots were visualized by heating silica gel
plates after soaking in methanol supplemented with 10% H,SO,.
The preparative HPLC was performed with UltiMate 300 HPLC
(Thermo Fisher Scientific, Madison, United States) equipped with
a YMC-Pack ODS-A column (250 x 10 mmI.D, S-5 ym, 12 nm,
and flow speed = 2-3 ml/min, YMC Co., Ltd., Kyoto, Japan).

Fungal Material and Fermentation

Conditions

The strain Irpex lacteus was isolated from the healthy flowers and
stems of Orychophragmus violaceus (L.) OE Schulz collected from
Nanjing University of Science and Technology (NJUST) (Luo
et al., 2021). The fungus I. lacteus was fermented in 250-ml
Erlenmeyer flasks containing 100 ml Fungus No. 2 medium (2%
sorbitol, 2% maltose, 1% glutamine, 1% glucose, 0.3% yeast
extract, 0.05% tryptophan, 0.05% KH,PO,, and 0.03% MgSO,,
pH 6.4) at 28°C and 140 rpm for 15 d (Zhou et al,, 2017).

Sesquiterpenoids From Irpex lacteus

Extraction and Purification of Secondary
Metabolites

The supernatant (total 100 L) of I lacteus fermentation was extracted
three times by equal ethyl acetate (EtOAc) and concentrated under
reduced pressure to give a crude extract (99.49 g), which was
subjected to column chromatography (CC) over a silica gel
(100-200 mesh) eluted with a gradient of dichloromethane/methyl
alcohol (CH,Cl,/MeOH, 100:0-0:100) to obtain a fraction G (Fr. G)
and other 13 fractions (Fr. A-F and H-M). Fr. A (19.61 g) was
purified by CC over a silica gel (200-300 mesh) eluted with the
gradient systems of petroleum ether/EtOAc (20:1-1:1) and EtOAc/
MeOH (100:1-10:1) to yield six sub-fractions Fr. A1-A6. Fr. A6
(4.79 g) was subjected to CC over a silica gel eluted with a gradient
system of CH,Cl,/MeOH (80:1-0:100) to yield five sub-fractions, that
is, Fr. A6.1-A6.5. Fr. A6.1 (97.4 mg) was further purified by HPLC to
give 3 (40.1 mg, 45% MeOH, flow speed = 2.5 ml/min, and tz =
31.0 min) and 4 (5.0 mg, 45% MeOH, flow speed = 2.5 ml/min, and
tg = min). Fr. G (37.30 g) was continually separated by CC over a
silica gel (200-300 mesh) eluted with a gradient system of CH,CL/
MeOH (100:0-0:100) to give nine sub-fractions Fr. G1-G9. Fr. G2
(7.76 g) was repeatedly separated using CC over a silica gel, Sephadex
LH-20 (100% MeOH), and finally purified by HPLC to give 1
(303 mg, 50% MeOH, flow speed = 3.0ml/min, and tg
14.1 min) and 2 (4.90 mg, 50% MeOH, flow speed = 3.0 ml/min,
and g = 25.6 min).

Irpexolaceus H (1). white amorphous powder; [a]18 D + 17.2
(c 0.19, MeOH); UV (MeOH) Ay (log €) 203 (3.99) nm and 290
(2.65) nm; IR (KBr): vy« 3380.60, 2932.72, 2872.93, 1752.01, and
1027.87 cm™; 'H NMR (400 MHz in MeOD) and C NMR
(100 MHz in MeOD) data are shown in Table 1; and HRESIMS
m/z 311.1502 [M + COOH]" (calcd for C;¢H,30¢, 311.1500).

Irpexolaceus I (2). Yellow oil; [a]18 D + 21.6 (¢ 0.12, MeOH); UV
(MeOH) A,y (log €) 205 (3.57) nm; CD (MeOH) 195 (Ae—4.72)
and 215 (Ae + 8.61) nm; IR (KBr): vy 3359.87, 1564.95, 1397.66,
and 1020.64 cm™; '"H NMR (400 MHz in MeOD) and “C NMR
(100 MHz in MeOD) data are shown in Table 1; and HRESIMS m/z,
283.1551 [M-H] (caled for C;sH,305 and 283.1551).

TABLE 1 | 'H (400 MHz) and '®C (100 MHz) NMR spectroscopic data of 1 and 2 in CDsOD.

No 1 2
dc, type 8y (J in Hz) dc, type 8 W in Hz)
1 126.8, C - 148.0, C -
2 139.9, C - 134.1,C -
3 38.7, CH 3.62, br d (14.4) 421, CH 331, m
4 30.9, CH, 1.99, mand 1.84, m 40.2, CH, 2.27,dd (14.0 and 7.3) and 2.11, br d (15.6)
5 73.3, CH 3.96, t (5.0) 181.5,C -
6 39.7, CH 1.87, m 143.6, CH 5.81, m
7 40.8, CH 3.39, m 46.3, CH 3.43, m
8 40.4, CH, 1.72, m; 1.40, dd (12.9 and 11.0) 43.8, CH, 1.93, ddd (13.2, 8.7, and 1.4) and 1.31, dd (13.2 and 7.4)
9 449, C - 440, C -
10 42.1, CH, 2.17,d(16.2) and 1.81, m 41.6, CH, 2.57, br d (156.6) and 2.35, dd (14.0 and 7.3)
11 70.8, CH, 4.82, d (13.0) and 4.73, d (13.0) 60.2, CH, 4.10, d (11.6) and 4.00, d (11.6)
12 182.3,C - 66.4, CH, 3.60, dd (10.8 and 6.6); 3.50, m
13 11.8, CHz 0.90, d (7.0) 114.0, CH, 5.05, dt (17.1 and 1.48) and 4.94, br d (10.2)
14 23.9, CH3 111, s 24.5, CHz 1.07, s
15 68.6, CH, 3.21,dd (12.2 and 11.4) 69.5, CH, 3.26, d (11.0) and 3.21, d (11.0)
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FIGURE 1 | Chemical structures of 1-4.

Crystallographic Data of Compound 1
Crystal data for Cu 1_0m. C;5H»,04, M = 266.33, a = 6.6684 (4)

A b=12.1018 (5) A, c =8.4219 (4) A, a =90, p = 93.164 (4)°,y =
90°, V = 678.61 (6) A%, Z = 2, T = 170.0 K, space group P2,2,2,,
u(Cu Ka) = 0.760 mm™", Dealc = 1.303 g/cm?, 10,065 reflections
measured (10.520° < 20 < 127.318°), and 2210 unique (Ry, =
0.0504, Rgigma = 0.0357) which were used in all calculations. The
final R, was 0.0321 [I > 20(I)]. The final wR, was 0.0752 [I >
20(I)]. The final R; was 0.0346 (all data). The final wR, was 0.0772
(all data). The goodness of fit on F* was 1.091. Flack parameter =
-0.02 (12), which was determined using 1101 quotients
[I+)-I-))/[(I+)+(I-)]. CCDC: 2133065 (www.ccdc.cam.ac.uk).

Sesquiterpenoids From Irpex lacteus

Electronic Circular Dichroism Calculation of
Compound 2

The experiment was performed as previously described (Luo
et al., 2022). The conformers with Boltzmann population (over
1%) were initially optimized at B3LYP/6-31+G. The ECD spectra
of all conformers were conducted by time-dependent density
functional theory (TD-DFT) methodology at wB97X/def2-TZVP,
CAM-B3LYP/TZVP, and M062X/def2-TZVP using IEFPCM in
MeOH (Neuhaus and Loesgen, 2020). ECD spectra were
generated using the program SpecDis 1.71 from dipole-length
rotational strength by applying Gaussian band shapes with sigma
= 0.2 eV (Bruhn et al.,, 2013).

Anti-Quorum Sensing Activity

The efficacy of purified compounds on inhibiting QS mechanisms
was screened using indicator organisms Chromobacterium
violaceum CV026 and Agrobacterium tumefaciens A136.
Overnight grown C. violaceurn CV026 culture (1 ml) (ODggo =
0.1) was added into 100 ml LB agar medium supplemented with
kanamycin (20 pg/ml) and C6-HSL (5 uM), mixed, and poured
into the plates (Kumar et al, 2021). After the medium was
solidified, 2 ul of samples (1-4) (50 mg/ml) were dropped onto
the plates and then incubated at 28°C for 24 h, recording the
violacein changes in color. The absence of violacein production in
CV026 represents compounds that inhibit the QS system.
Furthermore, QS inhibitory activity-screened A. tumefaciens
A136 was determined as described earlier (Zhu et al.,, 2018).
X-gal (50 pg/ml) and C10-HSL (5 uM) were added into the LB
agar medium supplemented with A. tumefaciens A136. Each
experiment was repeated three times.

SR
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FIGURE 3 | Perspective ORTEP drawing for 1.

RESULTS AND DISCUSSION

Structure Elucidation
Irpexolaceus H (1), a white amorphous powder, was assigned the
molecular formula of C;5sH,,0, with five degrees of unsaturation
based on HRESIMS data at m/z311.1502 [M + COOH]" (calcd for
C16H,304, 311.1500). The 'H and '*C NMR spectraof 1 (Table 1)
revealed 15 carbon resonances, including two methyls at §c 11.8
and 23.9, three methylene carbons at d¢ 30.9, 40.4, and 42.1, two
oxygenated methylene carbons at ¢ 70.8 and 68.6, three methine
carbons at 6c 38.7, 39.7, and 40.8, one oxygenated methine
carbon at 8¢ 73.3, three sp> quaternary carbons at dc 126.8,
139.9, and 182.3, and one sp’ quaternary carbon at 8¢ 44.9. These
data demonstrated high similarity to irpexolaceus F (Luo et al.,
2022), with the main difference being that the low field at 6 139.9
and 126.8 (1) shifted downfield to 8c 1659 and 128.5 in
irpexolaceus F, indicating differences in the position of the
carbon-carbon double bonds, which was confirmed by the
HMBC correlations from H,-8 (6y 1.72, 1.40) and H,-10 (6y
2.17,1.81) to C-1 (8¢ 126.8) and from H,-4 (& 1.99, 1.84), H,-10
(81 2.17, 1.81), and H,-11 (8 4.82, 4.73) to C-2 (8¢ 139.9), in
combination with the 'H-'H COSY correlations of H-3 (8y
3.62)/H,-4 (0y 1.99, 1.84)/H-5 (8y 3.96)/H-6 (6 1.87)/H-7
(6u 3.39)/H,-8 (8y 1.72, 1.40) (Figure 2). The mentioned data
combined with previously reported data (Luo et al, 2022)
determined the planar structure of 1. In addition, the relative
configuration of 1 was determined by the NOESY correlations of
H-3 (8y 3.62)/H-6 (0y 1.87)/H-7 (8 3.39) and Me-13 (8y 0.90)/
H-5 (g 3.96)/Me-14 (8y 1.11) (Figure 2). Combined with the
single-crystal X-ray diffraction analysis (Figure 3), the absolute
configuration of 1 was confirmed as 3$,5S5,6S,7R,9S.
Irpexolaceus I (2), a yellow oil, was assigned the molecular
formula of C;5H,,05 with four degrees of unsaturation based on
HRESIMS data at m/z 283.1551 [M-H] (calcd for C;5H,50s5,
283.1551). The 'H and '*C NMR spectra of 2 (Table 1) revealed
15 carbon resonances, including one methyl at §c 24.5, four

15

—— Exptl CD of 1
- - - Cal. 2S7S9R
- - - Cal. 2R7R9S

Wavelength (nm)

FIGURE 4 | Experimental and calculated ECD spectra of 2.

methylene carbons at §c 40.2, 43.8, 41.6, and 114.0, three
oxygenated methylene carbons at ¢ 60.2, 66.4, and 69.5, three
methine carbons at ¢ 42.1, 143.6, and 46.3, three sp” quaternary
carbons at dc 148.0, 134.1, and 181.5, and one sp’ quaternary
carbon at 8¢ 44.0. There were two C=C and one carbonyl group,
and the remaining one unsaturation was a ring, which was
confirmed by the 'H-'H COSY correlations of H,-8 (8 1.93,
1.31)/H-7 (83 3.43)/H-6 (8y; 5.81)/H,-13 (85 5.05, 4.94), and the
HMBC correlations from H-7 (8y 3.43) to C-1 (6 148.0) and C-
10 (8¢ 41.6), from H,-8 (i 1.93, 1.31) to C-1 (8¢ 148.0), C-7 (8¢
46.3), C-9 (8c 44.0), and C-10 (¢ 41.6), and from H,-10 (6 2.57,
2.35) to C-1 (8¢ 148.0), C-7 (8¢ 46.3), C-8 (8¢ 43.8), and C-9 (3¢
44.0). Moreover, a high-field quaternary carbon, C-9 (6¢c 44.0),
was linked to C-14 (¢ 24.5) and C-15 (6¢ 69.5). Combined with
another set of "H-"H COSY correlations of H-3 (8g 3.31)/H,-4
(61 2.27,2.11)/H,-12 (81 3.60, 3.50), the planar structure of 2 was
determined as shown in Figure 1, which was highly similar to
ceriponol P (Ying et al., 2014), with a difference of a hydroxyl
group binding to §¢ 69.5. In addition, the relative configuration of
2 was confirmed by the NOESY correlations of H-6 (8 5.81)/H-3
(6u 3.31)/Me-14 (0y 1.07) (Figure 2). The calculated and
experimental ECD spectra of 2 showed excellent fit (Figure 4),
indicating that the absolute configuration of 2 was 25,7S,9R.

In addition to the aforementioned compounds, two furans (3
and 4) were obtained and identified as irpexlacte B and C
according to the previously reported data (Luo et al., 2022).

Proposed Biotransformation Pathway

Tremulane (i) and (ii) were biosynthesized based on the relative
structures of 1 and 2 by the cyclization and rearrangement of farnesyl
pyrophosphate (FPP) (Ayer and Browne, 1981; Ayer and Cruz,
1993). After a multi-step reaction such as esterification, cyclization,
and dehydration in microbes, tremulane (i) was possibly converted to
irpexlaceus H (Figure 5). Moreover, lactarane skeletons ii-1 and ii-2
were produced by a series of methyl migrations of tremulane (ii))
(Ayer and Cruz, 1993), which differed from tremulane (i)) in the
configuration of C-1 and C-7. Lactarane skeleton ii-2 was
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FIGURE 5 | Proposed biosynthetic pathway for 1 and 2.
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FIGURE 6 | Screening of QS inhibitory activity by C. violaceum CV026 (A) and A. tumefaciens A136 (B). Compounds 1 (A), 2 (B), 3 (C), and 4 (D).

transformed to 5,6-secotremulane under the 5,6-cleavage (He et al,,
2020) and then possibly converted to irpexlaceus I by a series of
oxidation and dehydration (Figure 5).

Biological Activity

Compounds 1-4 were evaluated for their QS inhibitory activities at
50 mg/ml against biomarker strains C. violaceun CV026
(Figure 6A) and A. tumefaciens A136 (Figure 6B). We assessed
the inhibitory effect of the compound by assaying the inhibition of
C6-HSL-induced violacein production by C. violaceum CV026,
and C10-HSL-induced f3-galactosidase expression (blue pigment)
by A. tumefaciens A136. Compounds 1-2 showed no inhibitory
activities against both QS systems of biomarker strains. However,
compound 3, in which the binding position of hydroxyl was closer
to the furan ring than 4, exhibited stronger inhibition activity
against the production of violacein in C. violaceurn CV026 than
that of the latter but weaker inhibitory activity against the
production of blue pigment in A. tumefaciens A136. The results
demonstrated that the binding position of hydroxyl was vital for
QS inhibitory activity.

CONCLUSION

Two new tremulane-type sesquiterpenoids, irpexolaceus H (1) and I
(2), were isolated from the liquid fermentation of I lacteus. Their

structures were established based on NMR, HRESIMS, IR, single-
crystal X-ray diffraction, and ECD analysis. These compounds (1-4)
were evaluated for QS inhibitory activities against C. violaceum
CV026 and A. tumefaciens A136 at 50 mg/ml. The results found that
compound 3 exhibited a significant QS inhibitory activity against C.
violaceum CV026, and compound 4 showed a weaker activity. In
addition, compound 3 also showed a weak QS inhibitory activity
against A. tumefaciens A136. But interestingly, the hydroxyl binding
to a-C in the furan ring showed a stronger QS inhibitory activity
than that of 4 (hydroxyl binding to B-C in the furan ring), which
suggested that the position of hydroxyl in the furan ring was possibly
vital for QS inhibitory activity against C. violaceurn CV026.
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Marine alkaloids have novel structures and antitumor activities. Therefore, we synthesized
rhopaladins’ analogs from marine alkaloids rhopaladins A-D and modified their structures
to synthesize 4-benzylidene-5-pyrrolidone derivatives. Among the compounds, (2E, 4E)-
4-(4-chlorobenzylidene)-2-(4-chlorostyryl)-N-cyclohexyl-1-(4-fluorophenyl)-5-
oxopyrrolidine-2-carboxamide (RPDPRH) has high efficiency and less hepatotoxicity, with
ICso values of 4.66, 6.42, 17.66, 15.2, 12.36, 22.4, and 243.2 uM in vitro anti-proliferative
activity testing against cervical cancer C-33A, CaSki, SiHa, and Hela cells, human
hepatocarcinoma HepG2 and 7402 cells, and human normal liver LO2 cells,
respectively. In particular, RPDPRH has similar activity to cisplatin on human
hepatocarcinoma cells, and cisplatin served as a positive control in our study. Next,
the apoptosis of HepG2 and 7402 cells induced by RPDPRH at different concentrations
was detected by Annexin V/PI flow cytometry. Moreover, the expression of apoptotic
proteins was detected by Western blot analysis. Finally, the results showed that RPDPRH
could induce apoptosis of hepatocarcinoma cells by regulating Bax and Bcl-2
expressions. In summary, our results indicate that RPDPRH has the potential to serve
as an antitumor agent and plays a significant role in future studies.

Keywords: rhopaladins’ analog, synthesis, 4-arylidene-5-oxopyrrolidine, cytotoxicity evaluation, anticancer,
apoptosis

INTRODUCTION

Cancer is one of the most horrible diseases in the 20th century, which is considered as one of the
primary causes of mortality and also to be a major public health problem in every country on the
planet in the 21st century (Roy and Saikia, 2016; Sung et al., 2021). Primary carcinoma of the
liver is the fourth leading cause of cancer-related deaths, accounting for about 840,000 new cases
and more than 780,000 deaths worldwide each year (Sung et al., 2021). Hepatocellular carcinoma
(HCC) is the most common primary liver cancer, accounting for about 75-85% (Lai, 2019). The
treatment of tumors mainly includes surgical excision, radiotherapy, and chemotherapy. As a
traditional treatment, drug therapy plays an important role in different stages of cancer cell
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growth (Bhayani et al., 2015; An et al,, 2021). Consequently,
synthesizing novel and efficient compounds for cancer therapy
is essential.

Compounds with a pyrrolidone structure have a wide range of
applications in pharmaceutical and chemical fields, especially as
basic nuclear structures for anticancer and antiviral drug
syntheses (Carbone et al., 2020; Dyshlovoy et al, 2020). On
the therapeutic front, the superiority of marine natural
products over terrestrial natural products is because of their
novelty, chemical stability, and strong biological activity
(Nijampatnam et al., 2015). Marine alkaloids widely exist in
marine organisms and have many physiological activities.
Pyrrolidone-related natural marine compounds have a unique
chemical structure and strong antifungal and antibacterial
biological properties, which are favored by many chemists.
Alkaloids such as rhopaladins A-D have momentous
cytotoxicity to human tumor cells (Hiroyasu et al., 1998). We
have previously synthesized rhopaladins’ analog (E)-2-aroyl-4-
arylidene-5-oxopyrrolidine (RPDP serial chemicals, see Scheme
1) from Baylis-Hillman acid (2-bromomethyl-3-p-fluorobenzyl-
2-propenoic acid), primary amines, arylglyoxal, and isocyanide
via a one-pot approach which is based on Ugi condensation and
intramolecular Sy cyclization (Zhu et al., 2020). Moreover, the
rhopaladins’ analogs (E)-2-aroyl-4-arylidene-5-oxopyrrolidine
inhibited CaSki human cervicocarcinoma cell proliferation,
induced cell apoptosis, and downregulated the E6/E7 mRNA
expression (Zeng et al., 2013; Wang et al., 2021). However, it has a
high selectivity to cervical cancer cells. Hence, the novel (2E, 4E)-
4-arylidene-2-styryl-5-oxopyrrolidines  (Kong al., 2021)
(RPDPR serial chemicals, see Scheme 1) were designed by
optimizing the rhopaladins’ analog (E)-2-aroyl-4-arylidene-5-
oxopyrrolidine and synthesized in the same one-pot approach
by using only (E)-3-arylacrolein instead of arylglyoxal.

According to the obtained preliminary structure-activity
relationship, the antitumor activities of RPDPR  serial
chemicals were associated with the Ar (Lai, 2019) group. The
cytotoxicity of the Ar3 group is increased in the presence of
halogen atoms, especially fluorine atoms, in order to obtain a
more efficient and less hepatotoxic chemical and to further
investigate the effect of the chemical on the apoptosis of
hepatocarcinoma cells. Four RPDPR serial chemicals

et

(RPDPRH, RPDPRI, RPDPRK, and RPDPRO, Scheme 2) were
synthesized and evaluated for their antitumor activities.

EXPERIMENT
Chemistry

Melting points were measured with an X-4 melting point
instrument (uncorrected thermometer) produced by Beijing
Ruili Analytical Instrument Co., Ltd. Mass spectrometry was
performed with a Finnigan trace MS analyzer (direct injection
method). Elemental analysis was determined and was performed
using a vario EL I analyzer. 'H NMR and "*C NMR spectra were
measured at 600 or 400 MHz using spectrometers. The solvent
was CDCl;, with TMS being the internal standard.

One-Pot Synthesis of (2E, 4E)-4-Arylidene-2-
Styryl-5-Oxopyrrolidine Derivatives RPDPRH,
RPDPRI, RPDPRK, and RPDPRO

First, a mixture of aromatic amine 2 (1 mol) and substituted (E)-
3-arylacrolein 3 (1 mol) was stirred in methanol (5 ml) at room
temperature for 30 min. After precipitation occurred, aromatic
acid 1 (1 mol) and cyclohexyl isocyanide 4 (1 mol) were added
successively, and the mixture was stirred at room temperature for
24 h. Then, Cs,CO; (0.5 mol) was added, and the mixture was
kept uniform by stirring at room temperature for 24 h. After the
reaction was performed completely, the mixture was allowed to
chill overnight, and the precipitate was filtered, recrystallized
from ether, and four compounds were obtained as white solid.
The yield, melting point, analytical data, and spectral data of each
compound are given as follows.

(2E, 4E)-4-(4-chlorobenzylidene)-2-(4-chlorostyryl)-N-cyclohexyl-
1-(4-fluorophenyl)-5-oxopyrrolidine-2-carboxamide (RPDPRH)
(Zeng et al., 2020).

White crystals (0.50 g, yield 89%), m. p. 128-130°C; 'H NMR
(CDCl;, 600 MHz): 8 (ppm) 7.55-6.98 (m, 14H, 12Ar-H and
2=CH), 6.34 (d, J = 162 Hz,1H, =CH), 5.68 (s, 1H, NH),
3.74-3.72 (m, 1H, NCH), 3.45 (d, ] = 16.8 Hz, 1H, CH,?), 3.33
(d, ] = 16.8 Hz, 1H, CH,"), and 1.77-0.80 (m, 10H, 5CH,); "°C
NMR (CDCl;, 100 MHz): § (ppm) 169.9, 169.0, 162.3, 135.5,
134.0, 133.1, 131.0, 129.9, 129.2, 129.0, 128.8, 127.9, 127.6, 127.5,
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Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

RPDPRH RPDPRI
R'=cCl R'=H
R%=Cl RZ2=H
R3=F R%=ClI
Yield: 89% Yield: 80%

SCHEME 2 | Synthesis of (2E, 4E)-4-arylidene-2-styryl-5-oxopyrrolidine derivatives RPDPRH, RPDPRI, RPDPRK, and RPDPRO.

RPDPR serial chemicals

RPDPRK RPDPRO
R'=cl R'=H
R?=H R%=Cl
R3=Cl R =F
Yield: 83% Yield: 89%

125.4,124.2,117.9,109.8, 69.3, 48.8, 41.3, 32.3, 25.2, and 24.4; MS
(m/z, %) 562 (M", 2), 466 (93), 436 (21), 341 (64), 204 (13), 95
(100), and 76 (17). Anal.Calcd for Cs,H,oCL,FN,O,: C, 68.21; H,
5.19; and N, 4.97. Found: C, 68.13; H, 5.23; and N, 4.93.

(2E, 4E)-4-benzylidene-1-(4-chlorophenyl)-N-cyclohexyl-5-
oxo0-2-styrylpyrrolidine-2-carboxamide (RPDPRI).

White crystals (0.41 g, yield 80%), m. p. 209-210°C; 'H NMR
(CDCl;, 400 MHz): § 7.60-7.00 (m, 16H, 14Ar-H and 2=CH),
6.37 (d, ] = 16.2 Hz,1H, =CH), 5.81 (s, 1H, NH), 3.86-3.63 (m,
1H, NCH), 3.48 (d, ] = 16.8 Hz, 1H, CH,%), 3.39 (d, ] = 16.8 Hz,
1H, CH,?), and 1.77-0.83 (m, 10H, 5CH,); >*C NMR (CDCl,,
100 MHz): § (ppm) 170.1, 169.3, 135.6, 134.8, 134.3, 131.1, 131.0,
129.8,129.4, 129.0, 128.9, 128.8, 128.6, 128.3, 127.1, 127.0, 126.7,
124.4,69.4,48.7, 41.4, 32.6, 25.2, and 24.5; MS (m/z, %) 510 (M,
2), 399(13) 384 (100), 436 (21), 170 (24), 111 (43), and 76 (29).
Anal.Calcd for C;,H;;CIN,O,: C, 75.21; H, 6.11; and N, 5.48.
Found: C, 75.27; H, 6.05; and N, 5.51.

(2E, 4E)-4-(4-chlorobenzylidene)-1-(4-chlorophenyl)-
N-cyclohexyl-5-o0xo-2-styryl pyrrolidine-2-carboxamide
(RPDPRK).

White crystals (0.45 g, yield 83%), m. p. 235-236°C; 'H NMR
(CDCls, 400 MHz): 8 7.55-6.98 (m, 15H, 13Ar-H and 2=CH),
6.37 (d, ] = 16.2 Hz,1H, =CH), 6.00 (s, 1H, NH), 3.76-3.75 (m,
1H, NCH), 3.46 (d, J = 16.8 Hz, 1H, CH,?), 3.34 (d, J = 16.8 Hz,
1H, CH,), and 1.81-0.89 (m, 10H, 5CH,); ">*C NMR (CDCl,,
100 MHz): & (ppm) 170.0, 169.1, 135.5, 135.3, 133.2, 132.7, 131.2,
130.9, 129.1, 129.0, 128.9, 128.6, 128.5, 128.3, 127.8, 126.9, 126.7,

124.5,69.4, 48.8, 41.2, 32.5, 25.2, and 24.5; MS (m/z, %) 544 (M™,
2),418 (100), 307 (13), 204 (39), 111 (73), and 77 (24). Anal.Caled
for Cs,H3(,CLN,O,: C, 70.46; H, 5.54; and N, 5.14. Found: C,
70.50; H, 5.50; and N, 5.11.

(2E, 4E)-2-(4-chlorostyryl)-4-benzylidene-N-cyclohexyl-1-(4-
fluorophenyl)-5-oxopyrrolidine-2-carboxamide (RPDPRO)
(Kong et al., 2021).

White crystals (0.47 g, yield 89%), m. p. 142-144°C; "H NMR
(CDCl3, 600 MHz): § 7.54-7.26 (m, 14H, 13Ar-H and = CH),
7.00 (d, J=16.2 Hz,1H, =CH), 6.37 (d, ] = 16.2 Hz,1H, =CH), 5.74
(s, 1H, NH),3.45-3.33 (m, 1H, NCH), 3.44 (d, ] = 16.8 Hz, 1H,
CH,?%), 3.34 (d, ] = 16.8 Hz, 1H, Csz), and 1.80-0.85 (m, 10H,
5CH,); "*C NMR (CDCls, 100 MHz): § (ppm) 170.0, 169.2, 163.9,
135.5,133.9, 133.0, 131.7, 131.0, 128.9, 128.6, 128.3, 126.9, 126.7,
126.6, 124.4, 116.1, 115.9, 101.0, 69.4, 48.7, 41.2, 32.6, 24.6, and
24.5; MS (m/z, %) 528 (M, 2), 402 (100), 307 (84), 170 (67), 111
(17), 95 (23), and 77 (24). Anal.Calcd for Cs,H;3,CIFN,O,: C,
61.55; H, 4.68; and N, 4.49. Found: C, 61.52; H, 4.71; and N, 4.53.

Biological Evaluation

Cell Lines and Cell Culture

HepG2 (human epidermoid hepatocellular carcinoma cell), 7402
(human epidermoid hepatocellular carcinoma cell), C-33A
(human epidermoid cervical carcinoma cell), and Hela
(human epidermoid cervical adenocarcinoma cell) were
incubated in Dulbecco’s modified Eagle’s medium (DMEM),
which was purchased from Gibco (Grand Island, NY,
United States). SiHa cells (human epidermoid cervical
squamous cell carcinoma) were incubated in minimum
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TABLE 1 | Anti-cancer activities in vitro of synthesized four compounds.

Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

Half inhibitory concentration of various cell lines? (ICs, uM)

Compound

C-33A
RPDPRH 4.66
RPDPRI >100
RPDPRK 89.5
RPDPRO (Kong et al., 2021) 5.56
Cisplatin (Kong et al., 2021) 48.16

Negative control 0.1% DMSO, no activity.

CaSki

6.42
>100
46.4
9.15
17.52

SiHa

17.66
>100
67.3
12.5

37.06

HelLa

156.2
>100
44.7
21.4
47.52

HepG2

12.36
>100
>100
14.5
19.27

7402

22.4
>100
>100
31.24
48.52

LO2

>100°
>100
>100
86.77
17.3

aCytotoxicity based on ICsg for each cell line. ICso represents the concentration of the compound which is reduced by 50% of the optical density of treated cells with respect to untreated

cells using MTT assay.
Pinsignificant inhibition at the dose of 100 uM.
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FIGURE 1 | Effect of RPDPRH on the apoptosis of HepG2 and7402 cells. Note: (A): Flow cytometry analyses of apoptosis induction in HepG2 and 7402 cells after
being treated by RPDPRH for 48 h and the total apoptosis rate. Compared with the DMSO control group, “*p < 0.01 and “*p < 0.001, ( x s, n=3). (B) and (C): Living cell
(LL), early apoptotic cell (LR), late apoptotic (UR), and necrotic cell/fragment (UL) rate of HepG2 and 7402 cells were analyzed.

essential medium (MEM, also from Gibco). CaSki (human
epidermoid cervical carcinoma cell) and LO2 (human normal
liver cell) were incubated in minimum essential medium (MEM,
also from Gibco). All cells were maintained at 37°C in a
humidified incubator with 5% carbon dioxide, and the media

contained 10% fetal bovine serum (FBS, Corning, United States)
and 1% penicillin-streptomycin antibiotic solution (Corning,
United States). SiHa and CaSki were bought from the China
Center for Type Culture Collection (CCTCC). The other five
types of cancer cell lines were obtained from the Experiment
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Center of Medicine, Sinopharm Dongfeng Hospital, Hubei
University of Medicine. The compounds were dissolved in
dimethyl sulfoxide (DMSO, MP Biomedicals, United States),
and cisplatin was purchased from Aladdin, Shanghai, China.
The control (0 uM) group was treated with DMSO only in the
same conditions, and the DMSO content in the medium was less
than 0.1%.

Cell Viability Assay In Vitro

Cell viability was measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, MultiSciences, China)
assay. The specific experimental steps referred to our previous
research (Zhu et al,, 2020). For each cell line, cells were digested
and seeded in 96-well plates at a density of 1 x 10> cells/well.
After 24 h of culture, the cells were adherent and treated with
varying concentrations of RPDPRH (0, 3.125, 6.25, 12.5, 25,
50, and 100 uM). Cells without treatment were used as a
solvent control group (0uM, DMSO) and those with
cisplatin treatment served as a positive control. After 48 h
of treatment, MTT solution was added and incubated for 4 h.
Then, the formed formazan crystals were dissolved in DMSO,
and the plates were estimated in a luminescence microplate
reader (BioTek Inc., Bio-Tek MQX200) at a wavelength of
490 nm. Optical density (OD) values were obtained, and the
inhibition rate and ICs, of each compound on different cells
were calculated by GraphPad Prism 8.0.1 software. Cell
inhibition rate (%) 1- [(OD experimental-OD blank)/
(OD control-OD blank)] x 100%.

Cell Apoptosis Assay

The effect of RPDPRH on apoptosis was performed using the
Annexin V-FITC/PI Apoptosis kit (MultiSciences, China),
following the manufacturer’s protocol. The cells were digested,
dispersed, and plated into six-well plates with 2 x 10* cells/well
and treated with RPDPRH (0, 6.25, 12.5, and 25 pM) at various
concentrations for 48 h. Upon completion of the treatment, cells
were harvested, washed with cool phosphate buffered solution
(PBS, Gibco, United States) (0.01 M, pH=7.4), and re-suspended
in a 500 pl binding buffer. Annexin V-FITC (5 pul) and PI (10 pl)
were added into the cell suspension, and then, the suspension was
incubated at room temperature away from light for 5 min. Cells
were analyzed by using a flow cytometer (Agilent NovoCyte,
China) immediately, and the results of the apoptosis were
analyzed by FlowJo software.

Western Blotting Assay

The experimental steps of the Western blotting assay referred to
Lin’s study (Lin et al,, 2020). After treatment with different
concentrations of RPDPRH (0, 6.25, 12.5, and 25uM) for
48 h, hepatocarcinoma cells were lysed with an ice-cold RIPA
protein lysis buffer (Beyotime, China). Total cell lysates were
prepared with RIPA lysis buffer containing phosphatase
inhibitors ~ (Roche, China) and protease inhibitors
(MedChemExpress, United States). Total cell lysates were
centrifuged at 10,000g for 10min at 4°C to obtain the
supernatant. The protein concentration was detected according
to the BCA Protein Assay Kit (Beyotime, China). Then, 5x SDS

Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

loading buffer (Beyotime, China) was added to the supernatant
and boiled at 100°C for 10 min. The obtained protein samples
were stored at —80°C.

The protein samples (20 ug) were resolved on 4%
concentration glue and 12% separating glue and prepared
according to the SDS-PAGE Gel Quick Preparation Kit
procedure (Beyotime, China). After electrophoresis at 80 V for
1.5-2 h, the proteins were wet-transferred onto a polyvinylidene
difluoride membrane (PVDF, Millipore) at 300 mA for 1-1.5 h.
The membranes were blocked in 5% skim milk on an electric
rocker for 1 h, washed three times with Tris-buffered saline (TBS,
Beyotime, China) containing 0.1% Tween 20 (TBS-T, Beyotime,
China), incubated overnight at 4°C with primary antibodies
(GAPDH, 1:2000; Bax,1:1000; Bcl-2, 1:1000; ImmunoWay,
United States) in TBS-T, then washed three times with TBS-T,
incubated 1 h at room temperature with secondary antibodies (1:
5000; ImmunoWay, United States) in TBS-T, and washed three
times with TBS-T. Finally, the signal was visualized by using
enhanced chemiluminescence (ECL, Millipore, United States)
reagents and photographed. Image] software was used to
analyze the signal bands. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody served as a control.

Wound Healing Assay

The experimental procedures were performed according to
conventional  methods  (Kovarikova al.,  2014).
Hepatocarcinoma cells at the logarithmic growth stage were
taken and inoculated into six-well plates with 2 x 10* cells/
well. When the cell density is about 80%, the cell wound was
scratched with pipette tips. Cells were then washed with PBS and
added to the cell culture broth containing 1% serum with varying
concentrations of RPDPRH (0 uM, 6.25, 12.5, and 25 uM) for
48 h. Pictures were taken at 0 and 48 h under a microscope
(100x). Wound healing rate (%) = [(0h scratch distance—48 h
scratch distance)/0 h scratch distance] x 100%.

et

Statistical Methods

All the experiments were repeated three times, and the data were
expressed by mean + SD. FlowJo 10.6.2 software was used to
analyze the flow cytometry data. Image] software was used to
analyze the protein gray value and measure the scratch distance.
GraphPad Prism 8.0.1 software was used to process and analyze
the data. The significance of difference was evaluated with one-
way analysis of variance (one-way ANOVA). p < 0.05 was
statistically significant.

RESULTS AND DISCUSSION

Chemistry

One-Pot Synthesis of (2E, 4E)-4-Arylidene-2-Styryl-
5-Oxopyrrolidine Derivatives RPDPRH, RPDPRI,
RPDPRK, and RPDPRO

Four (2E, 4E)-4-arylidene-2-styryl-5-oxopyrrolidine derivatives
RPDPRH, RPDPRI, RPDPRK, and RPDPRO were produced in
good yields around 80-89%, and the yield of the compound
RPDPRH was the highest (Scheme 2). Spectroscopic and
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FIGURE 2 | Effect of RPDPRH on the expressions of Bax and Bcl-2. Note: (A) Protein expression bands of Bcl-2 and Bax in HepG2 cells. (B) Relative protein
expressions of Bcl-2 and Bax in HepG2 cells. (C) Protein expression bands of Bel-2 and Bax in 7402 cells. (D) Relative protein expressions of Bel-2 and Bax in 7402 cells.
Compared with the DMSO control group, *p < 0.05 and **p < 0.01, (x £ s, n=3).
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FIGURE 3 | Effect of RPDPRH on HepG2 and 7402 cell migration. Note: (A) Image of the wound healing assay in HepG2 cells. (B) Relative wound healing rate in
HepG2 cells. (C) Image of the wound healing assay in 7402 cells. (D) Relative wound healing rate in 7402 cells. Compared with the DMSO control group, *p < 0.01 and
***p < 0.001, (x100, "X + s, N=3).

cell line (LO2 cells). Cells were treated with each compound of
varying concentrations, and their ICs, values were calculated,
using cisplatin as a positive control. All ICs, values are shown

analytical data elucidated the composition of the four synthesized
compounds.

Biological Evaluation
Anticancer Activity In Vitro
MTT assay was used to determine the anticancer activity of
four compounds in the selected six different types of cancer
cells (C-33A cells, CaSki cells, SiHa cells, HeLa cells, HepG2
cells, and 7402 cells) and their cytotoxicity to a normal liver

in Table 1. RPDPRH and RPDPRO have more selectivity and
lower cytotoxicity than the other two compounds.
Furthermore, the ICsy values of RPDPRH in C-33A cells,
CaSki cells, SiHa cells, HeLa cells, HepG2 cells, 7402 cells, and
LO2 cells were 4.66, 6.42, 17.66, 152, 12.36, 22.4, and
243.2 pM, respectively. The values of RPDPRO were 5.56,
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9.15, 12.5, 21.4, 14.5, 31.24, and 86.77 uM. For cisplatin, the
1Cs, values were 48.16, 17.52, 37.06, 47.52, 19.27, 48.52, and
17.3 uM, respectively. The results showed that both RPDPRH
and RPDPRO had obvious anticancer activities to tumor cells,
but RPDPRH had lower cytotoxicity to the normal liver cell
line LO2. Thus, we chose RPDPRH as the research object for
subsequent studies.

RPDPRH Induce Cell Apoptosis in a
Concentration-dependent Manner

According to the aforementioned research, the compound
RPDPRH showed satisfactory anticancer activity among the
four compounds, and more importantly, it had no significant
toxicity to the normal hepatic LO2 cells. Thus, Annexin V/PI
was used to detect the apoptosis of the compound RPDPRH
in hepatocellular carcinoma HepG2 and 7402 cells. The
results are shown in Figure 1; when HepG2 cells were
treated with RPDPRH in 6.25, 12.5, and 25 uM for 48 h,
the apoptosis of control (0 uM, DMSO) was 7.73 + 2.18%
(LR: 5.18%, UR: 2.55%, LR and UR represent early apoptotic
and late apoptotic, respectively), and the apoptosis of the
treated group was up to 10.6 £ 1.49% (LR: 5.53%, UR: 5.07%),
35.90 £ 2.51% (LR: 14.90%, UR: 21.00%), and 52.10 + 4.49%
(LR: 19.80%, UR: 32.30%), respectively. For 7,402 cells,
compared with the control group (0pM, DMSO), which
had 8.96 + 3.05% (LR: 2.87%, UR: 6.09%), the apoptosis
rates of the treatment group increased to 13.71 * 1.30%
(LR: 4.37%, UR: 9.34%), 24.83 + 1.91% (LR: 8.53%, UR:
15.30%), and 36.00 = 2.67% (LR: 11.40%, UR: 24.60%),
respectively. At the same time, we can see from Figures
1B,C that the apoptosis-inducing effect of RPDPRH on
hepatocellular carcinoma HepG2 and 7402 cells was in a
dose-dependent manner in early- and late-stage apoptosis.
Moreover, RPDPRH induced HepG2 cell apoptosis better
than 7402 cells. Therefore, our findings suggested that
RPDPRH induced apoptosis in HepG2 and 7402 cells in a
concentration-dependent manner.

RPDPRH Can Affect the Expression of
Apoptosis-Associated Proteins Bcl-2 and Bax in
Cancer Cells

To verify whether the death of HepG2 and 7402 cells caused
by RPDPRH was induced by apoptosis, Western blot was
used to analyze the expression levels of apoptosis proteins
Bax and Bcl-2. The results (Figure 2) showed that the
contents of apoptotic proteins Bax and Bcl-2 in
hepatocellular carcinoma HepG2 and 7402 cells were
significantly changed after 48 h treatment with RPDPRH.
With the increase in the RPDPRH concentration, the
expression of pro-apoptotic protein Bax was increased,
while there was a decrease in anti-apoptotic protein Bcl-2
significantly. In addition, compared with the control group
(0 uM, DMSO), the high treatment doses (25 pM) displayed a
significant increase of Bax (p < 0.05) but a decrease of Bcl-2
(p <0.01) in HepG2 and 7402 cells, causing the ratios of Bax/
Bcl-2 to increase obviously. Therefore, the results indicated

Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

that RPDPRH-induced HepG2 and 7402 cell death were
associated with apoptosis.

RPDPRH Can Inhibit Migration of Hepatocellular
Carcinoma Cells

The results of the cell wound healing assay (Figure 3) showed that
the wound healing rate of HepG2 and 7402 cells in the
concentration of RPDPRH (6.25, 12.5 and 25puM) was
significantly reduced after 48 h treatment. Compared with the
control group (0OpM, DMSO), the high treatment doses (25 uM)
showed a significantly decreased wound healing rate for HepG2
cells (p < 0.001), and the healing rate also reduced significantly for
7,402 cells (p < 0.01). The results indicated that RPDPRH could
inhibit the migration of hepatocellular carcinoma HepG2 and
7402 cells.

CONCLUSION

Marine alkaloids are widely found in marine organisms and
have diverse physiological activities, such as the antifungal
activity, antimicrobial activity, anti-inflammatory activity,
and cytotoxicity (Martin and Jiang, 2010; Dyshlovoy et al,,
2016; Tanaka et al., 2016; and Kong et al., 2021). Studies have
shown that the marine alkaloids rhopaladins A-D can inhibit
the activity of cyclin-dependent kinase 4 and C-erbf-2 kinase
and promote the apoptosis of tumor cells (Janosik et al.,
2002).  Thus, rhopaladins’ analog  4-arylidene-5-
oxopyrrolidines (RPDPRH, RPDPRI, RPDPRK, and
RPDPRO) were synthesized. Furthermore, the anticancer
activities in C-33A cells, CaSki cells, SiHa cells, HeLa cells,
HepG2 cells, and 7402 cells and their cytotoxicity to LO2 cells
were evaluated. As the results of our experiment, both
RPDPRH and RPDPRO could significantly inhibit the
proliferation of tumor cells, while RPDPRH had a lower
cytotoxicity to the normal liver cell line LO2. Thus, flow
cytometry was used to evaluate the effect of RPDPRH on
the apoptosis of HCC cells. We found that RPDPRH could
induce HepG2 and 7402 cell apoptosis in a dose-dependent
manner, and interestingly, its effect on the apoptosis of HepG2
cells is better than 7402 cells. Bax and Bcl-2 are important
factors of apoptosis, and the increase in the Bax/Bcl-2 ratio
may promote apoptosis. Therefore, we further detected the
expression of apoptotic proteins Bax and Bcl-2. The results
indicated that RPDPRH upregulated the expression of the Bax
protein and downregulated the expression of the Bcl-2 protein,
causing an increase in the Bax/Bcl-2 ratio, which then induced
apoptosis of HepG2 and 7402 cells, thereby inhibiting cell
proliferation.

In this study, four compounds RPDPRH, RPDPRI,
RPDPRK, and RPDPRO were synthesized, and the anti-
narcotic activities were assessed in vitro. Our results
revealed that all target compounds demonstrated varying
degrees of antitumor activities against the tested tumor cells.
More importantly, we also confirmed the effects of RPDPRH
on cell proliferation, migration, apoptosis, and apoptosis-
related protein expressions of hepatocellular carcinoma
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cells. However, this article is of preliminary nature. The
exact mechanism remains to be further studied, and more
basic experiments are needed to confirm this possibility.
Taken together, our study provides preliminary evidence
that RPDPRH has the potential to develop efficient and cost-
effective antitumor agents, and it will play a significant role
in our subsequent research studies.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

JZ, BL, and X-HZ contributed to the conception and design of the
study. H-MW and X-HZ synthesized the compounds. JZ, L-QK,
and LW wrote the manuscript, edited the manuscript, and
performed experiments. JZ and Q-HC designed and
performed experiments. F-YR performed the statistical
analysis. L-QK and LW wrote the first draft of the manuscript.
L-NK and BL wrote sections of the manuscript. All authors

REFERENCES

An, L., Wang, C,, Zheng, Y.-G,, Liu, J.-d., and Huang, T.-h. (2021). Design,
Synthesis and Evaluation of Calix[4]arene-Based Carbonyl Amide
Derivatives with Antitumor Activities. Eur. J. Med. Chem. 210, 112984.
doi:10.1016/j.ejmech.2020.112984

Bhayani, N., Jiang, Y., Hamed, O., Kimchi, E., Staveley-O’Carroll, K., and
Gusani, N. (2015). Advances in the Pharmacologic Treatment of
Hepatocellular ~Carcinoma. Ccp 10 (4), 299-304. doi:10.2174/
1574884710666151020100059

Carbone, A., Cascioferro, S., Parrino, B., Carbone, D., Pecoraro, C., Schillaci,
D, et al. (2020). Thiazole Analogues of the Marine Alkaloid Nortopsentin
as Inhibitors of Bacterial Biofilm Formation. Molecules 26 (1), 81. doi:10.
3390/molecules26010081

Dyshlovoy, S. A., Kudryashova, E. K., Kaune, M., Makarieva, T. N., Shubina,
L. K., Busenbender, T., et al. (2020). Urupocidin C: A New marine
Guanidine Alkaloid Which Selectively Kills Prostate Cancer Cells via
Mitochondria Targeting. Sci. Rep. 10 (1), 9764. d0i:10.1038/541598-020-
66428-5

Dyshlovoy, S., Tabakmakher, K., Hauschild, J., Shchekaleva, R., Otte, K.,
Guzii, A., et al. (2016). Guanidine Alkaloids from the Marine Sponge
Monanchora Pulchra Show Cytotoxic Properties and Prevent EGF-
Induced Neoplastic Transformation In Vitro. Mar. Drugs 14 (7), 133.
do0i:10.3390/md14070133

Hiroyasu, S., Masashi, T., Kenji, W., and Rhopaladins, A. D. (1998). New Indole
Alkaloids from Marine Tunicate Rhopalaea Sp. Tetrahedron 54 (30),
8687-8690.

Janosik, T., Johnson, A.-L., and Bergman, J. (2002). Synthesis of the Marine
Alkaloids Rhopaladins A, B, C and D. Tetrahedron 58 (14), 2813-2819. doi:10.
1016/s0040-4020(02)00171-0

Kong, L. Q,, Zhu, X. L., Chen, Q. H,, et al. (2021). One-Pot Synthesis and Biological
Evaluation of (2E,4E)-4-Arylidene-2-Styryl-5-Oxopyrrolidine Derivatives.
J. Chem. Res. 45 (11-12), 1042-1046. doi:10.1177/17475198211051910

Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

These works were supported by the National Natural Science
Foundation of China (81872509), the Baoan TCM Development
Foundation (2020KJCX-KTYJ-200), the Internal research project of
Shenzhen Baoan Authentic TCM Therapy Hospital (BCZY2021003
and BCZY2021007), the Baoan District Medical and Health Basic
Research Project (2020]D491), the Chinese Medicine Research Fund
of Health Commission of Hubei Province (ZY2021MO038 and
ZY2021MO051), the Hubei Province Health and Family Planning
Scientific Research Project (WJ2021M063 and WJ2021MO062), the
Open Project of Hubei Key Laboratory of Wudang Local Chinese
Medicine  Research ~ (Hubei  University —of  Medicine)
(WDCM2020009), the Sanming Project of Medicine in Shenzhen
(SZZYSM202106004), and the Scientific Research Project of
Educational Commission of Hubei Province of China (B2020106).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.898436/
full#supplementary-material

Kovatikovd, P., Michalova, E., Knopfova, L., et al. (2014). Methods for Studying
Tumor Cell Migration and Invasiveness[]]. Klin Onkol 27 (Suppl. 1), $22-S27.

Lai, S. W. (2019). Risk Factors for Hepatocellular Carcinoma. Cancer 125 (3), 482.
doi:10.1002/cncr.31802

Lin, P., Zhou, B., Yao, H., and Guo, Y.-p. (2020). Effect of Carboplatin Injection on
Bcl-2 Protein Expression and Apoptosis Induction in Raji Cells. Eur.
J. Histochem. 64 (3), 3134. doi:10.4081/¢jh.2020.3134

Martin, T. A., and Jiang, W. G. (2010). Anti-Cancer Agents in Medicinal
Chemistry (Formerly Current Medicinal Chemistry - Anti-Cancer Agents).

Anticancer ~ Agents Med. Chem. 10 (1), 1. doi:10.2174/
1871520611009010001

Nijampatnam, B., Dutta, S., and Velu, S. E. (2015). Recent Advances in
Isolation,  Synthesis, and  Evaluation  of  Bioactivities  of

Bispyrroloquinone Alkaloids of Marine Origin. Chin. J. Nat. Medicines
13 (8), 561-577. doi:10.1016/s1875-5364(15)30052-2

Roy, P. S., and Saikia, B. J. (2016). Cancer and Cure: A Critical
Analysis. Indian ]J. Cancer 53 (3), 441-442. do0i:10.4103/0019-509X.
200658

Sung, H,, Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, L, Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71
(3), 209-249. doi:10.3322/caac.21660

Tanaka, N., Kusama, T., Kashiwada, Y., and Kobayashi, J. i. (2016).
Bromopyrrole Alkaloids from Okinawan Marine Sponges Agelas Spp.
Chemical Pharmaceutical Bulletin 64 (7), 691-694. doi:10.1248/cpb.c16-
00245

Wang, H. M., Zhu, X. L., Chen, Q. H., et al. (2021). An Efficient One-Pot
Synthesis and Biological Evaluation of Novel (E)-2-Aroyl-4-
Arylidene-5-Oxotetrahydrofuran Derivatives. J. Chem. Res. 45 (5-
6), 395-399.

Zeng, X.-H., Wang, H.-M., Wu, L., and Ding, M.-W. (2013). One-Pot Synthesis
of 5-Oxopyrrolidine-2-Carboxamides via a Tandem Ugi 4CC/SN
Cyclization Starting from Baylis-Hillman Bromides. Tetrahedron 69
(19), 3823-3828. doi:10.1016/j.tet.2013.03.058

Frontiers in Chemistry | www.frontiersin.org

45

May 2022 | Volume 10 | Article 898436


https://www.frontiersin.org/articles/10.3389/fchem.2022.898436/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.898436/full#supplementary-material
https://doi.org/10.1016/j.ejmech.2020.112984
https://doi.org/10.2174/1574884710666151020100059
https://doi.org/10.2174/1574884710666151020100059
https://doi.org/10.3390/molecules26010081
https://doi.org/10.3390/molecules26010081
https://doi.org/10.1038/s41598-020-66428-5
https://doi.org/10.1038/s41598-020-66428-5
https://doi.org/10.3390/md14070133
https://doi.org/10.1016/s0040-4020(02)00171-0
https://doi.org/10.1016/s0040-4020(02)00171-0
https://doi.org/10.1177/17475198211051910
https://doi.org/10.1002/cncr.31802
https://doi.org/10.4081/ejh.2020.3134
https://doi.org/10.2174/1871520611009010001
https://doi.org/10.2174/1871520611009010001
https://doi.org/10.1016/s1875-5364(15)30052-2
https://doi.org/10.4103/0019-509X.200658
https://doi.org/10.4103/0019-509X.200658
https://doi.org/10.3322/caac.21660
https://doi.org/10.1248/cpb.c16-00245
https://doi.org/10.1248/cpb.c16-00245
https://doi.org/10.1016/j.tet.2013.03.058
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Zhu et al.

Zeng, X. H., Zhu, X. L., Wang, H. M., and Hubei University of Medicine (2020).
Cyclopolypeptide 2-Styrene-5-Pyrrolidone 2-Amide Derivatives, Preparation
Method and Application. China Patent CN 110885307A.

Zhu, X.-L., Tian, X.-Q., Xu, H.-H., Wang, H.-M.,, Chen, Q.-H., and Zeng,
X.-H. (2020). Rhopaladins’ Analogue (E)-2-Aroyl-4-(4-
Fluorobenzylidene)-5-Oxopyrrolidines Inhibit Proliferation,
Promote Apoptosis and Down-Regulation of E6/E7 mRNA in
Cervical Cancer. Bioorg. Med. Chem. Lett. 30 (23), 127554. doi:10.
1016/j.bmcl.2020.127554

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Rhopaladins’ Analog 4-Arylidene-5-Oxopyrrolidine Derivatives

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhu, Kong, Chen, Li, Wu, Ran, Ke, Zeng and Wang. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org

46

May 2022 | Volume 10 | Article 898436


https://doi.org/10.1016/j.bmcl.2020.127554
https://doi.org/10.1016/j.bmcl.2020.127554
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

& frontiers | Frontiers in Chemistry

ORIGINAL RESEARCH
published: 08 June 2022
doi: 10.3389/fchem.2022.918116

OPEN ACCESS

Edited by:

Xi Zheng,

The State University of New Jersey,
United States

Reviewed by:

Peng Fu,

Ocean University of China, China
Feng Cai,

Shandong University, China

*Correspondence:
Ai-dun Ma
wyuchemmaj@126.com
Na Feng
wyuchemfn@126.com

Specialty section:

This article was submitted to
Organic Chemistry,

a section of the journal
Frontiers in Chemistry

Received: 12 April 2022
Accepted: 28 April 2022
Published: 08 June 2022

Citation:

He L, Du J-J, Zhou J-J, Chen M-T,
Luo L, Li B-Q, Zhang X-Z, Ma W-Z,
Ma A-J and Feng N (2022) Synthesis of
Melatonin Derivatives and the
Neuroprotective Effects on Parkinson’s
Disease Models of

Caenorhabditis elegans.

Front. Chem. 10:918116.

doi: 10.3389/fchem.2022.918116

Check for
updates

Synthesis of Melatonin Derivatives and
the Neuroprotective Effects on
Parkinson’s Disease Models of
Caenorhabditis elegans

Li He', Jing-Jing Du?, Jun-Jie Zhou', Meng-Ting Chen’, Lu Luo’, Bao-Qiong Li’,
Xiang-Zhi Zhang', Wen-Zhe Ma?, Ai-Jun Ma'* and Na Feng'*

"School of Biotechnology and Heaith Sciences, Wuyi University, Jiangmen, China, %State Key Laboratory of Quality Research in
Chinese Medicine, Macau University of Science and Technology, Macau, China

Melatonin (MT) is a hormone with antioxidant activity secreted by the pineal gland in the
human brain, which is highly efficient in scavenging free radicals and plays an important role
in the neuro-immuno-endocrine system. Emerging evidence showed that MT
supplementation was a potential therapeutic strategy for Parkinson’s disease (PD),
which inhibits pathways associated with oxidative stress in PD. In this study, we
reported a C7-selective olefination of melatonin under rhodium catalysis with the aid of
P"_directing groups and synthesized 10 new melatonin-C7-cinnamic acid derivatives
(6a—6j). The antioxidant potential of the compounds was evaluated both by ABTS and
ORAC methods. Among these newly synthesized melatonin derivatives, 6a showed
significantly higher activity than MT at 107> M. In the transgenic Caenorhabditis elegans
model of PD, 6a significantly reduces alpha-synuclein aggregation and dopaminergic
neuronal damage in nematodes while reducing intracellular ROS levels and recovers
behavioral dysfunction induced by dopaminergic neurodegeneration. Further study of the
mechanism of action of this compound can provide new therapeutic ideas and treatment
strategies for PD.

Keywords: derivative of melatonin, synthesis, antioxidant activity, C. elegans, Parkinson’s disease

INTRODUCTION

Melatonin (MT), secreted by the midbrain pineal gland and some peripheral tissues, is a tryptophan
metabolite that activates multiple intracellular signaling pathways (Pohanka et al., 2011) and has a
variety of physiological effects, such as regulating circadian rhythms, scavenging free radicals,
enhancing immunity, and inhibiting oxidation of biomolecules (Yu et al., 2000; Skene and Swaab.,
2003; Wu et al,, 2004). In addition, melatonin has protective effects against neurodegenerative
diseases (Rudnitskaya et al., 2015).

Parkinson’s disease (PD) is a neurodegenerative disease with motor and non-motor symptoms
characterized by the loss of dopaminergic neurons in the nigrostriatal and the formation of Lewy
body proteins (Calabrese et al., 2018; Bouca-Machado et al., 2019). The main features of PD are
resting tremor, rigidity, and motor retardation (Mann and Yates, 1982; Smeyne and Jackson-Lewis,
2005; Jankovic and Stacy., 2007; Hirsch et al., 2012). This may be due to the selective loss of
dopaminergic (DA) neurons in the substantia nigra densa (SN), resulting in neurological dysfunction
(Delenclos et al., 2016). Pathologically, PD is also characterized by the formation of alpha-synuclein
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(a-syn) aggregates. The pathological process of PD involves
multiple pathways, including apoptosis, autophagy, oxidative
stress, a-syn aggregation, and alterations in neurotransmitters
(Olzmann et al., 2010; Martinez et al., 2017; Aditi and Verma,
2019; Brunetti et al., 2020).

There is emerging evidence supporting the impact of oxidative
stress on PD, and therefore, drugs with antioxidant activity are
expected to be a potential treatment for PD (Moosmann and
Behl, 2002; Abou-Sleiman et al., 2006; Weber and Ernst, 2006;
Sayre et al.,, 2008). Studies suggest that MT supplementation is a
therapeutic approach for PD disorder. The use of MT inhibits a
number of pathways associated with oxidative stress response, a-
syn aggregation, and dopamine loss in PD (Chen et al., 2002;
Zarranz et al., 2004; Berendse et al., 2010). MT may also improve
some non-motor symptoms in PD patients.

The nematode Caenorhabditis elegans (C. elegans) is a
powerful genetic model system for exploring PD and related
molecular mechanisms (Nass and Chen, 2008; Anand et al.,
2020). In this study, we used two well-established C. elegans
models to assess the anti-Parkinsonian effects of melatonin
derivatives and to explore their associated potential
neuroprotective mechanisms.

MATERIALS AND METHODS

Materials and Strains

'"H NMR and "C NMR spectra were both performed on a
500 MHz Bruker NMR spectrometer using TMS as an internal
standard (chloroform-d as the solvent). Mass spectra were carried
out using a Thermo Fisher LCQ Fleet LC-MS mass spectrometer.
All reagents used were of analytical grade.

Strains: Bristol N2: wild-type N2 nematode; NL5901: pkIs2386
[unc-54p:a-synuclein:YFP + unc-119 (+)], a transgenic nematode
model of PD disorder expressing yellow fluorescent protein-
tagged human a-synuclein in muscle; BZ555: eglsl [dat-1p:
GFP], pharmacological model of PD disorder nematode, dat-1
encodes a plasma membrane dopamine transporter protein
labelled with a green fluorescent mono-white that can be
observed as bright green fluorescence at the junctions between
dopamine neuronal soma cells, purchased from the CGC
(Caenorhabditis Genetics Center); E. coli OP50: Escherichia
coli OP50, uracil leakage mutant strain, used as normal food
for feeding C. elegans.

Synthesis of 6a-6j

Our group designed a P"-directing group (N-PtBu,), which
directed C7-H functionalization of melatonin with olefins
through rhodium catalysis. (Borah and Shi, 2018). We describe
the development of the decarbonylative cross-couplings (Zhao
and Yu, 2008; Lei et al., 2015) of carboxylic acids with melatonin
at the C7 position by P™'-chelation-assisted Rh'-catalyzed C-C
bond activation (Qiu et al., 2019).

The decarbonylative reaction was further optimized with
substituted cinnamic acid 4 as a partner to produce the
melatonin C7-olefination products. We found that the reaction
achieved optimal efficiency and selectivity with 2.5 equiv. of

Melatonin Derivatives and the Neuroprotective Effects

Boc,O in the presence of 5.0 mol% Rh(cod),OTf as a catalyst.
Product 5 was obtained after reaction at 120°C for 18 h under a
nitrogen atmosphere. Furthermore, the directing group (PtBu,)
could be easily removed by TBAF in THF, and N-free melatonin
derivatives 6 were isolated at the yields of 47-67% (Han et al,,
2019; Qiu et al., 2019) Scheme 1.

N-(2-(5-Methoxy-7-Styryl-1h-Indol-3-yl)
ethyl)acetamide (6a)
Light yellow oil. 67% yield. "H NMR (500 MHz, Chloroform-d) &:
8.47 (s, 1H), 7.60~7.49 (m, 2H), 7.44~7.35 (m, 2H), 7.35~7.27 (m,
2H), 7.18 (s, 1H), 7.09 (t, ] = 2.0 Hz, 2H), 7.03 (d, J = 2.3 Hz, 1H),
5.62 (s, 1H), 3.92 (s, 3H), 3.62 (q, ] = 6.5 Hz, 2H), 2.97 (t, ] = 6.8
Hz, 2H), and 1.94 (s, 3H); '*C NMR (125 MHz, chloroform-d) &:
170.2, 154.4, 137.2, 130.5, 129.8, 128.8, 128.5, 127.9, 126.5, 124.3,
122.9,122.3,113.2,109.9, 100.7, 56.1, 39.8, 25.3, and 23.4; LC-MS
(ESI) m/z: calcd. for C,;H,,N,0, {[M + Na]*} 357.1573, found
357.1572.

The details of compounds 6b-6j can be found in the
Supplementary Material S1.

ABTS Method
The ABTS assay was performed in accordance with a previously
reported procedure (Schaich et al.,, 2015; Sommer et al., 2022). A
volume of 5ml of 7 mmol/L ABTS and 88 uL of 140 mmol/L
potassium persulfate were mixed and left for 12h at room
temperature in the dark to form an ABTS" free radical reserve
solution. The reserve liquid was relatively stable at room
temperature away from the light. Before use, it was diluted into
the working liquid with ultra-pure water, and its absorbance was
required to be 0.7 £ 0.02 at 30°C and a wavelength of 734 nm. The
samples were prepared with DMSO into 5, 10, 20, and 40 pg/ml
sample solutions for later use. During the determination, 100 pL of
ABTS working solution was added to each well of the 96-well
microtitration plate, and then 100 uL of sample solution at
different concentrations was added to shake and mix. After
10 min, the absorbance at 734 nm was determined, and 100 pL
of ABTS working solution mixed with 100 puL of DMSO was used
to determine the blank absorbance A,. The absorbance of a 100 pL
sample mixed with 100 uL of DMSO was defined as Ar. For each
determination, experiments were performed in triplicate.

The radical scavenging rate of ABTS is calculated using the
following formula: ABTS free radical scavenging rate (%) = [1 —
(At — Ar)/Aq] x 100%.

ORAC Method

The ORAC method was performed as described previously (Huang
et al,, 2002; Ou et al., 2002) with slight modification. The reaction
was carried out in 75 mM phosphate buffer (pH 7.4), while the
addition of antioxidant substances produced more stable
fluorescent signal that could reflect the antioxidant capacity.

A volume of 50 pL of samples to be tested or different
concentrations of Trolox working solution (0.10, 0.08, 0.06,
0.04, and 0.02mmol/L) were added to a 96-well plate,
followed by the addition of 100 uL of FL working solution (8.4
x 107® mol/L) and shaking for 30 s. The fluorescence value FO was

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 918116


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

He et al.

Melatonin Derivatives and the Neuroprotective Effects

MeO. NHAc

(o}
@/\/mw
R
4

MeO NHAc

Z
—i:
o
e
<
@
o]
,z/;>\

5 mol % Rh(cod),0Tf N
2.5 eq Boc,O ¥ TBAF
Tol 120 °C, Ar,18 h N DB
aiuens, iy THF, 60 °C

6f, 54%

69, 67%

SCHEME 1 | Synthesis route for compounds 6a~ 6j.

recorded immediately, and then the reaction was shaken for
3 min and incubated at 37°C for 10 min. A volume of 50 uL
of AAPH working fluid was added to induce the reaction. The
excitation wavelength and emission wavelength were 485 and
535 nm, respectively, and the fluorescence value Fn was recorded
every 2.5 min. The reaction was considered to be over when the
fluorescence decrease slowed. The initial fluorescence value (F0)
is the pore fluorescence intensity reading without AAPH. fn =
fluorescence value (Fn)/initial fluorescence value (F0); AUC =2 x
(f0 + f1 +...+ fn) — f0 — fn; NetAUC (ORAC value) = AUC,pple —
AUCpapy". NetAUC was used to determine the capacity for
absorbing free radicals. Here, AUC is the area under the
fluorescence decay curve, and NetAUC is the protected area.
In addition to the tested sample group, a blank group and an
AAPH + group (for which 50 uL of 75 mM phosphate-buffered
saline (PBS) solution was used as the sample substitution) were
also tested. To create a standard curve, different concentrations of
Trolox solution were used for the abscissa and NetAUC was used
for the ordinate, and the absorption capacity of the sample was
expressed as pmolTE/g DW. For each determination,
experiments were performed in triplicate.

Measurement of Reactive Oxygen

Species (ROS)

2',7'-Dichlorofluorescein diacetate (H,DCFDA), a universal
oxidative stress indicator, was used as a probe for the

detection of intracellular ROS. H,DCFDA was oxidized by
ROS to form the fluorescent dye dichlorofluorescein (DCF)
(Jia et al, 2021). The fluorescence intensity was proportional
to the ROS level in C. elegans.

Briefly, age-matched L3 larvae were treated with 10 pM MT or
6a for 24 h. Subsequently, 2000 nematodes per group were collected
and washed three times with M9 buffer. The nematodes were
suspended in 400 uL of PBS with 1% Tween-20 and homogenized
to obtain worm lysate. The protein concentration of the lysate was
determined using the BCA protein assay kit. A volume of 50 pL of
nematode lysate was transferred into a 96-well black microplate
and incubated with 50 uL of 50 uM H,DCFDA. Fluorescence
intensity (485nm excitation and 590nm emission) was
monitored using an enzyme plate reader (Wu et at., 2006; Liu
et al., 2015; Zhao et al.,, 2018).

a-Synuclein Accumulation Assay

PD pathology usually showed an accumulation of the a-syn. We
used strain NL5901 to test the effect of MT and 6a on a-syn
aggregation. The synchronized nematodes were immersed in M9
buffer containing 10 uM melatonin and 6a for 48 h at 20°C. L1
worms were transferred to OP50/NGM plates at 20°C for 65 h (L3
stage), and then the nematodes were transferred to plates
containing OP50/NGM)/5-fluorodeoxyuridine (FUDR, 0.04 mg/
ml) and incubated at 20°C for 3 days. The young adults were
washed three times with M9 buffer, then anesthetized with 10%
sodium azide, and fixed on slides. The worms were observed

Frontiers in Chemistry | www.frontiersin.org

49

June 2022 | Volume 10 | Article 918116


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

He et al.

Melatonin Derivatives and the Neuroprotective Effects

-
(3]
]

-
o

1
=

rate(%)

ABTS free radical scavenging

0.5+ I|
0.0-|l|

FIGURE 1 | ABTS method for measuring the antioxidant activity of 6a~ 6j.
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FIGURE 2 | ORAC method for measuring the antioxidant activity of
Ba~ 6j.

using an Olympus BX63 fluorescent microscope to monitor the
YFP expression (a-syn aggregation). The fluorescence intensity of
each nematode was quantified using Image] software (Jadiya
et al., 2011; Govindan et al., 2018; Anjaneyulu et al., 2020).

6-OHDA-Induced Damage to Dopaminergic

Neurons

Dopaminergic neuron degeneration was induced by 50 mM 6-
OHDA in C. elegans as described previously (Tucci et al., 2011).
Briefly, the synchronized nematodes were immersed in M9 buffer
containing MT or 6a for 48 h at 20°C, and then L1 worms were
transferred to OP50/NGM plates at 20°C for 65 h (L3 stage), after
which they were exposed to 50 mM 6-OHDA for 1h. After
exposure, the worms were washed with M9 buffer and
transferred to OP50/NGM plates containing 0.04 mg/ml
FUDR for 3 days at 20 °C for various assays (Chalorak et al.,
2021; Ma et al., 2021).

Behavior Assay
In general, N, nematodes were treated with 50 mM 6-OHDA to
induce degenerative lesions in dopamine neurons.

For thrashing assay, synchronized L4 stage nematodes were
transferred to a 3-cm diameter Petri dish, 1 ml of M9 buffer was
added, and after the nematodes were stabilized for 30 s, a Leica
M205 FA microscope was used to continuously capture the
worms for 10 s. The number of thrashing of the nematodes
was counted (Lee et al., 2021).

For travel distance assay, nematodes of the synchronized L4
stage were transferred from food-containing dishes to non-food
dishes and washed three times repeatedly in M9 buffer to remove
the remaining food. The distance (mm) and speed (pm/sec) of the
nematode’s movement in 20 s were calculated using the Leica
M205 FA microscope and finally analyzed using GraphPad Prism
software (Sawin et al., 2000).

Statistical Analysis

All the experiments were performed in triplicate. The significance
of differences between control and treated groups was analyzed by
one-way analysis of variance (ANOVA), followed by Bonferroni’s
method. p-values < 0.05 were accepted as statistically significant.
Graphs were constructed using GraphPad Prism version 8.00.

RESULTS AND DISCUSSION

Antioxidant Activity of Melatonin Derivatives

In Vitro
In the ABTS method, the antioxidant activity of the 10 derivatives
of melatonin at the C7 position, 6a-6j, increased in a
concentration-dependent manner, and the antioxidant activity
of 6a-6j was higher than that of melatonin at the same
concentration, while the ABTS radical scavenging rate of the
10 derivatives, 6a-6j, was higher than that of vitamin C (VC) and
MT at low concentrations of 5 and 10 pg/ml (Figure 1). These
results indicated that the derivatization of melatonin at the C7
position could improve its antioxidant activity.

In the ORAC method, at the same concentration (4 pg/ml), the
antioxidant activity of derivatives 6b-6j at the C7 position of
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FIGURE 4 | Effect of 6a on the ROS level of the transgenic nematode NL5901.

melatonin was lower than that of melatonin, whereas the
antioxidant activity of 6a was higher than that of MT
(Figure 2). This suggested that the derivatization of melatonin
at the C7 position may increase its antioxidant activity.

In this study, the antioxidant activity of melatonin derivatives
was assessed by two in vitro assays, the ABTS method and the
ORAC method. Comparing the results of these two methods, we
found that the antioxidant activity of 6a, a derivative of melatonin
at position C7, was higher than that of MT and the positive
control VC as well.

6a Decreased the ROS Level in C. elegans
To further confirm the antioxidant effect of 6a, we tested the
intracellular ROS level in C. elegans. We first examined the
effect of 6a on the ROS levels in wild-type N2 nematodes. As
shown in Figure 3, compared with the untreated group, after
treatment with 6a at different concentrations (2, 10, and
50 uM), the levels of ROS in the nematodes decreased, and
10 uM of 6a achieved a significant decrease compared with the

level in the untreated group (p < 0.001). Additionally, the ROS
levels clearly declined in the 6a group compared with those in
the MT group (p < 0.05). These results are consistent with the
in vitro antioxidant assay, further demonstrating the
antioxidant capacity of 6a. The excellent antioxidant activity
of 6a suggests its potential as a therapeutic agent for PD
disorders.

To test this hypothesis, we first examined the effect of 6a on the
ROS level in the transgenic nematode model of PD. As shown in
Figure 4, compared with the untreated group, after treatment
with different concentrations (2, 10, and 50 M) of 6a, the levels
of ROS in NL5901 worms reduced, and 10 uM of 6a achieved a
significant decrease compared with the level in the untreated
group (p < 0.001), along with a clear decline compared with that
in the MT group (p < 0.05). These results are consistent with the
findings in the ROS levels in N2 worms. The regulation of ROS
levels in wild-type and NL590 animals by 6a confirmed its ability
to regulate ROS in vivo, suggesting that it could reduce ROS-
induced acute oxidative damage.
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6a Reduced «a-Synuclein Aggregation in the
Transgenic Nematode NL5901

One of the typical features of PD patients is the formation of
Lewy bodies in the brain. The accumulation of Lewy bodies
exacerbates the neurodegenerative progression in PD.
Aggregated a-syn, which is known as a major component of
Lewy bodies, can be measured in the transgenic NL5901 strain
of C. elegans. In this strain, human a-syn is expressed in muscle
cells with a YFP reporter. The fluorescence intensity at the
anterior end of the worms indicates the accumulation of a-syn.
To further confirm the therapeutic effect of 6a on PD, we
examined its effect on a-syn aggregation. The results showed
that, in the group treated with 10 uM 6a, the YFP fluorescence
intensity in NL5901 was reduced compared with that in the
untreated control group (Figure 5A). Quantitative analysis of
the fluorescence intensity using Image]J software showed that, in
worms treated with 10 uM 6a (73.92 £ 1.80), the fluorescence
intensity was lowered by 25.65% (p < 0.001) compared with that
in untreated worms (99.45 + 2.03). In addition, the 6a-treated
group had lower fluorescence intensity than the MT-treated
group (81.04 £ 2.74, p < 0.05; Figure 5B). These results indicate
that the protective effect of 6a occurs by reducing the
aggregation of a-syn in the PD model.

6a Is Protective Against 6-OHDA-Induced

Dopaminergic Neuronal Damage

C. elegans contains exactly eight dopaminergic neurons,
including two ADEs, four CEPs, and two PDEs (Figure 6A).
In the BZ555 strain, all the eight DA neurons were tagged with

GFP. Upon exposure to 50 mM 6-OHDA, the BZ555 strain
showed selective damage in DA neurons. To examine the
efficacy of 6a, the viability of the DA neurons was assessed
by measuring the loss of expression of the GFP reporter. We
found that CEP, ADE, and PDE neurons showed partial GFP
loss after 6-OHDA treatment (Figure 6B). When nematodes
were pretreated with MT or 6a for 48 h at L1, the GFP
expression loss was remarkably restored in CEP and ADE
neurons (Figure 6B). We further measured the fluorescence
intensity in DA neurons using Image] software. In nematodes
treated with 50 mM 6-OHDA (47.41 + 2.53), the mean
fluorescence (GFP) intensity decreased by about 56% (p <
0.001) compared with that of untreated nematodes (84.71 +
1.25), whereas dopaminergic neurons of nematodes exposed to
6-OHDA after treatment with 10 pM 6a recovered to 74.28 +
1.87 (p < 0.001), and the mean fluorescence intensity was
higher in the 6a-treated group than in the MT-treated group
(72.94 + 1.09, p < 0.05; Figure 6C), suggesting that 6a is
protective against 6-OHDA-induced dopaminergic neuronal
damage and that this protective effect is stronger than that
of MT.

6a Recovers Behavioral Dysfunction

Induced by DA Neurodegeneration

We next investigated whether 6a improves the functions of DA
neurons. The locomotion of worms slows down when they
encounter food, referred to as the basal slowing response,
which is mediated by mechanosensory DA neurons. In this
study, we found that N2 nematodes showed a 72.2% decrease in
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speed when on NGM plates with food and a 9.7% decrease in
basal deceleration induced by 50 mM 6-OHDA (p < 0.001), in
terms of food perception behavior. Meanwhile, there was
significant recovery from this decline to 69.9% after
treatment with 10 uM 6a (p < 0.001), and the 6a-treated
group showed a better basal deceleration response than the
melatonin-treated group (p < 0.05) (Figure 7C). Similarly, in
wild-type N2 nematodes, supplementation with 6a also restored
6-OHDA-induced deficits in DA neuron-associated motor
activity, such as increasing the distance traveled and
thrashing behavior (Figures 7A, B). These results suggest
that 6a recovers the behavioral dysfunction induced by DA
neurodegeneration.

CONCLUSION

We successfully synthesized 10 melatonin derivatives 6a—6j, and
their activities were tested using in vitro antioxidant assays, ABTS
and ORAC. The results showed that the antioxidant activity of
melatonin derivative 6a was higher than that of MT.
Subsequently, we evaluated the effect of 6a on ROS levels in
C. elegans. The results showed that 10 uM 6a significantly reduced
the ROS levels in wild-type N2. We also used two PD models of C.
elegans to investigate the therapeutic effect of 6a on PD. We found
that 10 uM 6a significantly reduced the ROS levels and a-syn
aggregation in NL5901. Treatment of BZ555 with 50 mM 6-
OHDA reduced the fluorescence intensity of their dopaminergic
neuronal cells, which was increased by supplementation with
10 uM 6a. Finally, we evaluated the capacity of 6a to improve
behavioral deficits caused by DA neurodegeneration. The results
showed that 10 uM 6a improved the nematode’s behavior in
perceiving food and increased its basal rate compared with the
findings in the control.

Our conclusions prove that melatonin derivative 6a
significantly reduces a-syn aggregation and dopaminergic
neuronal damage in PD by reducing oxidative stress-induced
ROS levels and improves the behavioral impairment caused by
DA neurodegeneration. Further study of the mechanism of action
of this compound could provide new therapeutic ideas and
treatment strategies for PD.
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Nanocellulose has gained increasing interest due to its excellent properties and great
potential as a functional component or carrier in food and pharmaceutical industries. This
study investigated the structural, thermal, and physicochemical properties of
nanofibrillated cellulose (NFC) and nanocrystalline cellulose (CNC) extracted from
bamboo shoot (Leleba oldhami Nakal) processing byproducts. NFCs were prepared
through low concentration acid hydrolysis combined with ultrasonic treatment. CNCs were
further isolated from NFCs using sulfuric acid hydrolysis treatment. TEM images showed
that NFC and CNC exhibited typical long-chain and needle-like structures, respectively.
CNC suspension was stable due to its zeta potential of -34.3 £ 1.23mV. As expected,
both NFC and CNC displayed high crystallinity indexes of 68.51 and 78.87%, and FTIR
analysis confirmed the successful removal of lignin and hemicellulose during the
treatments. However, the thermogravimetric analysis indicated that sulfuric acid
hydrolysis decreased the thermal stability of CNCs. The improved physicochemical
properties of NFC and CNC suggested their potential in various applications.

Keywords: nanofibrillated cellulose, nanocrystalline cellulose, bamboo shoot, acid hydrolysis, physicochemical
property

1 INTRODUCTION

Cellulose, the main component of plant cell walls, is the most abundant biomaterial in the world with
its biodegradability and renewability (Eichhorn et al., 2010). Recently, to increase the value of
cellulose-rich processing residues, effective conversion of cellulose from various plant-derived
residues into nanocellulose, mainly nanofibrillated cellulose (NFC) or cellulose nanocrystals
(CNCs), has received increasing attention due to their great potential on biomedical and food
applications (Kaushik and Singh 2011; Pelissari et al., 2013; Chen et al., 2016; Perumal et al., 2022;
Sainorudin et al., 2022). NFC is a novel nanomaterial with soft and long-chain structures (typical
diameter of 4-20 nm and length of 500-2000 nm) with a high aspect ratio, which is produced based
on a fibrillation process (Yan et al,, 2018). CNC is a spherical “rod” or “needle” with a highly
crystalline structure with a diameter of 3-10 nm and a length of 100-1,000 nm (Marett et al., 2017).
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The physical dimensions and related properties of nanocellulose
could be varied based on the source of cellulose and the applied
preparation conditions (Mishra et al., 2019; Holilah et al., 2022).

In recent years nanocellulose has attracted intensive research
attention and been used in many industrial applications, which
can be attributed to its special properties, including high specific
strength and stiffness, high reinforcing potential, large specific
surface area, and biocompatibility (Ghaderi et al., 2014; Reshmy
et al., 2020; Almashhadani et al., 2022). Moreover, non-toxic
nanocellulose also exhibits promising potential in the food
industry, such as biodegradable food packaging, novel delivery
systems, food stabilizer, and functional food ingredients (Mu
etal,, 2019). It was reported that the rising demand and the novel
applications of nanocellulose have driven the industry to build a
number of new manufacturing facilities (Mariano et al., 2014;
Coelho et al.,, 2018).

Bamboo shoots have been traditionally consumed as delicious
forest vegetables and healthcare food worldwide, especially in
Asian countries (Choudhury et al., 2012). As fresh bamboo shoots
have short shell life, most of them are dried, canned, or fermented
into various food products for consumption during off-seasons
(Satya et al., 2010; Choudhury et al., 2012). However, only the
tender top part (around 50% w/w) of bamboo shoots can be
utilized; therefore, the fast-growing bamboo shoot processing
industry in China creates a huge amount of processing
byproducts. Some research achievements have been made on
the innovative utilization of bamboo shoot byproducts (Zhang
etal., 2017a; Zhang et al., 2017b), but most of those still have been
discarded directly resulting in waste of resources and
environmental problems (Chen et al., 2018; Chen et al., 2019).
Bamboo shoot processing byproducts consist of a considerable
amount of cellulose (Peng and She 2014), representing an
abundant and cheap source for production of nanocellulose,
such as NFC or CNC based on different application purposes.
To increase the marketability of nanocellulose, numerous
agricultural or processing byproducts, such as banana peel
(Pelissari et al., 2013; Khawas and Deka 2016), cassava bagasse
(Travalini et al., 2017), cotton stalks (Soni et al., 2015), and rice
husk (Johar et al., 2012), have been investigated as new sources for
the nanocellulose production. In a previous study,
nanocrystalline cellulose with a length of 200-500 nm and a
diameter less than 20 nm was prepared from bamboo pulp
through chemical treatment (Yu et al., 2012). However, to the
best of our knowledge, bamboo shoot (Leleba oldhami Nakal)
processing byproducts have not been investigated as a source for
NFC and CNC production.

In this study, bamboo shoot NFC was prepared through low
concentration acid hydrolysis combined with ultrasonic
treatment, which is a relatively green method with the reduced
use of chemical reagents. Thereafter, the NFC is subjected to
sulfuric acid hydrolysis to further remove the amorphous region
in the fiber to obtain CNC. Multiple analysis methods were
applied to determine the morphological, structural, and
thermal properties of the as-prepared samples. Moreover, to
estimate their potential in the food application, the
physicochemical properties, including water/oil binding and
swell capacities were investigated and compared.

Nanocelluloses From Bamboo Shoot Byproducts

2 MATERIALS AND METHODS

2.1 Materials

Bamboo shoot (Leleba oldhami Nakal) processing byproducts
(basal parts of the bamboo shoot) were obtained from a local
bamboo shoot processing company in Fujian province, China.
Sulfuric acid, hydrochloric acid, ethyl acetate, and hydrogen
peroxide were purchased from Fuyu Fine Chemical Co., Ltd.
(Tianjin, China). Sodium hydroxide (tablet) and anhydrous
ethanol were purchased from Wokai Biotechnology Co., Ltd.
(Shanghai, China). All other chemicals were of
analytical grade.

2.2 Isolation of Insoluble Fiber

The isolation procedure of bamboo shoot insoluble dietary fiber
(IDF) was adapted from Luo et al. (2018) with modifications. The
bamboo shoot byproducts were cut into small pieces (3-5 cm),
dried, and ground into fine powder. The resulting powder was
soaked in ethyl acetate at a ratio of 1:4 (w/v) for 1 h and then
washed with distilled water to obtain a degreased sample. Then, it
was added to distilled water at a ratio of 1:30 (w/v), leached at
80°C for 2 h, then washed with 78% ethanol, and dried for 24 h to
obtain IDF (100 mesh).

2.3 Preparation of NFC

The preparation of NFC from IDF was carried out according to
the reported methods with modifications (Kaushik and Singh
2011; Leite et al., 2017). IDF powder was pretreated with 5% (w/v)
NaOH solution at a ratio of 1:20 (w/v) at 50°C, and the suspension
was stirred for 4 h. The mixture was centrifuged to achieve the
residue, which was then washed with distilled water. The
procedure was repeated until the fiber was free of alkali. To
remove the residual lignin and hemicellulose, the alkali-treated
fiber was then bleached with 8% (v/v) hydrogen peroxide (H,0,)
at room temperature for 24 h, then washed and centrifuged (2
times, 10,000 rpm/15°C/10 min). The bleached fiber was
subjected to low concentration acid hydrolysis combined with
ultrasonic treatment to isolate NFC. The fiber was mixed with 5%
(v/v) HCI solution at a ratio of 1:30 (w/v), and treated with an
ultrasonic transducer (KQ2200DE, Ultrasonic Instrument,
Kunshan, China) at the ultrasonic power of 170 W at 56°C for
80 min. The procedure was repeated under the same conditions
except for the increased HCl concentration (10%, v/v). The
resulting mixture was neutralized with NaOH and washed
with distilled water. The precipitate was freeze-dried to obtain
NFC powders.

2.4 Preparation of CNC

The sulfuric acid hydrolysis was conducted on NFC powders to
prepare CNC (Johar et al., 2012). Briefly, NFC powder was mixed
with a preheated sulfuric acid solution (62%, w/v) at a ratio of 1:20
(w/v) at 37°C for 80 min under continuous stirring of 600 rpm.
The hydrolyzed material was washed and centrifuged (4,000 rpm,
10 min) several times to remove residual sulfuric acid. The
suspension was dialyzed against distilled water and
homogenized for 5min. The suspension was lyophilized to
obtain CNC, and kept refrigerated for further analysis.
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2.5 Surface Morphology Analysis

To observe the surface morphology and determine the
dimensions of NFC and CNC, 1.0 mg of sample powder was
dispersed in 10 ml of deionized water and sonicated for 15 min to
disperse the agglomerated fibers. After sonication, a drop of
dispersion was deposited on the carbon-coated copper grid
and allowed to dry at room temperature. Transmission
electron microscope (TEM) images were obtained under an
acceleration voltage of 200kV using a transmission electron
microscope (THS-117, Tecnai, United States). The dimension
and aspect ratio of samples were measured according to the TEM
images using the software (Nano Measurer 1.2).

2.6 Zeta Potential Analysis

The samples were diluted with deionized water at a fiber/liquid
ratio of 1:5. The surface charge (zeta potential) of diluted fiber
suspensions was measured at 25°C using a Zetasizer Nano ZS90
analyzer (Malvern, United Kingdom).

2.7 Fourier Transform Infrared

Spectroscopy

To analyze and compare the functional groups of nanocellulose
samples, each sample was finely ground and mixed with KBr. The
mixture was then pressed into a transparent film and analyzed by
a Fourier transform infrared spectroscopy (Vertex 70/70v,

Bruker, Germany). FTIR spectra were recorded in a
measurement range of 300-4,000cm™" with a resolution of
4cm™.

2.8 X-Ray Diffraction

To examine the crystallinity of the fiber samples, XRD images
were scanned in the range 20 = 5-50° and recorded at a speed of
5°/min using an X-ray diffractometer (D8 Rigaku9000,
BrukerAXS, Karlsruhe, Germany). The crystallinity index (CrI)
is calculated according to Eq. 1.

1

Iam
Crl (%) = <1—#> x 100%

(200)

where I(,y,) is the diffraction intensity of the only amorphous
regions at around 26 = 18°, and I(59) represents the maximum
diffraction intensity of both crystalline and amorphous regions at
around 20 = 22.6° (Travalini et al., 2017).

2.9 Thermogravimetric Analysis

The dried samples (5.0 mg) were subjected to thermal stability
analysis using a thermogravimetric analyzer (4F3, NETZSCH,
Germany). The mass change in the range of 30-790°C was
measured at a constant heating rate of 10°C/min under a
nitrogen atmosphere, and the sample was kept at 790°C for 5 min.

2.10 Physicochemical Properties

2.10.1 Swelling Capacity

Accurately weigh 0.5 g of sample (W) in a 10 ml calibrated tube
and its initial bed volume was recorded as V;, and mixed with
5.0 ml of distilled water and shaken well. The tube was placed in a

Nanocelluloses From Bamboo Shoot Byproducts

25°C water bath for 24 h, and the bed volume of fiber in the liquid
was carefully measured and recorded as V,. SC was calculated
according to Eq. 2:

V,-V,
Wy

SC (mL/g) = (2)

2.11 Water Holding Capacity
The dried sample (0.5g, My) was transferred into a 50 ml
centrifuge tube, mixed with 25ml of deionized water, and
then placed in a 37°C water bath for 30 min with continuous
stirring. The mixture was centrifuged at 4,000 rpm for 15 min,
and the supernatant was discarded. The precipitated wet powder
(M,,) was collected and weighed. WHC was calculated according
to Eq. 3:

— Md

WHC (g/g) e M

v ©)

2.12 Oil Binding Capacity

The dried sample (1.0 g, M;) was mixed with 20 ml of edible
blend oil in a 50 ml centrifuge tube and stirred for 30s every
5 min. After 1 h, the tube was centrifuged at 4,000 rpm for 15 min,
and the upper layer of oil was decanted. The residue (M,) was
blotted with filter paper to dry the free oil and weighed. OBC was
calculated according to Eq. 4:

M, - M,

OBC (g/g) (4)

2.13 Statistical Analyses

All results are expressed as mean + SD. p values less than 0.05
were considered to indicate a significant difference between
treatments. Data were analyzed using SPSS/11.5 software.

3 RESULTS AND DISCUSSION

3.1 Morphology, Dimension and Surface

Charge

The images of the IDF, NFC, and CNC isolated from bamboo
shoot processing byproducts and their suspensions are shown in
Figure 1. The color of the bamboo shoot IDF is brown due to the
presence of non-cellulosic materials and other impurities,
including main lignin, hemicelluloses, and pectin (Johar et al.,
2012). Obviously different from IDF, the color of NFC and
CNC powders appear completely white, indicating the
presence of almost pure cellulosic material and the
successful removal of non-cellulosic materials and other
impurities during the chemical and physical treatments. The
dispersibility of the samples was observed by dispersing the
powder (50 mg) in 10 ml of water and setting it aside at room
temperature for 24 h. Compared to IDF and NFC, CNC
exhibited a significantly stronger ability to disperse in water
and provided a more stable suspension. One of the main
reasons was due to the sulfuric acid hydrolysis used for the

Frontiers in Chemistry | www.frontiersin.org

59

June 2022 | Volume 10 | Article 922437


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lin et al.

Nanocelluloses From Bamboo Shoot Byproducts

IDF

FIGURE 2 | TEM images of bamboo shoot NFC (A) and CNC (B).

isolation of CNC. As the most popular and effective method
for CNC production, sulfuric acid is able to react with the
surface hydroxyl groups to form negatively charged sulfate
ester groups randomly distributed on the surface of CNC,
promoting their dispersion in water (Mariano et al., 2014).

As shown in Figure 2, after pretreatment and low
concentration acid hydrolysis combined with ultrasonic
treatment, raw insoluble fiber was broken and crushed into
individualized NFCs with a soft and long-chain structure. NFC
was then subjected to sulfuric acid hydrolysis, which further
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TABLE 1 | Dimensions and zeta potential of NFC and CNC isolated from bamboo shoot processing byproducts.

Sample Length (nm) Diameter (nm)
NFC 952.45 + 38.53% 69.97 + 3.212
CNC 124.50 + 51.94° 7.23 + 2.07°

Aspect Ratio Zeta Potential (mV)

-15.5 + 0.87°
-34.3 £ 1.23°

13.64 + 1.61°
18.19 + 2.452

ab Different letter superscripts in the same column indicate a statistically significant difference (o < 0.05).
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FIGURE 3 | X-ray diffraction pattern of bamboo shoot NFC and CNC.
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FIGURE 4 | FTIR spectra of bamboo shoot NFC and CNC.

destroyed the long-chain structure of NFCs into the typical
needle-like structure of CNC. The results from Table 1
revealed that the average length and diameter of NFC were
952.45 + 38.53 nm and 69.97 * 3.21 nm, respectively. Thus, its
aspect ratio was 13.64 + 1.61. It is notable that the width of NFC is
higher than the nanofibrillated cellulose obtained in other studies
(Winuprasith and Suphantharika 2013; Yan et al, 2018),
suggesting that the method applied in this study was relatively
green but also less efficient due to low concentration acid applied.
The diameter and length of CNC were 7.23 + 2.07 nm and
12450 + 51.94nm, with an aspect ratio of 18.19 * 2.45.
Bamboo shoot CNC with a high aspect ratio is useful to
enhance and improve the mechanical properties of composite
materials under low loads (Liu et al., 2017).

3.2 Zeta Potential Analysis

As shown in Table 1, both NFC and CNC aqueous suspensions
exhibited negative zeta potential (surface charge), and CNC
presented a significantly lower zeta potential value of —34.3 +
1.23 mV than that of NFC (-15.5 + 0.87 mV). Electrostatic
repulsion of the CNC suspension was enhanced due to the
connection of negatively charged sulfate groups to the
nanofiber surface during the sulfuric acid hydrolysis. It has
been reported that if the absolute value of nanofiber’s zeta
potential is higher than 30, the nanofiber aggregation will be
greatly minimized, which could be desirable for many
applications (Leite et al., 2017).

3.3 X-Ray Diffraction
X-ray diffraction (XRD) analysis was used to evaluate XRD

patterns and changes in the crystallinity of bamboo shoot
NFC and CNC (Figure 3). It was noticed that both NFC and
CNC had diffraction peaks at 20 = 14.8°, 16.3°, 22.6°, and 34.6’,
indicating that the cellulose was in the form of cellulose I (Marett
et al,, 2017). The peak position of the nanocelluloses was not
obviously different, suggesting that the crystalline structure of
CNC did not change after subjecting NFC to sulfuric acid
hydrolysis. Meanwhile, the diffraction peak of CNC at 22.6°
was sharper than that of NFC, and the intensity of the
diffraction peak of the amorphous region is significantly
decreased, indicating an increase in crystallinity. The
calculated crystallinity indexes of NFC and CNC were 68.51
and 78.87%, respectively. The high crystallinity was strongly
related to the different treatments of fiber samples. NFC was
prepared from IDF through low concentration acid hydrolysis
combined with ultrasonic treatment, which effectively destroyed
the amorphous lignin and hemicellulose to release the
nanofibrillated cellulose. Sulfuric acid hydrolysis further
dissolved the remained amorphous regions (mainly
hemicellulose) in NFC, releasing more individual needle-like
crystallites by promoting the hydrolytic cleavage of glycosidic
bonds. The crystallinity of CNC prepared from bamboo shoot
residue was higher than that of cellulose nanocrystalline isolated
from the bamboo pulp (Yu et al,, 2012) or other agricultural
wastes (Liu et al., 2017; Rohaizu and Wanrosli 2017). Therefore,
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CNC prepared in this study could provide promising
reinforcement potential for promising the composite materials
(Marett et al., 2017).

3.4 Fourier Transform Infrared

Spectroscopy

The FTIR spectra of NFC and CNC (Figure 4) could be used to
provide direct information on chemical changes that occur
during the different treatments for the isolation of NFC and
CNC from bamboo shoot byproducts. According to the literature,
there are several characteristic bands related to the chemical
structure of the non-cellulosic materials, mainly lignin and
hemicellulose. The bands between 1,600 and 1,500 cm™"
correspond to the vibrations of the aromatic rings of lignin.
The peak at 1730 cm ™" in the FTIR spectrum is attributed to the
ester groups in hemicellulose or carboxylic group in the ferulic
and p-coumaric acids of lignin (Mandal and Chakrabarty 2011).
Likewise, the peak at around 1,240 cm™" stand for the elongation
of the ether linkages in the lignin (Travalini et al., 2017). All these
mentioned bands have disappeared in the FTIR spectra of NFC
and CNC, meaning the successful removal of non-cellulosic
material upon the treatments.

The main absorption peak located near 3,424 cm " in the
spectrum is formed by the free O-H stretching vibrations of the
OH groups in the cellulose molecule (Alemdar and Sain 2008;
Johnson et al, 2011). Moreover, the absorption peaks at
2,918cm™’, 1,639 cm™" and 1,424 cm™' are attributed to the
characteristic C-H stretching vibration, the O-H bending of the
adsorbed water, and the CH, bending vibration of the crystalline
region in cellulose (Mandal and Chakrabarty 2011; Wang et al.,
2017). The absorption peak at 1,162 cm™" is derived from the
stretching of the glycosidic bond anti-symmetric C-O-C
(Pereira et al., 2017). In both samples, the observed peaks at
1,060 and 897 cm™' refer to the C-O vibration and C-H
stretching in the cellulose chains (Johar et al., 2012). These
results indicate that the cellulose component was not destroyed
or removed after the chemical treatments carried out on the
bamboo shoot residues and remained as dominating material
presented in both samples, which is consistent with the result

1

from the XRD analysis. Additionally, the absorption peaks at
1,060 and 1,036 cm ™" of CNC were shapers than those of NFC,
which could be due to that the C-O bond stretching of CNC was
affected by the sulfonic acid groups after the sulfuric acid
hydrolysis (Li et al., 2018).

3.5 Thermogravimetric Analysis
Thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves obtained for NFC and CNC are shown in
Figure 5. It was observed that both NFC and CNC had two
decomposition stages. The initial weight loss starting at 30°C and
continuing up to around 100°C could be attributed to the
evaporation of loosely bound moisture on the fiber surface
and the intermolecularly H-bonded water (Khawas et al,
2016), which had been confirmed by the characteristic peak of
FTIR spectra at 1,639cm™’. In the next stage, the sharp
decomposition peaks at around 300°C were noticed and
corresponded to cellulose decomposition (Kaushik and Singh
2011). Meanwhile, it was notable that there were no characteristic
peaks attributing to the thermal decomposition of lignin and
hemicellulose were found, which was consistent with the XRD
and FTIR results. In the second decomposition stage, NFC started
to degrade at around 235°C, and the rate of degradation reached a
maximum at 333°C. However, obviously different from the
degradation behavior of NFC, CNC showed lower start and
main degradation temperatures at around 224 and 292°C,
respectively. The decreased thermal stability of CNC might be
corresponded to its high surface area to volume ratio and the
introduced sulfated groups in the cellulose crystals (Mandal and
Chakrabarty 20115 Lu et al., 2013). Compared to NFC, a greater
surface area of CNC exposed to heat contributes to diminishing
its thermal stability. Moreover, the highly sulfated regions
presented on the surface of cellulose crystals after sulfuric acid
hydrolysis are more accessible and degradable. As shown in the
TG curve, CNC showed a slower weight loss rate than that of NFC
after the temperature of 350°C, which could be explained by the
fact that the unsulfated crystal interior of CNC is dense and
compact. Subsequent slow decomposition at the temperature
range of 400-530°C  corresponds to the oxidative
decomposition of carbon (Nada and Hassan 2000).
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FIGURE 6 | Physicochemical properties of bamboo shoot IDF, NFC, and CNC. (A) Water holding capacity, (B) swelling capacity, and (C) oil holding capacity.

3.6 Physicochemical Properties

Hydration properties, including swelling capacity (SC) and
water holding capacity (WHC), are one of the important
factors influencing the success of the incorporation of fiber
ingredients into foods requiring moisture retention. As
shown in Figure 6, after different chemical and physical
treatments, SC values of NFC (5.44ml/g) and CNC
(6.63 ml/g) were significantly (p < 0.05) increased by 48.6
and 81.1%, compared with that of IDF (3.66 ml/g). Similarly,
WHC values of NFC (9.70 g/g) and CNC (13.07 g/g) also
significantly (p < 0.05) increased by 48.1 and 99.5%,
compared with that of IDF (6.55g/g). The improved
hydration properties of NFC and CNC could be explained
by the decreased particle size after the removal of lignin and
hemicellulose, and therefore the increased surface area
provides more binding sites for water molecules. Moreover,
the broken cellulose chain structure in NFC and CNC also
contributed to the increased space-enlarging effects and thus
swelling capacity (Lu et al., 2013). The sulfated regions in the
surface of CNC might also provide enhanced interchain
spaces for the entrapment of moisture, which further
contribute to its hydration properties (Mandal and
Chakrabarty 2011).

OBC is an important factor for the dietary fibers to adsorb or
bind the lipid components and thus be appropriate for the
stabilization of foods with a high content of fat, and
emulsions. Bamboo shoot dietary fiber has been proven to be
effective on oil binding, which contributes to its weight control
function (Park and Jhon 2009; Luo et al., 2017). In this study, IDF
extracted from bamboo shoot residue exhibited a promising OBC
value of 2.55 g/g, which is significantly higher than that of fruit
dietary fibers ranging from 0.7 to 1.6 g/g (Martinez et al., 2012).
After low concentration acid hydrolysis combined with ultrasonic
treatment, the OBC of NFC significantly increased by 2.5-
fold-6.37 g/g (p < 0.05). Considering its greater surface area,
CNC prepared from NFC by sulfuric acid hydrolysis is expected
to exhibit a great capacity to bind the oil molecules. However,
CNC showed a decreased OBC (3.31 g/g), compared with that
NEC. This opposite result might be related to the fact that a large
amount of CNC powder suspended in the upper layer of oil could
not be precipitated, thus greatly lowering the OBC value.

4 CONCLUSION

This study investigated the morphological, crystal, thermal, and
physicochemical properties of bamboo shoot NFC and CNC. CNC
had a high-zeta potential of —34.3 mV, contributing to its suspension
stability. The crystal type of NFC and CNC retained a type of
cellulose I pattern with the crystallinity indexes of 68.51 and 78.87%,
respectively. FTIR spectra evidenced about the successful removal of
lignin and hemicellulose during the treatments. Thermogravimetric
analysis indicated that CNC had lower thermal stability than that of
NFC, which might be corresponded to its high surface area and the
introduced sulfated groups in the cellulose crystals. NFC and CNC
exhibited promising physicochemical properties, indicating that they
are suitable to be incorporated into various foods with different
purposes. However, a thorough toxicity assessment of these novel
nanocelluloses needs to be carried out before their applications in the
food industry.
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In order to find potential inhibitors of tyrosinase, two series of pyrrole derivatives A (1-17)
and B (1-8) were synthesized and screened for their inhibitory activities on tyrosinase. Most
of the 2-cyanopyrrole derivatives exhibited effective inhibitory activities. In particular, A12
exhibited the strongest inhibitory activities, with the IC5q values of 0.97 uM, which is
~30 times stronger than the reference inhibitor kojic acid (ICsq: 28.72 uM). The inhibitory
mechanism analysis results revealed that A12 was a reversible and mixed-type inhibitor.
Molecular docking experiments clarified the interaction between A12 with tyrosinase.
Furthermore, A12 (100 uM) presented effective inhibitory effect on tyrosinase in B16
melanoma cells with inhibition of 33.48%, which was equivalent to that of Kojic acid
(89.81%). Accordingly, compound A12 may serve as the lead structure for the further
design of potent tyrosinase inhibitors. Molecular docking studies confirmed the interaction
between the compound and tyrosinase.

Keywords: tyrosinase, reversible inhibitor, mixed-type inhibitor, 2-cyanopyrrole, molecular docking

INTRODUCTION

The browning of food including fruits, vegetables, and beverages seriously threats the
development of agriculture and the food industry (Chai et al., 2018). Recently, quality loss
of food during postharvest handling and processing occur frequently in the food industry (Zhu
et al., 2011). The recognized mechanism of the corresponding browning includes two types of
procedures, namely, enzymatic and non-enzymatic browning (Todaro et al., 2011). Tyrosinase, a
metalloenzyme containing dinuclear copper ions, is one of the key catalytic proteins in the
process of enzymatic browning (Liu et al., 2012; Asthana et al., 2015; Chai et al., 2015; Xie et al.,
2016). It is widely distributed in animals, insects, plants, and microorganisms and is a rate-
limiting enzyme involved in two-step oxidation reactions including mono phenols into
diphenols and o-diphenols into o-quinones, followed by further transformations into dark
brown pigments (Ullah et al., 2016; Cai et al., 2019; Ielo et al., 2019; Zolghadri et al., 2019). For
plant-derived foods, enzymatic browning would result in abnormal variations of color, flavor,
and nutritional quality (Larik et al., 2017). In addition, it has been believed that excessively active
tyrosinase leads to the accumulation of melanin in the human skin, which results in various
common skin diseases, such as freckles, melasma, and melanosis (Ullah et al., 2019a; Ullah et al.,
2019b; Butt et al., 2019; Haldys and Latajka, 2019; Huang et al., 2019; Lee et al., 2019). In the
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biosynthesis pathway of melanin, tyrosinase oxidizes
L-tyrosine into L-3,4-dihydroxyphenylalanine (L-DOPA),

and L-DOPA into o-quinones (Akin et al., 2019; Ashooriha
et al., 2019; Santi et al., 2019). Tyrosinase is also proven to be
related to Parkinson’s and other neurodegenerative diseases
(Ali et al., 2019). Moreover, tyrosinase plays a key role in the
processes of cuticle formation in insects (Yu, 2003). Hence,
developing tyrosinase inhibitors is very important in the
agriculture and food industry, medicine, and cosmetic
products.

Although hundreds of tyrosinase inhibitors have been
obtained in the laboratory, only a few are sufficiently potent
for practical use, such as arbutin, kojic acid, and ascorbic acid
(Demirkiran et al., 2013; Crespo et al., 2019; Rodriguez et al.,
2020; Wang et al., 2020). However, they still exhibit the defect
of undesirable side effects, including cytotoxicity, dermatitis,
and neurodegenerative disorders. Therefore, it is extremely
urgent to develop alternatively safe and effective tyrosinase
inhibitors.

Pyrrole, aromatic five-membered heterocyclic compounds
containing nitrogen, have gotten increased attention due to
their extensive biological, agrochemical, and pharmaceutical
activities, as well as reactivity and stability (Deibl et al., 2015;
Liao et al, 2015; Qin et al, 2015). Moreover, heterocyclic
compounds containing nitrogen exhibit good water solubility
and salt formation ability. Until now, more and more biologically
active molecules were designed based on the pyrrole skeleton
(Insuasty et al., 2010; Jamwal et al.,, 2013; Kumar et al., 2013;
Ansari et al, 2017). Also, for searching tyrosinase inhibitors,
N-heterocycle derivatives have received much attention.

Recently, reported some efficient synthetic
methodologies of N-heterocycles, which are the key skeleton
of many bioactive molecules (Mou et al, 2016; Zhang et al.,
2017). As the systematic continuation of aforementioned research
results, we synthesized two series of pyrrole derivatives and
screened their tyrosinase inhibitory activity.

we have

MATERIALS AND METHODS

Materials

Mushroom tyrosinase (EC 1.14.18.1), L-3,4-dihydroxy
phenylalanine (L-DOPA), and kojic acid were obtained from
Sigma (St. Louis, MO, United States). Dimethyl sulfoxide
(DMSO) of molecular biological grade was purchased from
J&K Chemical Co., Ltd. (Shanghai, China). Fetal bovine serum
(FBS) and Dulbecco’s Modified Eagle’s Medium (DMEM) were
obtained from Gibco (Grand Island, NY, United States). The 3-
(4,5-Dimethythiazol-2-yl)-2,5-diphenyl-tetra-zoliumbromide
(MTT) dye was supplied by Sigma-Aldrich (St. Louis, MO,
United States). All other reagents were of analytical grade.

Instruments

'"H and ">C NMR spectra were recorded in CDCl; on 400/
300 MHz instruments, and spectral data were reported in
ppm. High-resolution mass spectral analysis (HRMS) data
were measured on Apex II by means of the ESI technique.
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Synthesis of 2-Cyanopyrrole Derivatives

A (1-17)

2-Cyanopyrrole derivatives A (1-17) were synthesized according
to our previous article (Mou et al., 2016).

The general synthetic procedure for derivative A (1-12) is
as follows. To a stirred mixture of aromatic olefin or alkyne
(0.5 mmol, 1 equiv), DMF (15 equiv), TMSCN
(trimethylsilanecarbonitrile, 5 equiv), and Cu(OTf), (0.2
equiv), was added DDQ (2 equiv) through a batch-wise
mode (the first equiv was added 0.2 equiv/2h for 5 times,
and the second equiv of DDQ was then introduced at once) at
80°C under an argon atmosphere. Then, the reaction mixture
was stirred for an additional 14 h. Upon the completion of the
reaction (monitored by TLC), the mixture was quenched by
the addition of water. The aqueous layer was extracted three
times with EtOAc, and the combined organic layers were
washed with brine, dried over sodium sulfate, evaporated to
dryness, and purified by column chromatography to afford
desired products A (1-12).

The general synthetic procedure for derivative A (13-17) is as
follows. To a mixed solvent of n-heptane and N,N-
diethylacetamide (v/v = 6:1, 1 ml), aromatic olefin (0.5 mmol,
1 equiv), N,N-disubstituted formamide (3 equiv), TMSCN (6
equiv), and Cu(OTf), (0.2 equiv) were successively added at 80°C
under an argon atmosphere. Next, DDQ was added through a
batch-wise mode (the first equiv was added 0.2 equiv/2h five
times, and the second equiv of DDQ was then introduced at once)
at the same temperature. The reaction mixture was refluxed for an
additional 14 h. Upon completion of the reaction (monitored by
TLC), the reaction mixture was quenched by the addition of
water. The aqueous layer was extracted three times with EtOAc,
and the combined organic layers were washed with brine, dried
over sodium sulfate, evaporated to dryness, and purified by
column chromatography to afford desired products A (13-17).

Synthesis of N-Heterocycle Derivatives
B (1-8)
The general synthetic procedure for derivative B (1-2) is as
follows. To a stirred mixture of A5 or A6 (1 mmol) in DMSO
(10 ml), K,CO; (2 mmol) and hydrogen peroxide (30% aqueous,
30 ml) were added. The mixture was stirred at room temperature
for 8h. When the substrate was completely disappeared
(monitored by TLC), the reaction mixture was extracted with
ether and dichloromethane (2: 1) three times. The combined
organic layers were washed with saturated brine (50 ml), dried
over sodium sulfate, filtered, and concentrated in vacuo. The
residue was purified by column chromatography to give B (1-2).
The general synthetic procedure for derivative B (3-8) is as
follows. To a stirred mixture of A6, A3, A5, A1, A9, or A2 (1 mmol)
in ether (10 ml), lithium aluminum tetrahydride (1.2 mmol) was
added slowly at 0°C. Then, the mixture was stirred at reflux for 3 h
and quenched with water (10 ml). The mixture was extracted with
ether three times. The combined organic layers were washed with
brine (50 ml), dried over magnesium sulfate, and concentrated in
vacuo to give crude primary amine 2. Then, the crude primary
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amine 2 (1 mmol), (Boc),O (1.3 mmol), and Et;N (5 mmol) were
added into methanol (10 ml) and refluxed for 20 min. The mixture
was quenched with saturated aqueous ammonium chloride
solution and extracted with diethyl ether three times. The
combined organic layers were washed with brine (50 ml), dried
over magnesium sulfate, and concentrated in vacuo. The crude
residue was purified by column chromatography to afford B (3-8).

3-(3-Bromophenyl)-1-methyl-1H-pyrrole-2-carboxamide (B1).
Amorphous solid; 39% vyield; '"H NMR (400 MHz, CDCl;) &
753-752 (m, 1H), 7.52-7.49 (m, 1H), 7.31-7.30 (m, 1H),
7.29-7.28 (m, 1H), 6.74 (d, ] = 2.4 Hz, 1H), 6.09 (d, ] = 2.4 Hz,
1H), 5.43-5.29 (m, 2H), 3.93 (s, 3H); ">C NMR (100 MHz, CDCl,)
8 16345, 134.99, 131.81, 131.07, 127.98, 127.14, 121.46, 109.32,
109.28, 98.48, 37.31, and 37.27; HRMS (ESI) caled for
C,H,BrN,O [M + HJ*: 279.0128, found 279.0124.

3-(4-Bromophenyl)-1-methyl-1H-pyrrole-2-carboxamide
(B2). White solid; mp 172-174°C; 33% yield; "H NMR (400 MHz,
CDCl;) 6 7.52 (d, ] = 8.4 Hz, 2H), 7.30 (d, ] = 8.4 Hz, 2H), 6.73 (d,
J = 2.4 Hz, 1H), 6.09 (d, ] = 2.4 Hz, 2H), 5.48 (d, ] = 9.6 Hz, 2H),
3.92 (s, 3H); >*C NMR (100 MHz, CDCl;) § 163.52, 134.94,
131.79, 131.06, 127.95, 127.13, 121.44, 109.28, and 37.31; HRMS
(ESI) caled for C;,H;;BrN,O [M + H]™:279.0128, found
279.0123.

tert-Butyl  ((3-(4-bromophenyl)-1-methyl-1H-pyrrol-2-yl)
methyl)carbamate (B3). White solid; mp 109-113°C; 29%
yield; '"H NMR (400 MHz, CDCl;) § 7.48 (d, ] = 8.4 Hz, 2H),
719 (d, ] = 8.4 Hz, 2H), 6.64 (d, ] = 2.4 Hz, 1H), 6.19 (d, ] =
2.8 Hz, 1H), 4.59 (s, 1H), 4.39 (d, ] = 5.2 Hz, 2H), 3.65 (s, 3H), and
1.46 (s, 9H); °C NMR (100 MHz, CDCls) § 155.25, 135.28,
131.54, 129.55, 125.03, 123.82, 122.73, 119.67, 107.40, 79.65,
34.57, 34.10, and 28.33; HRMS (ESI) calcd for C;,H,;BrN,O,
[M + H]": 365.0859, found 365.0853.

tert-Butyl ((3-(3-fluorophenyl)-1-methyl-1H-pyrrol-2-yl)
methyl)carbamate (B4). White solid; mp 103-104°C; 44% yield;
"H NMR (400 MHz, CDCL,) § 7.35-7.29 (m, 1H), 7.10-7.08 (m,
1H), 6.95-6.91 (m, 1H), 6.64 (d, ] = 2.4 Hz, 1H), 6.21 (d, ] = 2.4 Hz,
1H), 4.63 (s, 1H), 4.42-4.41 (d, ] = 4.8 Hz, 2H), 3.66 (s, 3H), and
1.47 (s, 9H); >*C NMR (100 MHz,CDCl;) § 162.93 (d, ] = 243 Hz),
155.28,138.62 (d, ] = 7.9 Hz), 129.85 (d, ] = 8.6 Hz), 125.19, 123.89,
12353, 122.71, 114.68 (d, ] = 21.4Hz), 112.54 (d, ] = 21 Hz),
107.50, 79.64, 34.55, 34.07, and 28.32; HRMS (ESI) calcd for
C1,H,,FN,O, [M + Na]*: 327.1479, found 324.1472.

tert-Butyl  ((3-(3-bromophenyl)-1-methyl-1H-pyrrol-2-yl)
methyl)carbamate (B5). White solid; mp 124-127°C; 40%
yield; 'H NMR (400 MHz, CDCl;) § 7.46 (s, 1H), 7.35-7.32
(m, 1H), 7.23-7.20 (m, 2H), 6.61 (d, ] = 2.8 Hz, 1H), 6.17 (d, ] =
2.8 Hz, 1H), 4.59 (s, 1H),4.37 (d,] =5.2 Hz, 2H), 3.62 (s, 3H), and
1.44 (s, 9H); °C NMR (100 MHz, CDCl;) § 155.25, 138.53,
130.89, 129.94, 128.70, 126.49, 125.23, 123.57, 122.75, 122.54,
107.50, 79.65, 34.52, 34.09, and 28.33; HRMS (ESI) caled for
C,7H,BrN,O, [M + H]*: 365.0859, found 365.0857.

tert-Butyl ((1-methyl-3-phenyl-1H-pyrrol-2-yl)methyl)
carbamate (B6). White solid; mp 87-90°C; 46% yield; '"H NMR
(400 MHz, CDCL,) § 7.37-7.30 (m, 4H), 7.24-7.20 (m, 1H), 6.61
(d,]=2.4Hz, 1H), 6.20 (d, ] = 2.4 Hz, 1H), 4.67 (s, 1H), 4.40 (d, ]
48Hz, 2H), 3.62 (s, 3H), and 145 (s, 9H); 'C NMR
(100 MHz,CDCl;) & 155.26, 136.30, 128.41, 127.98, 125.73,

Evaluating 2-Cyanopyrrole as Tyrosinase Inhibitors

124.92, 122.43, 107.46, 79.40, 34.56, 33.91, and 28.24; HRMS
(ESI) calcd for C,7H,,N,0, [M + H]™: 287.1754, found 287.1750.

tert-Butyl ((1-methyl-3-(4-(trifluoromethyl)phenyl)-1H-
pyrrol-2-yl)methyl)carbamate  (B7). White solid; mp
120-122°C; 37% yield; "H NMR (400 MHz, CDCl;) & 7.62 (d,
] = 8 Hz, 2H), 7.43 (d, ] = 8.0 Hz, 2H), 6.67 (d, ] = 2.8 Hz, 1H),
6.25 (d, ] = 2.8 Hz, 1H), 4.66 (s, 1H), 4.42 (d, ] = 4.8 Hz, 2H),
3.68 (s, 3H), and 1.47 (s, 9H); >*C NMR (100 MHz,CDCl;) &
155.27, 140.06, 127.99, 127.74 (q, ] = 32.3 Hz), 125.56, 125.43 (q,
J=3.8 Hz), 124.41 (q, ] = 270 Hz), 123.70, 122.98, 107.63, 79.75,
34.64, 34.12, and 28.34; HRMS (ESI) calcd for CgH,,F3N,0,
[M + H]*: 355.1628, found 355.1623.

tert-Butyl ((3-(2-fluorophenyl)-1-methyl-1H-pyrrol-2-yl)
methyl)carbamate (B8). White solid; mp 81-84°C; 39% yield;
'H NMR (400 MHz, CDCL5) & 7.31-7.27 (m, 1H), 7.25-7.21 (m,
1H), 7.17-7.08 (m, 2H), 6.68 (d, ] = 2.4 Hz, 1H), 6.17 (d, ] =
2.8 Hz, 1H), 4.81 (s, 1H), 4.29 (d, ] = 5.6 Hz, 2H), 3.68 (s, 3H), and
145 (s, 9H); °C NMR (100 MHz, CDCl;) § 159.50 (d, J =
241.7 Hz), 15545, 131.63 (d, ] = 3.7Hz), 127.78 (d, | =
8.3 Hz), 126.72, 124.19 (d, J = 3.5 Hz), 124.05 (d, ] = 15.3 Hz),
122.71,117.68, 115.60 (d, ] = 23.3 Hz), 108.39, 79.36, 34.81, 34.21,
and 28.35; HRMS (ESI) calcd for C;;H,;FN,O, [M + HJ":
305.1660, found 305.1657.

Tyrosinase Inhibitory Assay

The mushroom tyrosinase activity assays of synthetic compounds
were carried out according to the previously reported
modification (Qin et al., 2015). .-DOPA was used as the
substrate. Briefly, 800 ul of phosphate buffer (50 mM, pH 6.8),
50 pl of mushroom tyrosinase (666.67 U/ml, dissolved in PBS),
and 50 pl of inhibitor (dissolved in DMSO) were placed in the
plastic centrifuge tube. Then, 100 pl of .-DOPA (5 mM, dissolved
in PBS) was added. Subsequently, its change in absorbance at
475nm was measured in a time-dependent manner using a
Beckman UV-650 spectrophotometer. The percentage
inhibition was calculated by using [(OD, - OD;)/OD,] x
100%, where OD, was the absorbance without inhibitor, and
OD; was the absorbance with the inhibitor. The ICs, value of the
potential compound was calculated from dose-response curves of
percentage inhibition. Kojic acid was used as a standard control
for comparison. All experiments were performed in duplicate.

Inhibition Mechanism and Kinetic Analysis
Experiments were performed to analyze the inhibitory
mechanism by the following method. For the text, the
mushroom  tyrosinase at a final concentration of
16.67-100.00 U/ml and L-DOPA at a final concentration of
0.5mM were chosen. Then, the mushroom tyrosinase activity
was measured in the presence of the inhibitor.

The inhibition type of the inhibitor on mushroom tyrosinase
was evaluated by the Lineweaver-Burk plot, and the inhibition
constants were obtained from the second plots of the apparent 1/
Vmax and K.,/V ... against the inhibitor concentration. In this
assay, mushroom tyrosinase at a final concentration of 33.33 U/
ml and L-DOPA at a final concentration of 0.25-2 mM were used.
The equation for the Lineweaver-Burk plot can be written as
follows:
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n-heptane/Et,NCOCH; = 6:1

! Cu(OTf),, DDQ NC
! R=—R? + TMSCN + DMF ——~—  »

i 80°C

| ? Cu(OTf),, DDQ

| .R1 u 2,

PR - TMSCN + /"~

Etgo, reflux R-—

Scheme 1 | General synthesis of A (1-17) and B (1-8).

TEA, MeOH
reflux

1 K,

(i) v i)

1+ + 1+

v Vi K, Vi Kis

where v is the reaction velocity, K, is the Michaelis constant, V ,,
is the maximal velocity, [I] is the concentration of the inhibitor,
[S] is the concentration of the substrate, K is the constant for the
inhibitor binding with the free enzyme, and Ks is the constant for
the inhibitor binding with the enzyme-substrate complex. Ky and
Kjs were obtained from the slope or the vertical intercept vs. the
inhibitor concentration, respectively.

Molecular Docking Study

Sybyl 2.1.1 (Tripos, United States) was used for the docking
simulations between mushroom tyrosinase and the inhibitor.
First, compound Al2 was prepared by the energy
minimization using the MM2 program, with energy
termination of 0.01 kcal/mol, iteration of 1,000 times, and
charges of Gasteiger-Hiickle. Second, the crystal structure of
mushroom tyrosinase (PDB ID: 2Y9X) was prepared by
extracting ligands, removing H,O, termini treatment, and
adding hydrogens. The active pocket of tyrosinase was
generated using the ligand mode. Finally, the docking
simulation between tyrosinase and compound A12 was carried
out in the default format. PyMOL software was used to draw the
view based on the Sybyl results.

Cell Culture

B16 mouse melanoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum and 1% penicillin/streptomycin at 37°C in a
5% CO, incubator.

MTT Assay

B16 cells (100 pl) were plated in a 96-well plate (5 x 10° cells/
well) for 24 h and then treated with a 100 pl complete medium
containing A12 or kojic acid for 24 h. MTT solution (0.5 mg/
ml, final concentration) was added to each well, and plates
were incubated at 37°C for another 3 h. The absorbance was
measured at 490 nm using a multi-detection microplate
reader.

Cellular Tyrosinase Activity

The inhibitory activity of A12 on tyrosinase in B16 cells was
evaluated. B16 cells (5 x 10* cells/well) were plated in 96-well
plates and incubated for 24 h. A measure of 100 pl of complete
medium including A12 or kojic acid was added for further
incubation of 48 h. Then, cells were added to 50 pl Triton X-
100 (1%) and allowed for freezing for 1 h at —80°C. After thawing
at room temperature, 10 pl L-DOPA solutions (0.1%, w/v) were
added and co-incubated for 1h at 37°C. The absorbance at
405 nm was measured.
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TABLE 1 | Inhibitory activity of N-heterocycle derivatives on tyrosinase.
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TABLE 1 | (Continued) Inhibitory activity of N-heterocycle derivatives on tyrosinase.
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Compound Structure ICso (M) Compound Structure ICs0 (UM)
B 2 Bl 2
5 >Lo >200 6 >Lo >200
OZ\NH / O)\NH |
N N
| W
Br.
B7 >Lo >200 B8 S >200
O}\NH O)\NH |
o N
W oy
F3C
Kojic acid 28.72
A 0.8 B 20
(a)
ne, |/
\ N (b) 16 -
0.6 [ ) -
= I (c) =
£ E 124
£ - <
S B12 () 8
2% 2
> 2 81
i -
0.2
= 44
0.0 T T T T T T & T T T T
0 2 4 6 8 10 12 -2 -1 0 1 2 3 4

[E] (ng/mL)

1/[S] (uM)”

FIGURE 1 | Plots of v vs. [E] and the Lineweavere-Burk plot of compound A12 (concentrations: (a) O, (b) 0.75, (c) 1 UM, and (d) 1.5 pM).

Tyrosinase Inhibitors:

HO 0 HO H
HO 290 o
0 :
"% O\Q » v —
OH OH
OH (6] HO OH
Arbutin Kojic acid Ascorbic acid
OH OH
O
HO@OH HaCO
Hydroquinone paeonol thymol
FIGURE 2 | Representative tyrosinase inhibitors.
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FIGURE 3 | Molecular docking of compound A12 with tyrosinase: (A) in the active pocket; (B) interactions with amino acid residues.
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RESULTS AND DISCUSSION

Chemistry

Pyrrole derivatives A (1-17) and B (1-8) were synthesized according
to the synthetic route shown in Scheme 1. A1-A12 were obtained
using aromatic olefin or alkyne, DMF, and TMSCN as starting
materials under the catalysis of Cu(OTf), and DDQ. A (13-17) were
synthesized from aromatic olefin, N,N-disubstituted formamide,
and TMSCN with Cu(OTf), as the catalyst and DDQ as additive.
B 1-2 could be synthesized from compound A5 or A6 through a
hydrolysis reaction. Meanwhile, the reduction of compounds A6,
A3, A5, Al, A9, or A2 by LAH with subsequent amine derivatization

by (Boc),O would produce B (3-8). 'H NMR, '*C NMR, and HRMS
were applied to confirm their structures.

Tyrosinase Inhibitory Activity Assay and
SAR Analysis

Tyrosinase inhibitory assay of all synthesized pyrrole derivatives
A (1-17) and B (1-8) was performed using 1-DOPA as the
substrate. As shown in Table 1, compounds A (1-17)
exhibited moderate to excellent inhibitory activities against
tyrosinase, with ICsy values ranging from 0.97 to 89.15 uM. In
particular, A12 (ICso = 0.97 uM) showed the strongest inhibitory

Frontiers in Chemistry | www.frontiersin.org

72

June 2022 | Volume 10 | Article 914944


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Hu et al.

activities, which were ~30 times stronger than the reference
inhibitor kojic acid (ICsy = 28.72 uM).

Based on the data displayed in Table 1, the SAR of the tested
compounds against tyrosinase was analyzed. For compounds A
(1-17), compound Al (ICsq = 7.24 uM) with no substitute
group was selected as the template compound. It was clear that
the introduction of a substituent on the phenyl ring at the 3-
position of the pyrrole skeleton did show the clear influence of
the corresponding inhibition potency. Among them,
compound A2 with the 2-fluorine group on the benzene
ring (IC5y = 8.72 uM), A3 with the 3-fluorine group (ICsy =
21.43 uM), A4 with the 2-bromine group (IC5, = 8.47 uM), A5
with the 3-bromine group (ICso = 16.52 uM), A6 with the 4-
bromine group (ICsq = 8.17 uM), A7 with the 2-methoxy group
(ICsp = 23.57 uM), A8 with the 4-methoxy group (ICs, =
89.15 uM), and A9 with the 4-trifluoromethyl group (ICsy =
12.44 uM) all presented lower inhibitory activities than
compound Al. These results indicated that the introduction
of fluorine, bromine, methoxy and trifluoromethyl alone might
cause a decrease in tyrosinase inhibitory activity. In contrast,
two compounds A10 and A1l with dual substituents on the
benzene ring provided better inhibitory results than
compound Al and showed an ICs, value of 4.83 and
2.11 uM, respectively. Moreover, A12 with a 2-vinyl group
on the benzene ring (ICso = 0.97 uM) also appeared to have
much higher inhibitory activities than compound Al. This
result revealed the special property of the 2-vinyl group during
the interaction between A1l2 and tyrosinase. As for the
substituent on the 1- and 5-positions of the pyrrole ring,
additional five compounds A (13-17) were further tested.
Based on the results, it is obvious that the presence of an
untethered benzyl at 1-position (A14) or the phenyl group at 5-
position (A15) would dramatically affect the inhibitory
activities. On the contrary, A13 with the ethyl group on
nitrogen of the pyrrole ring (ICso = 4.46 uM), A16, and Al7
with the pyrrole as a part of a fused ring system showed higher
inhibitory activities (ICso = 5.06 and 5.57 uM, respectively)
than compound A1, which revealed that the alkyl group at 1-
position or a planar type of the molecule might increase the
inhibitory activity against tyrosinase. Therefore, based on the
previous SAR results of all compounds, further derivatization
of Al with other ring systems at 3-position of the
pyrrole ring or other fused ring systems will be designed
and screened.

For investigating the effect of the cyano group on the
inhibitory activities, it was transformed into an amide group
(B1, B2) or carbamate group (B3 ~ 8), and the inhibitory activities
of corresponding derivatives were obviously reduced. These
results indicated that the cyano group of compounds Al-Al17
was crucial for tyrosinase inhibition.

Inhibition Mechanism

Compound A12 with the best inhibition activity was selected as the
lead compound to ascertain the inhibition mechanism of mushroom
tyrosinase. Figure 1A shows the plots of initial velocity vs. tyrosinase
concentrations at different concentrations of compound A12. As can
be seen, the plots gave a family of straight lines, respectively, which
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passed through the origin point. Moreover, the slopes of the lines
extended a descent with the increase of concentrations of compound
A12. These results revealed that the presence of compound A12 did
not bring down the amount of active enzyme but just resulted in the
reduction of the enzyme activity. Hence, the tyrosinase inhibition of
compound A12 was reversible.

To further explore the inhibition kinetic behavior of the most
promising compound Al2 on mushroom tyrosinase, the
tyrosinase  activity ~was determined under different
concentrations of L-DOPA in the presence or absence of an
inhibitor. The results were analyzed using Lineweaver-Burk
double reciprocal plots. For compound A12 (Figure 2B), the
results presented that the plots of 1/v vs. 1/[S] gave straight lines
with different slopes intersecting one another in the second
quadrant. The values of V,, and K., all descended with the
increase in concentration of Al2, which suggested that
compound Al2 induced mixed-type inhibition of mushroom
tyrosinase. In other words, compound A12 could bind with
both free enzyme and the enzyme-substrate complex, which
was similar to the inhibition type of kojic acid. Hence, we
determined the equilibrium constant for inhibitor binding
with free enzyme (K;) and the enzyme-substrate complex (Kjs)
through the second plots of the apparent K.,/ V ax and 1/V 5 Vs.
inhibitor concentrations. The K; and Kig values of the compound
A12 were calculated as 1.11 and 1.00 uM.

Molecular Docking

To better understand the inhibitory activity of compound A12,
Sybyl and PyMOL software were conducted to understand the
interaction pattern between the A12 and the active site of
tyrosinase. Mushroom tyrosinase (PDB: 2Y9X) from the
RCSB Protein Data Bank was selected as the target protein
for simulation. The docking simulation results showed that
A12 was well accommodated and bound in the active pocket
of tyrosinase (Figure 3A) and had in-depth interactions with
the active site residues (Figure 3B). The cyano group of A12
resided adjacent to the dicopper nucleus, indicating that
there was a potential metal-ligand interaction, which was
considered to be one of the key interactions between
tyrosinase and the ligand compound. The pyrrole ring
formed a m-m interaction with His263. Furthermore, A12
formed hydrophobic interactions with Ala286, Asn260,
Gly281, His244, His259, Met280, Phe264, Ser282, Val248,
and Val283.

Effect of Compound A12 on Cellular

Tyrosinase Activity

For evaluating the effect of compound A12 on cellular tyrosinase
activity, its cell cytotoxicity was first tested. The results
showed that compound A12 and kojic acid showed no
cytotoxicity on B16 melanoma cells under a concentration
of 100 uM (Figure 4A). Thence, the concentration of A12
(under 100 pM) was selected for the assay of the cellular
tyrosinase activity. Al12 could effectively inhibit the
tyrosinase activity in B16 melanoma cells in a dose-
dependent manner (Figure 4B) and present an effective
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inhibitory of 33.48% at a concentration of 100 uM, which was
equivalent to that of Kojic acid (39.81%).

CONCLUSION

To conclude, the inhibitory activities of two series of pyrrole
derivatives A (1-17) and B (1-8) were screened against
tyrosinase. Compound A12 showed the highest inhibition activity
with reversible and mixed-type inhibition types. Compound A12
(ICs0: 0.97 uM) showed ~30 times stronger inhibition activity than
the reference inhibitor kojic acid (ICsy: 28.72 uM). Molecular
docking studies showed that the metal-ligand interaction, m-m
interaction, and hydrophobic interactions played important roles
in the interaction between tyrosinase and A12. Furthermore, A12
(100 uM) presented effective inhibitory on tyrosinase in B16
melanoma cells with an inhibition rate of 33.48%, which was
equivalent to that of kojic acid (39.81%). Our studies have
indicated that these pyrrole derivatives have the potential to be
developed as anti-tyrosinase agents for use in medicine, agriculture
and food industry, and cosmetic products.
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With Sulfobutyl Ether-p-Cyclodextrin:
Preparation, Characterization,
Inclusion Mode, Solubilization, and
Stability
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Mengyue Li, Di Xiao, Li Lu, Yuechang Huang, Xingmin Zhang and Chen Li*
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Isoliquiritigenin (ISL) possesses a wide variety of pharmacological properties, however, its
poor solubility and oral bioavailability pose a significant barrier to its application. In present
studies, the ISL inclusion complex was prepared with sulfobutyl ether--cyclodextrin (SBE-
B-CD). The physicochemical characterizations of ISL-SBE-B-CD were performed with
Fourier transform infrared (FT-IR) spectroscopy and X-ray powder diffraction (XRD). Phase
solubility study suggested a 1:1 formation of ISL-SBE-B-CD complexes. The water
solubility of ISL rose from 13.6 M to 4.05mM by the inclusion of SBE-B-CD. The
antioxidant activities (IC50) of ISL-SBE-B-CD reached 42.2ug/ml, which was
significantly lower than that of ISL (60.5 pug/ml). Its stability in biological environments
was also enhanced.

Keywords: isoliquiritigenin, sulfobutyl ether-p-cyclodextrin, inclusion complex, preparation, characterization

INTRODUCTION

Isoliquiritigenin (ISL; Figure 1), a flavonoid, is the major bioactive constituent isolated from the food
plants such as licorice, shallot, and bean sprouts (Cao et al., 2004; Cho et al., 2011; Tan et al., 2022).
Numerous pharmacological studies have suggested that ISL exhibited various pharmacological
properties including anti-inflammatory, antioxidant, analgesic, anticancer, antiplatelet aggregation,
anti-angiogenic effect, and cytoprotective effects (Chin et al., 2007; Lee et al., 2009; Sun et al., 2022).
Although many pharmacological activities of ISL have been recognized, its water solubility is
relatively poor (Kakegawa et al., 1992; Kang et al., 2010). The poor water solubility of ISL would result
in a slow dissolution and low absorption rate in the gastrointestinal tract, hence reducing oral
bioavailability, which hinders its wide applications in pharmaceutical and functional foods (Jang
et al., 2008). Microencapsulation is an effective method to maintain its bioactivity.

Cyclodextrins (CDs) are cyclic oligosaccharides equipped with a hydrophilic surface and a
hydrophobic cavity, which can encapsulate hydrophobic molecules to prepare water-soluble
complexes (Gotsev and Ivanov, 2009; Nguyen et al, 2013). Notably, when hydrophobic
molecules were encapsulated in CDs, their biological activities were improved compared to free
molecules (Fuchs et al., 1993; Irie and Uekama, 1997). Sulfobutylether-p-cyclodextrin (SBE-B-CD), a
negatively charged derivative of B-CD, is prepared with SBE groups substituting the secondary
hydroxyls of B-CD (Wu et al., 2013; Zhou et al., 2020). Hence, SBE-B-CD shows an extremely
hydrophilic exterior surface and an extended hydrophobic cavity (Kucerova et al., 2016; Jafari et al.,

Frontiers in Chemistry | www.frontiersin.org

76 June 2022 | Volume 10 | Article 930297


http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2022.930297&domain=pdf&date_stamp=2022-06-21
https://www.frontiersin.org/articles/10.3389/fchem.2022.930297/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.930297/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.930297/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.930297/full
https://www.frontiersin.org/articles/10.3389/fchem.2022.930297/full
http://creativecommons.org/licenses/by/4.0/
mailto:wyuchemlc@126.com
https://doi.org/10.3389/fchem.2022.930297
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2022.930297

Wu et al.

Inclusion Complex of Isoliquiritigenin

OH O

Isoliquiritigenin

e e e o

D T T N

FIGURE 1 | The chemical structure of isoliquiritigenin.

2022). Especially, SBE-B-CD presents relatively low toxicity and
high water-solubility than B-CD (Merzlikine et al., 2011; Shen
et al., 2013). The formation of natural product molecules with
inclusion complex with SBE-B-CD is of great interest in various
fields (Fulop et al., 2015; Zhang et al., 2017; Zhao et al., 2020;
Wang and Zhang, 2022). Although Li et al. (2015) reported the
inclusion complex of isoliquiritigenin and 6-0-a-D-maltosyl-p-
cyclodextrin. However, the ISL inclusion complex with SBE-B-
CD has not been described.

Thus, the aim of the study is to investigate the inclusion
complex of ISL with SBE-B-CD as a potential method to increase
bioavailability. First, the interactions between the ISL and SBE-p-
CD are determined by a phase solubility analysis. Then, the ISL-
SBE-B-CD is characterized by Fourier transform infrared (FT-IR)
spectroscopy and X-ray powder diffraction (XPRD). Finally, the
bioavailability of the ISL complex with SBE-B-CD is evaluated.

EXPERIMENTAL

Instruments and Reagents
ISL was purchased from Xi’an Kai Lai Biological Engineering Co.,
Ltd. SBE-B-CD with an average molecular weight of 1,410 was
provided by Nanjing Dulai Biotechnology Co., Ltd. All other
reagents used were of analytical grade.

Preparation of Isoliquiritigenin-Sulfobutyl

Ether-p-Cyclodextrin Inclusion Complex
The ISL-SBE-B-CD inclusion complex was prepared by the
method of an aqueous solution according to the previous
method (Mohan et al., 2012; Mura, 2015). In brief, SBE-B-CD
(6.50 mmol) was dissolved in 100 ml of distilled water at 60°C
with continuous stirring for 1h. The ISL solution containing
3.25 mmol of ISL in ethanol was added. Then the suspension
solution was stirred at 60°C for 4 h. After removing ethanol, the
solution was freeze-dried for 24h and the ISL-SBE-B-CD
inclusion complex was obtained.

M

S, ISL-SBE-B-CD
—__
WMNM

)
o o Mo 1’|

Intensity

SBE-B-CD

10 20 30 40

20 (degree)

FIGURE 2 | XRD patterns of ISL, SBE-$-CD, and ISL-SBE-B-CD.

X-ray Powder Diffraction Assay

The X-ray powder diffraction patterns of ISL, SBE-B-CD, and
ISL-SBE-B-CD were recorded on a Rigaku powder X-ray
diffraction system (Siemens D5000, Germany). Powders were
scanned at a diffraction angle of 20 from 2 to 40°, with 40 KV and
30 mA under Cu Ka radiation (Qiu et al., 2014).

Fourier Transform Infrared Spectroscopy

Assay

The FT-IR spectra of ISL, SBE-B-CD, and ISL-SBE-B-CD were
recorded using a Nicolet 6700 spectrophotometer (Thermo
Fisher Scientific, United States). The FT-IR measurements of
samples were performed in the scanning range of 4,000 cm™"
~400 cm™* (Volobuef et al., 2012).

Concentration-Absorbance Calibration

Curve of Isoliquiritigenin

ISL (10 mg) was accurately weighed and dissolved into 100 ml
ethanol-water solution (v: v = 1:1). ISL ethanol-water solution
with concentrations of 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 ug/ml were
prepared. The UV spectra of samples were measured with a UV-
8000S from 200 to 600nm. Also, then the
concentration-absorbance calibration curve of ISL was made
(Yang et al., 2009).

Phase Solubility Study

Phase solubility study of ISL in the aqueous solution of SBE-B-CD
was conducted according to the previous method (Chen et al.,
2007; Aleem et al., 2008). An excess amount of ISL (8 mg) was
added to 10ml of SBE-B-CD solution with different
concentrations (0-9 mM). The samples were shaken for 48 h
at 25°C. After equilibrium, the samples were filtered through
0.22 ym PTFE filters to remove the excess ISL. Then, the UV
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FIGURE 3 | FT-IR spectra of ISL, SBE-B-CD, and ISL-SBE-$-CD.

absorption of ISL in each aqueous solution was determined at
374 nm, and the concentration of ISL in each aqueous solution
was accounted for against the concentration-absorbance
standard curve of ISL. The phase solubility profiles of ISL
were obtained by plotting the solubility of ISL as a function of
SBE-B-CD concentration.

The stability constants, K., were calculated from the phase
solubility diagram according to the Higuchi-Connors equation:
K. = slope/[Sox(1-slope)], where S, is the ISL solubility in the
absence of SBE-B-CD.

Solubility Study

Solubility determination of pure ISL and ISL-SBE-B-CD was
carried out in the aqueous solution according to the previous
references. An access amount of ISL was added to a 5 ml aqueous
solution, and then the suspension was shaken for 48 h at 25°C.
After filtering through 0.22 um PTFE filters, the UV absorption of
ISL in each aqueous solution was determined at 374 nm, and the

Inclusion Complex of Isoliquiritigenin

concentration was accounted for. The solubility of ISL-SBE-B-CD
in an aqueous solution was measured using a similar method.

Antioxidant Capacity

The DPPH radical scavenging assay was used
antioxidant capacity (Garcia-Padial et al., 2013).
were resolved in methanol and diluted to different
concentrations, respectively. First, 1.5ml sample solution was
added to DPPH methanolic solution (1.5ml, 0.1 mM) and laid
in the dark for 30 min. Then, their absorbance was determined at
517 nm, respectively, and 50% inhibitory concentration (ICs,) was
obtained from the scavenging results.

to assay the
The samples

RESULTS AND DISCUSSION

X-ray Powder Diffraction Assay

The XRD spectra of ISL, SBE-B-CD, and ISL-SBE-B-CD are
shown in Figure 2. The diffractogram of ISL showed various
characteristic peaks at 12.3°, 17.1°, 18.4°, 20.2°, 21.3°, 24.6°, and
26.7°, indicating a highly crystalline structure. In contrast, the
absence of characteristic peaks in the spectrum of SBE-B-CD
reveals its amorphous state. Compared with ISL and SBE-B-CD,
the diffraction of ISL-SBE-B-CD was similar to that of SBE-p-CD
and showed no characteristic peaks of ISL. The XRD results
showed that ISL was cocooned ion into the SBE-B-CD cavity,
resulting in the self-lattice arrangement change of ISL from
crystalline to amorphous state. These results were consistent
with Li’s report (Li et al, 2015) that the inclusion complex
form changed the self-lattice arrangement.

Fourier Transform Infrared Assay

The FT-IR spectra of ISL, SBE-B-CD, and ISL-SBE-B-CD are shown
in Figure 3. The spectrum of ISL consisted of mainly significant
groups including 3,479 cm ™" (O-H stretching vibration); 1,631 cm ™"
(C=0 group); and 1,600, 1,550, 1,510, and 1,450 cm™ (aromatic
nucleus). The FT-IR spectrum SBE-B-CD shows the main absorption
bands at 3490 cm™ (O-H); 2,938cm™ (C-H) 5 1,677cm ™' (O-H);
and 1,217 and 1,050 cm™* (C-H and C-O). But in FT-IR spectra of
ISL-SBE-B-CD, its FT-IR spectra are close to that of SBE-B-CD, and

1.4
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FIGURE 4 | Concentration-absorbance calibration curve of ISL.
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FIGURE 5 | A phase solubility diagram of the ISL-SBE-B-CD system.
the characteristic absorption band of ISL at 400-1600 cm™ are

overshadowed by corresponding ones of SBE-B-CD. These
changes suggested that ISL got into the SBE-B-CD cavity and
formed intra-molecular hydrogen bonds in the inclusion process
of ISL and SBE-B-CD. The results were verified with XRD results.

Concentration—-Absorbance Calibration

Curve of Isoliquiritigenin

The UV spectra of ISL with different concentrations are illustrated
in Figure 4. The characteristic absorption peak of ISL was found at
374 nm. The absorption intensity enhanced with the increase of
ISL concentration, resulting in the concentration-absorbance
calibration curve (y = 0.1254x+0.0009, R? = 0.999).

Phase Solubility Study

The phase solubility profiles of ISL-SBE-B-CD are presented in
Figure 5. It could be seen that the concentration of ISL in water was
obviously solubilized by the presence of SBE-B-CD. Moreover, the
solubility curve was a straight line (R*> = 0.998). According to
Higuchi and Connors, this profile could be described as an AL type,
suggesting a 1:1 formation of ISL-SBE-f-CD complexes. The molar
ratio of ISL to SBE-B-CD in this complex might be determined by
the characteristics of ISL. Also, the stability constants, Kc, of ISL-
SBE-B-CD were calculated as 3864 M™' according to the phase
solubility diagram. The high K. value verified a high tendency of
ISL to enter the SBE-B-CD cavity.

Effect of Sulfobutyl Ether-p-Cyclodextrin on

Aqueous Solubility of Isoliquiritigenin

SBE-B-CD is usually used to enhance the aqueous solubility of
drugs due to the large number of hydroxyl groups. SBE-p-CD
could provide the lipophilic microenvironment for hydrophobic
drug molecules. ISL was encapsulated into the hydrophobic cavity

60 -
o
£ 40
2]
=4
S
o
10
Q

20

0
ISL-SBE-B-CD ISL

FIGURE 6 | Antioxidant activities of ISL and ISL-SBE-B-CD system.

of SBE-B-CD interiors, leading to the form of non-covalent
dynamic inclusion complexes. The aqueous solubility of ISL and
ISL-SBE-B-CD was assessed. The water solubility of ISL was only
13.6 uM, while complexation led to a notable increase to 4.05 mM
in water. A 298-fold increase in water solubility was achieved by the
solubilizing effect of SBE-B-CD. Hence, SBE-B-CD could be used as
an effective inclusion agent with a solubilizing effect.

Stability in Biological Environments

To evaluate the stability of ISL-SBE-B-CD in biological
environments, the absorbance changes of ISL and ISL-SBE-B-CD
in a simulated gastric acid environment (ca. pH 1.5) and simulated
intestinal fluid environment (ca. pH 7.6) were tracked. ISL and ISL-
SBE-B-CD were dissolved in the buffer solution, respectively, and the
absorbance at 374nm was recorded. At pH 1.5 solution, the
absorbance of ISL tapered off to 13.5 and 22.4% at 24 and 60h,
respectively. However, the absorbance of ISL-SBE-B-CD dwindled to
only 6.8 and 14.2% at 24 and 60 h. At pH 7.6 solution, the absorbance
of ISL and ISL-SBE-B-CD was similarly changed before 60 h, tapered
off to 95.3 and 96.8%. These results showed that ISL-SBE-B-CD was
more stable than ISL at both pH 1.5 and pH 7.6. Thence, SBE-$-CD
could improve the stability of the included compounds.

Antioxidant Capacity

The DPPH assay results of ISL and ISL-SBE-B-CD are shown in
Figure 6. The antioxidant activity (ICs,) of ISL-SBE-B-CD was
42.2 pg/ml, which was significantly higher than that of ISL
(60.5 pg/ml). The results showed that the ISL-SBE-B-CD
presented a much higher antioxidant capacity than ISL.
Thence, the antioxidant capacity of compounds can be
optimized by the presence of cyclodextrins.

CONCLUSION

The inclusion complexation behavior and characterization of
isoliquiritigenin ~ with  sulfobutyl ether-B-cyclodextrin ~ were
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investigated. The results showed that sulfobutyl ether-p-cyclodextrin
could enhance the water solubility and stability of isoliquiritigenin.
Moreover, inclusion complexation presented a much higher
antioxidant capacity than isoliquiritigenin. Given the shortage of
applications for isoliquiritigenin, the inclusion complexation would
be regarded as an effective step in the development of a novel
formulation of isoliquiritigenin for medicine or healthcare products.
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5-Fluoro-2-Oxindole Derivatives as
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Jing Lin?, Qi-Ming Liang", Yuan-Na Ye, Di Xiao, Li Lu, Meng-Yue Li, Jian-Ping Li,
Yu-Fei Zhang, Zhuang Xiong*, Na Feng* and Chen Li*

School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, China

a-Glucosidase inhibitors are known to prevent the digestion of carbohydrates and reduce
the impact of carbohydrates on blood glucose. To develop novel a-glucosidase inhibitors,
a series of 5-fluoro-2-oxindole derivatives (3a ~ 3v) were synthesized, and their a-
glucosidase inhibitory activities were investigated. Biological assessment results
showed that most synthesized compounds presented potential inhibition on a-
glucosidase. Among them, compounds 3d, 3f, and 3i exhibited much better inhibitory
activity with 1Csq values of 49.89 + 1.16 uM, 35.83 + 0.98 uM, and 56.87 + 0.42 uM,
respectively, which were about 10 ~ 15 folds higher than acarbose (IC5q = 569.43 +
43.72 uM). A kinetic mechanism study revealed that compounds 3d, 3f, and 3i inhibited
the a-glucosidase in a reversible and mixed manner. Molecular docking was carried out to
simulate the affinity between the compound and a-glucosidase.

Keywords: oxindole, a-glucosidase, inhibition, docking, kinetics

1 INTRODUCTION

Diabetes is a chronic metabolic disorder disease that increases the risk of cancer, stroke, peripheral
arterial disease, cardiovascular disease, retinopathy, and kidney disease. (Wang et al., 2017; Sonia
et al,, 2019; Proenga et al., 2019; Proenca et al., 2017; Proenga et al., 2018; Rocha et al., 2019; Santos
etal,,2018; Wuetal., 2014; Wu et al., 2017). The prevalence of diabetes at all ages worldwide is rising.
It is estimated that by 2030, the prevalence of diabetes may rise from 2.8% (171 million) in 2000 to
4.4% (366 million) (Zhong et al., 2019). Type 2 diabetes, which is characterized by insulin resistance,
is the most common, which accounts for approximately 90% of all diabetic patients (Taha et al., 2015;
Leong et al., 2019; Settypalli et al., 2019).

a-Glucosidase is an indispensable enzyme in the sugar metabolism pathway of organisms,
and its main function is to hydrolyze glycosidic bonds into glucose (Chaudhry et al., 2019; Dan
etal.,, 2019; Gollapalli et al., 2019; Krishna et al., 2019; Mendieta-Moctezuma et al., 2019; Spasov
et al., 2019; Ye et al,, 2019). Thus inhibiting the a-glucosidase would obviously control the
postprandial hyperglycemia. a-Glucosidase inhibitors can block the hydrolysis of 1, 4-glycosidic
bonds and delay the hydrolysis of carbohydrates into glucose, resulting in the effective reduction
of postprandial blood sugar (Al-Salahi, et al., 2018; Qamar, et al., 2018; Shah, et al., 2018; Wang,
et al., 2018). Up to now, a great number of naturally occurring and synthetic a-glucosidase
inhibitors have been reported. However, only several well-known inhibitors, such as acarbose,
voglibose, and miglitol, are used clinically as first-line drugs. Moreover, these drugs have
uncomfortable side effects (e.g., flatulence, abdominal pain, and diarrhea) (Taha et al., 2018a;
Kasturi et al., 2018; Prachumart et al., 2018). These prompt us to develop effective and safe a-
glucosidase inhibitors from natural sources.
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SCHEME 1 | Synthetic route to 5-fluoro-2-oxindole derivatives (3a ~

3u). Reagents and conditions: 5-fluoro-2-oxindole (1.0 mmol, 1.0 equiv),
substituted aldehydes (1.5 mmol, 1.5 equiv), KOH (6.0 mmol, 6.0 equiv), and
EtOH, r. t., 3 h.

Lots of compounds from natural sources have shown potential
inhibitory activity on a-glucosidase. Oxindoles, the important
indole-based derivatives, widely exist in many natural alkaloids. It

5-Fluoro-2-Oxindole Derivatives as a-Glucosidase Inhibitors

was reported that oxindoles have the ability to inhibit the a-
glucosidase (Khan et al., 2014; Asadollahi-Baboli and Dehnavi,
2018; Taha et al.,, 2018b). Moreover, oxindoles have attracted
much attention due to their broad-spectrum biological activity,
such as anti-inflammatory, anti-bacterial, and anti-tumor. (Yang
et al., 2014; Xu et al., 2016; Alvarez et al., 2018; Bao et al., 2018;
Huang et al., 2019). In addition, fluorine, a key atom in medicine,
might  enhance  metabolic  stability, improve the
pharmacodynamic effect, and eliminate active metabolic
intermediates (Johnson et al, 2020). Hence, 5-fluoro-2-
oxindole was selected as the leading structure to synthesize the
title compounds (3a ~ 3u) through the condensation with the
substituted aromatic aldehydes, followed by the screening on a-
glucosidase inhibitory activities and the molecular docking
studies.

TABLE 1 | a-Glucosidase inhibitory activities of compounds (3a ~ 3v).

Compound R
F
3a °
3b F\©)e
* o
F
cl
3d °
3e Cl \@)'7
3f /@/i‘i
cl
3h Br\©)e
o

W
%

Iz

Inhibition rate at ICs0 (MM)
a concentration of

100 pM (%)

7.29 £0.16 >1002
519 +0.79 >100?
9.55 + 0.13 >100?
89.19 + 0.14 49.89 + 1.16
21.64 £ 0.78 >100?
90.52 + 0.27 35.83 + 0.98
53.71 + 0.47 95.68 + 0.28
31.61 £ 0.21 >100%
92.86 + 0.32 56.87 + 0.42
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TABLE 1 | (Continued) a-Glucosidase inhibitory activities of compounds (3a ~ 3v).
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5-Fluoro-2-oxindole
Acarbose

aThe inhibitory activity of test compounds at 100 uM is less than 50%.
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1917 = 1.21

27.25 £+ 1.47

16.70 + 0.71

8.43 +1.14

52.79 + 1.68

18.78 + 1.15

55.89 + 1.71

10.01 +1.75
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5.67 +1.11

3.77 +1.35
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569.43 + 43.72
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FIGURE 1 | Inhibition mechanism determination of compound 3f on a-
glucosidase.

2 RESULTS AND DISCUSSION
2.1 Chemistry

The 5-fluoro-2-oxindole derivatives (3a ~ 3v) were prepared
according to the synthetic route shown in Scheme 1. As the
starting material, 5-fluoro-2-oxindole (1) was condensed with the
substituted aromatic aldehydes (2a ~ 2v) in the presence of KOH to
produce the title compounds (3a ~ 3v). The structures of compounds
3a ~ 3v were characterized by '"H NMR, MS, and melting point.

2.2 a-Glucosidase Inhibition Assay
a-Glucosidase from Saccharomyces cerevisiae (EC 3.2.1.20) was
widely accepted and used to evaluate the inhibitory activity
against a-glucosidase. Then, the inhibitory activity of compounds
(3a ~ 3v) on a-glucosidase from S. cerevisiae was investigated using
Pp-NPG as the substrate. First, the inhibitory activities of compounds
(3a ~ 3v) were screened at a concentration of 100 uM. As shown in
Table 1, compounds 3d, 3f, and 3i presented better activities, with
inhibition of ~90% at a concentration of 100 uM and those of
compounds (3g, 3n, 3p, and 3r) were ~50% at a concentration of
100 uM, while those of other compounds were below 50% at a
concentration of 100 uM. Then, ICs, values of compounds 3d, 3f, 3,
3n, 3p, and 3r were measured due to their better inhibitory activities.
The ICs values are summarized in Table 1, and the inhibitory
activities of compounds 3d, 3f, and 3i on a-glucosidase are presented
in Figure 1. For analyzing the inhibitory activities of compounds (3a
~ 3v), the inhibitory activities of 5-fluoro-2-oxindole and acarbose
were investigated. Among all compounds, compounds 3d, 3f, and 3i
exhibited much better potent inhibitory activity with ICs, values of
56.87 +0.42 uM, 49.89 £ 1.16 uM, and 35.83 + 0.98 uM, respectively,
which were about 10 ~ 15 folds higher than that of acarbose (IC5, =
569.43 + 43.72 uM) and significantly better than that of 5-fluoro-2-
oxindole (ICsy = (7.51 + 0.17)x10° uM).

5-Fluoro-2-Oxindole Derivatives as a-Glucosidase Inhibitors

2.3 Structure-Activity Relationships

Then, the structure-activity relationships of compounds (3a ~
3v) were analyzed according to the experimental data in
Table 1. First, the steric effect of substituents at aldehydes
was investigated based on the inhibitory activities of
compounds 3a/3b/3¢c, 3d/3e/3f, 3g/3h/3i, and 3m/3n, with
-F, -Cl, -Br, and -CF; at ortho-, meta- and para-positions of the
benzene ring, and the order of the inhibitory activities is 4- > 2-
> 3-. When the substituent was OCHj; (3j/3k/31), it turned out
just the opposite. Second, the electronic effect of substituents
was considered. The introduction of -F, -Cl, -Br, -CF;, and
-OCHj; at phenyl para-position (compounds 3c, 3f, 3i, 31, and
3r) could enhance the inhibitory activities with the inhibitory
activity order of -Cl > -Br > -SCH; > -OCHj; > -F. It could be
seen that the inhibitory activity has no correlation with the
steric and electronic effects of substituents at aldehydes.
Furthermore, the introduction of various heterocycles
(compounds 3s, 3t, 3u, and 3v) presented a negative effect
on inhibitory activity. It could be concluded that the
introduction of the substituents at the benzyl para-position
of substituted aldehydes is beneficial to the improvement of the
inhibitory activity. Therefore, the further derivatization of title
compounds might be focused on the screening of substituents
at the benzyl para-position of substituted aldehydes.

2.4 Inhibitory Mechanism Analysis

For further understanding the interaction mechanism of title
compounds with a-glucosidase, compounds 3d, 3f, and 3i were
selected to investigate the inhibition mechanism of a-glucosidase
through revealing the linkage between enzyme activity and the
enzyme concentration in the presence of test compounds (figures
for the inhibitory mechanism analysis of compounds 3f was shown
in Figure 2 and figures for the inhibitory mechanism analysis of
compounds 3d and 3i have been shown in the supporting
information). The increasing concentrations of compounds 3d,
3f, or 3i reduced the slope of the lines and the plots of the
enzyme activity vs. the enzyme concentration at different
concentrations of compounds 3d, 3f, or 3i gave a group of
straight lines, which all passed through the origin, indicating that
the inhibitor reduces the activity of the enzyme and the inhibition of
compounds 3d, 3f, or 3i against a-glucosidase was reversible.

In order to obtain the inhibition kinetics type of compounds
3d, 3f, and 3i, the Lineweaver-Burk plot analysis method was
carried out with different concentrations of test compounds and
substrates. For compounds 3d, 3f, and 31, the plots of 1/v vs. 1/[S]
gave a group of straight lines with different slopes that intersected
the same point at the second quadrant, indicating that
compounds 3d, 3f, and 3i were mixed-type inhibitors. Then,
the K; calculated as 14.96, 33.85, and
22.72 uM, respectively, and the Kjg values were calculated as
453.85, 58.31, and 24.74 pM, respectively, which are summarized
in Table 2. These results showed that compounds 3d, 3f, and 3i
could bind with the free enzyme as well as the enzyme-substrate
complex of a-glucosidase. In addition, the inhibition types of
compounds 3d, 3f, and 3i, different from that of acarbose, are the
competitive inhibition type.

values were
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FIGURE 2| (A) Lineweaver—Burk plots of compound 3f on a-glucosidase. (B) Plot of slope vs. the concentration of compound 3f for the calculation of the inhibition
constant K. (C) Plot of intercept vs. the concentration of compound 3f for the determination of the inhibition constant Kis.

TABLE 2| Type of inhibition mechanism and K; and K|s values of compounds 3d,

3f, and 3i.

Compound Inhibition mechanism K (uM) Kis (M)
3d Mixed type 14.96 453.85
3f Mixed type 33.85 58.31
3i Mixed type 22.72 24.74

2.5 Molecular Docking Studies

With the purpose of acquiring a better comprehension of the
mutual effects between compounds 3d, 3f, and 3i and a-
glucosidase, molecular docking studies were implemented
using Sybyl tools. The 3D structures of S. cerevisiae a-
glucosidase (EC 3.2.1.20) are unavailable, and oligo-1, 6-
glucosidase from S. cerevisiae (PDB: 1UOK) was selected as

the target protein. Also, the sequence similarity is about 62.0%
and the sequence identity is about 38.0%, as compared with a-
glucosidase. As demonstrated in Figure 3A, compounds 3d, 3f,
and 3i were well inserted into the active pocket of a-glucosidase,
with similar angles and positions. A hydrogen bond between
carbonyl of compounds 3d, 3f, and 3i and amino acid sequences
of GLN330 was formed to increase the affinity with a-glucosidase
(Figure 3B). These similar integrated situations of compounds
3d, 3f, and 3i with a-glucosidase indicated the same inhibition
mechanism. In addition, the lipophilic potential interaction
between 3d, 3f, and 3i and the active pocket was investigated.
As shown in Figure 3C, the active pocket external is more
lipophilic than the interior. Then, in Figure 3D, the
fluorophenyl as the lipophilic fraction of 3d, 3f, and 3i was
close to the lipophilic potential region, while the pyrrole ring as
the hydrophilic fraction was near to the hydrophilic region.
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lipophilic fraction of compounds 3d, 3f, and 3i binding to a-glucosidase.

FIGURE 3 | (A) The insertion of compounds 3d, 3f, and 3i into the active pocket of a-glucosidase; (B) The hydrogen-bond interaction between carbonyl of the
compounds (3d, 3f, and 3i) and a-glucosidase; (C) The lipophilic interaction between the compounds (3d, 3f, and 3i) and a-glucosidase; (D) The fluorophenyl as the

3 EXPERIMENTAL

3.1 Chemicals

a-Glucosidase from S. cerevisiae (EC 3.2.1.20) and 4-nitrophenyl-
B-D-galactopyranoside (p-NPG) were supplied by Sigma-
Aldrich. All other reagents were of analytical grade. The water
used was re-distilled and ion-free.

3.2 Instruments

"H NMR was recorded by using a NMR spectrometer (DPX-
500 MHz) in chloroform-d or DMSO-dg, with chemical shifts (d)
given in parts per million (ppm) relative to TMS as internal
standard and recorded. Mass spectrometry was determined on a
(LCQTM) LC-MS supplied by Thermo Fisher Scientific
(Shanghai) Co., Ltd. Melting points were measured on a micro
melting point instrument, which was supplied by Shanghai
Yidian Physical Optical Instrument Co., Ltd. The absorbance
was recorded using a microplate reader supplied by Thermo
Fisher Scientific (Shanghai) Co., Ltd.

3.3 Synthesis of Compounds 3a ~ 3v

To a solution of 1 (1.0 mmol, 1.0 equiv.) and 2a ~ 2vin 10 ml
absolute ethanol was added KOH (6 mmol, 6.0 equiv.),
followed by the addition of the corresponding substituted
aldehydes. Then, the mixture was stirred at room
temperature for 3h and detected to be complete by TLC.
The mixture was adjusted to the pH value between 2.0 and
3.0, followed by the evaporation of ethanol, and extraction
with ethyl acetate. The ethyl acetate layer was washed with
saturated NaHCO3; and brine and then was concentrated
under vacuum to give the crude product, subsequently by
the recrystallization with ethanol to give compounds
3a ~ 3v.

(Z)-5-Fluoro-3-(2-Fluorobenzylidene) Indolin-2-One (3a).
Orange-yellow crystal; yield 65.0%; m p.. 228.3-230.2°C; 'H
NMR (500 MHz, DMSO-dg) & 10.73 (s, 1H), 7.77 (td, ] = 7.7,
1.7 Hz, 1H), 7.65-7.55 (m, 2H), 7.47-7.36 (m, 2H), 7.13 (td, ] =
9.0, 2.6 Hz, 1H), 6.94 (dd, J = 9.0, 2.6 Hz, 1H), and 6.88 (dd, J =
8.5, 4.6 Hz, 1H); HRMS (ESI) calculated for C,sHoF,NO [M -
H]: m/z = 256.24, found 255.85.

(Z)-5-Fluoro-3-(3-Fluorobenzylidene) Indolin-2-One (3b).
Orange-yellow crystal; yield 41.2%; m p.. 191.4-192.2°C; 'H
NMR (500 MHz, chloroform-d) § 7.81 (s, 1H), 7.49 (td, | =
8.0, 5.7 Hz, 1H), 7.42 (dp, ] = 7.6, 0.9 Hz, 1H), 7.30 (ddd, J = 8.9,
6.8,2.4 Hz, 2H), 7.20-7.15 (m, 1H), 6.97 (td, J = 8.7, 2.5 Hz, 1H),
6.82 (dd, J = 8.6, 44Hz, 1H); HRMS (ESI) calculated for
C1sHoF>NO [M - H]™: m/z = 256.24, found 256.09.

(Z)-5-Fluoro-3-(4-Fluorobenzylidene) Indolin-2-One (3c).
Orange-yellow crystal; yield 55.7%; mp.: 217.0-219.6°C; 'H
NMR (500 MHz, chloroform-d) & 8.10 (s, 1H), 7.82 (s, 1H),
7.64 (dd, J = 8.5, 5.4 Hz, 2H), 7.32 (dd, J = 9.1, 2.5 Hz, 1H), 7.20 (t,
J=8.4Hz,2H), 6.96 (td, J = 8.8, 2.6 Hz, 1H), and 6.83 (dd, J = 8.5,
4.4 Hz, 1H); HRMS (ESI) calculated for C,sHoF,NO [M-H]| : m/z
= 256.24, found 256.17.

(Z)-3-(2-Chlorobenzylidene)-
5-Fluoroindolin-2-One (3d). Orange-yellow crystal; yield 82.4%;
mp.:219.7-221.9°C; 'H NMR (500 MHz, chloroform-d) § 8.12 (s,
1H), 7.92 (s, 1H), 7.68 (dd, J = 7.5, 1.8 Hz, 1H), 7.54 (dd, ] = 7.9,
1.4 Hz, 1H), 7.40 (dtd, ] = 20.5, 7.5, 1.6 Hz, 2H), 7.04 (dd, ] = 8.9,
2.6 Hz, 1H), 6.94 (td, ] = 8.8, 2.6 Hz, 1H), and 6.82 (dd, J = 8.5,
4.3 Hz, 1H); HRMS (ESI) calculated for C;sHoCIFNO [M-H]™:
m/z = 272.69, found 271.96.

(Z)-3-(3-Chlorobenzylidene)-
5-Fluoroindolin-2-One (3e). Orange-yellow crystal; yield 47.8%;
mp: 237.4-238.9°C; '"H NMR (500 MHz, chloroform-d) 8 7.97 (s,
1H),7.79 (s, 1H), 7.58 (dd, ] = 2.1, 1.1 Hz, 1H), 7.54-7.50 (m, 1H),
7.46-7.43 (m, 2H), 7.25 (d, J = 2.5 Hz, 1H), 6.97 (td, ] = 8.7,
2.6Hz, 1H), and 6.82 (dd, J = 8.5, 4.4 Hz, 1H); HRMS (ESI)
calculated for C;5HyCIFNO [M-H] : m/z = 272.69, found 272.10.

(Z)-3-(4-Chlorobenzylidene)-
5-Fluoroindolin-2-One (3f). Orange-yellow crystal; yield 44.2%;
mp: 200.6-202.5°C; '"H NMR (500 MHz, chloroform-d) 8 7.80 (s,
1H), 7.58 (d, ] = 8.3 Hz, 2H), 7.51-7.45 (m, 2H), 7.30 (dd, ] = 8.9,
2.5 Hz, 1H), 6.96 (td, ] = 8.7, 2.6 Hz, 1H), and 6.82(dd, ] = 8.5,
4.4 Hz, 1H); HRMS (ESI) calculated for C,sHo,CIFNO [M-H] :
m/z = 272.69, found 272.39.

(Z)-3-(2-Bromobenzylidene)-5-

Fluoroindolin-2-One (3g). Orange-yellow crystal; yield 69.7%;
mp: 194.9-197.1°C; '"H NMR (500 MHz, chloroform-d) §
7.90-7.82 (m, 1H), 7.73 (dd, J = 8.1, 1.1 Hz, 1H), 7.66 (dt, ] =

Frontiers in Chemistry | www.frontiersin.org

87

June 2022 | Volume 10 | Article 928295


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Lin et al.

7.7, 1.9 Hz, 1H), 7.44 (td, ] = 7.4, 1.1 Hz, 1H), 7.34 (td, J = 7.7,
1.6 Hz, 1H), 7.00 (dd, J = 8.9, 2.6 Hz, 1H), and 6.94 (td, ] = 8.7,
2.6 Hz, 1H); HRMS (ESI) calculated for C;sHoBrFNO [M + Na]*:
m/z = 340.15, found 340.59.

(Z)-3-(3-Bromobenzylidene)-
5-Fluoroindolin-2-One (3h). Orange-yellow crystal; yield 70.4%;
mp: 222.6-223.8°C; 'H NMR (500 MHz, chloroform-d) & 8.31 (s,
1H), 7.86-7.67 (m, 2H), 7.66-7.48 (m, 2H), 7.38 (t, ] = 7.9 Hz,
1H), 7.24 (d, ] = 2.6 Hz, 1H), 6.97 (td, ] = 8.7, 2.6 Hz, 1H), and
6.84 (dd, J = 8.5, 44 Hz, 1H); HRMS (ESI) calculated for
C1sHoBrFNO [M + Na]*: m/z = 357.15, found 357.97.

(Z)-3-(4-Bromobenzylidene)

-5-Fluoroindolin-2-One (3i). Orange-yellow crystal; yield 65.7%;
mp: 249.3-251.6°C; 'H NMR (500 MHz, chloroform-d) 8 7.77 (s,
1H), 7.67-7.61 (m, 2H), 7.51 (d, ] = 8.4 Hz, 2H), 7.30 (dd, J = 9.0,
2.6 Hz, 1H), 6.96 (td, ] = 8.7, 2.6 Hz, 1H), and 6.81 (dd, J = 8.5,
4.4 Hz, 1H); HRMS (ESI) calculated for C,sHoBrFNO [M + Na]*:
m/z = 341.15, found 340.97.

(Z)-5-Fluoro-3-(2-Methoxybenzylidene)  Indolin-2-One
(3j)).  Orange-yellow  crystal;  yield 52.7%; mp:
227.1-227.8°C; '"H NMR (500 MHz, chloroform-d) & 8.02
(s, 1H), 797 (s, 1H), 7.67 (dd, J = 7.7, 1.7Hz, 1H),
7.49-7.42 (m, 1H), 7.28 (dd, J = 9.2, 2.7 Hz, 1H), 7.06 (td,
J=7.5,1.0Hz, 1H), 7.00 (dd, J= 8.3, 1.0 Hz, 1H), 6.91 (td, ] =
8.8, 2.6 Hz, 1H), 6.80 (dd, J = 8.5, 4.4 Hz, 1H), and 3.89 (s,
3H); HRMS (ESI) calculated for C;4H;,FNO, [M-H] : m/z =
268.28, found 268.19.

(Z)-5-Fluoro-3-(3-Methoxybenzylidene) Indolin-2-One
(3k). Orange-yellow crystal; yield 73.3%; mp: 200.1-202.1°C;
'H NMR (500 MHz, chloroform-d) & 7.86 (s, 1H),
7.45-7.38 (m, 2H), 7.23 (d, J = 7.5Hz, 1H), 7.14 (&, | =
2.0 Hz, 1H), 7.04-6.90 (m, 2H), 6.82 (dd, J = 8.6, 4.4 Hz,
1H), and 3.86 (s, 3H); HRMS (ESI) calculated for
C16H,,FNO, [M-H]": m/z = 268.28, found 268.01.

(Z)-5-Fluoro-3-(4-Methoxybenzylidene) Indolin-2-One (31).
Orange-yellow crystal; yield 42.8%; mp: 358.8-359.9°C; 'H
NMR (500 MHz, chloroform-d) § 7.84 (s, 1H), 7.68-7.62 (m,
2H), 7.49 (dd, J = 9.3, 2.6 Hz, 1H), 7.04-7.00 (m, 2H), 6.93 (dd, ] =
8.8, 2.6 Hz, 1H), 6.83 (dt, J = 9.0, 3.6 Hz, 1H), and 3.91 (s, 3H);
HRMS (ESI) calculated for C,¢H;,FNO, [M-H] : m/z = 268.28,
found 268.11.

(Z)-5-Fluoro-3-[2-(Trifluoromethyl) Benzylidene) Indolin-2-
One (3m). Orange-yellow crystal; yield 53.1%; mp:
235.2-236.4°C; 'H NMR (500 MHz, chloroform-d) & 8.33-8.22
(m, 1H), 8.01 (q, J = 2.5Hz, 1H), 7.83 (d, J = 7.8 Hz, 1H),
7.70-7.65 (m, 2H), 7.63-7.55 (m, 1H), 6.93 (td, J = 8.8, 2.6 Hz,
1H), 6.83 (dd, J = 8.5, 4.3 Hz, 1H), and 6.66 (dd, ] = 8.7, 2.6 Hz,
1H); HRMS (ESI) calculated for C;sHoF,NO [M-H]: m/z =
306.25, found 305.91.

(Z)-5-Fluoro-3-[3-(Trifluoromethyl) Benzylidene] Indolin-2-
One (3n). Orange-yellow crystal; yield 42.9%; mp: 199.7-200.5°C;
"H NMR (500 MHz, chloroform-d) 8 7.87 (s, 1H), 7.85 (s, 1H),
781(d, J=7.7 Hz, 1H), 7.73 (d, J = 7.8 Hz, 1H), 7.64 (t, ] = 7.8 Hz,
1H), 7.18 (dd, J = 8.9, 2.6 Hz, 1H), 6.97 (td, ] = 8.7, 2.6 Hz, 1H),
and 6.83 (dd, J = 8.6, 4.3 Hz, 1H); HRMS (ESI) calculated for
C16HoF4,NO [M-H]: m/z = 306.25, found 306.01.

5-Fluoro-2-Oxindole Derivatives as a-Glucosidase Inhibitors

(Z)-3-(2,4-Difluorobenzylidene)
-5-Fluoroindolin-2-One (30). Orange-yellow crystal; yield 55.3%;
mp: 221.1-224.3°C; 'H NMR (500 MHz, chloroform-d) &
8.31-821 (s, 1H), 8.01 (s, 1H), 7.83 (d, ] = 7.8 Hz, 1H),
7.68-7.65 (m, 2H), 7.62-7.58 (m, 1H), 693 (td, ] = 8.8,
2.6 Hz, 1H), 6.83 (dd, J = 8.5, 4.3 Hz, 1H), and 6.66 (dd, J =
8.7, 2.6 Hz, 1H); HRMS (ESI) calculated for C;cHoF,NO [M +
H]*: m/z = 276.23, found 278.01.
(Z)-3-(3,4-Difluorobenzylidene)-
5-Fluoroindolin-2-One (3p). Orange-yellow crystal; yield 44.6%;
mp: 189.2-190.2°C; '"H NMR (500 MHz, chloroform-d) & 8.99
(dd, J=10.1,2.7 Hz, 1H), 8.91 (ddd, ] = 4.6, 2.0, 0.8 Hz, 1H), 7.83
(td,J=7.7,1.9 Hz, 1H), 7.73 (s, 1H), 7.63 (dd, J= 7.7, 1.1 Hz, 1H),
7.36 (ddd, J = 7.7, 4.7, 1.1 Hz, 1H), 7.01 (td, ] = 8.6, 2.7 Hz, 1H),
and 6.80 (dd, J = 8.5, 4.4 Hz, 1H); HRMS (ESI) calculated for
CsHgFsNO [M-H]: m/z = 274.23, found 274.02.
(Z)-3-Benzylidene-5-Fluoroindolin-2-One ~ (3q).  Orange-
yellow crystal; yield 76.3%; mp: 198.9-199.7°C; 'H NMR
(500 MHz, chloroform-d) 6 8.93 (s, 1H), 7.90 (s, 1H), 7.67-7.62
(m, 2H), 7.53-7.46 (m, 3H), 7.36 (dd, ] = 9.1, 2.6 Hz, 1H), 6.94 (td,
J=38.7,2.5Hz, 1H), and 6.86 (dd, ] = 8.5, 4.5 Hz, 1H); HRMS (ESI)
calculated for C;sHgFsNO [M-H]: m/z = 238.25, found 237.99.
(Z)-5-Fluoro-3-[4-(Methylthio) Benzylidene] Indolin-2-One
(3r). Orange-yellow crystal; yield 41.8%; mp: 246.1-247.1°C;
'"H NMR (500 MHz, chloroform-d) & 8.13 (s, 1H), 7.81 (s,
1H), 7.61-7.55 (m, 2H), 7.44 (dd, J = 9.0, 2.6 Hz, 1H),
7.36-7.31 (m, 2H), 6.94 (td, J = 8.7, 2.5 Hz, 1H), 6.82 (dd, J =
8.5, 4.4 Hz, 1H), and 2.56 (s, 3H); HRMS (ESI) calculated for
C16H,FNOS [M-H]™: m/z = 284.34, found 284.13.
(Z)-5-Fluoro-3-(Furan-2-ylmethylene) Indolin-2-One (3s).
Orange-yellow crystal; yield 72.5%; mp: 237.9-238.8°C; 'H
NMR (500 MHz, chloroform-d) § 7.76 (s, 1H), 7.41 (s, 1H),
7.24-7.16 (m, 2H), 6.88 (td, J = 8.8, 2.5 Hz, 1H), 6.82 (dd, ] = 8.5,
4.2 Hz, 2H), and 6.42 (dt, ] = 4.0, 2.1 Hz, 1H); HRMS (ESI)
calculated for C,¢H;,FNOS [M-H] : m/z = 228.21, found 227.95.
(Z)-5-Fluoro-3-(Thiophen-2-ylmethylene) Indolin-2-One
(3t). Orange-yellow crystal; yield 44.6%; mp: 219.0-223.4°C;
"H NMR (500 MHz, chloroform-d) § 8.01 (dd, J = 9.4, 2.5 Hz,
1H), 7.97 (s, 1H), 7.85 (s, 1H), 7.65 (dd, J = 23.4, 4.4 Hz, 2H), 7.23
(dd, J = 5.1, 3.7 Hz, 1H), 6.99 (td, ] = 8.7, 2.5 Hz, 1H), and 6.84
(dd, J=8.5, 4.5 Hz, 1H); HRMS (ESI) calculated for C;cH;,FNOS
[M-H]: m/z = 244.27, found 244.14.
(Z)-3-[(1H-Pyrrol-2-yl)methylene]-5-Fluoroindolin-2-One  (3u).
Orange-yellow crystal; yield 54.4%; mp: 198.9-201.6°C; '"H NMR
(500 MHz, chloroform-d) & 13.30 (s, 1H), 7.76 (s, 1H), 7.41 (s, 1H),
722 (s, 1H), 7.19 (dd, J = 8.7, 2.5 Hz, 1H), 6.88 (td, J = 8.8, 2.5 Hz,
1H), 6.82 (d, J = 4.2 Hz, 2H), and 6.42 (dt, ] = 4.0, 2.1 Hz, 1H); HRMS
(ESI) calculated for C;3HoFN,O [M-H] : m/z = 227.23, found 227.02.
(Z)-5-Fluoro-3-(Pyridin-2-ylmethylene) Indolin-2-One (3v).
Orange-yellow crystal; yield 47.9%; mp: 248.5-251.2°C; '"H NMR
(500 MHz, chloroform-d) § 8.99 (dd, J = 10.1, 2.7 Hz, 1H), 8.91
(ddd,J=4.6,2.0,0.8 Hz, 1H), 7.83 (td, ] = 7.7, 1.9 Hz, 1H), 7.73 (s,
1H), 7.63 (dd, J = 7.7, 1.1Hz, 1H), 7.36 (ddd, J = 7.7,
4.7, 1.1Hz, 1H), 7.01 (td, J = 8.6, 2.7 Hz, 1H), and 6.80
(dd, J = 8.5, 44Hz, 1H); HRMS (ESI) calculated for
C15HoFN,O [M-H]™: m/z = 239.24, found 238.93.
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3.4 a-Glucosidase Inhibitory Assay

The a-glucosidase inhibition of synthetic compounds was
performed as previously reported methods with minor
modification (Deng et al., 2022) which is as follows: briefly,
130 ul of phosphate buffer (10 mM, pH 6.8), 10pul of a-
glucosidase (1 U/ml), and 10 pl of test compound solution
were added into the wells of a 96-well plate, followed by
incubation for 10 min at 37°C. Then, 50 pl of p-NPG (1 mM)
was added, and the plate was further incubated for 30 min at 37°C.
Finally, the absorbance of each well was recorded at 405 nm using
a microplate reader. Acarbose was used as the reference. The
inhibition of the test compound on a-glucosidase was calculated
as follows: inhibition ratio (%) = [(A— B)/A] x 100, where A is the
absorbance of blank and B is the absorbance of the test
compound. Each concentration was experimented four times
in parallel. Half inhibitory concentration (ICsy) was obtained
from the fitting curve of inhibition ratio vs. test compound with
different concentrations.

3.5 Kinetics Mechanism Analysis

Compounds 3d, 3f, and 3i with much better a-glucosidase
inhibitory activity were selected for kinetic analysis. The
experiments were performed to investigate the kinetics
mechanism of compounds 3d, 3f, and 3i by the previously
reported method (Xu et al.,, 2019). To determine the inhibition
mechanism, the final concentrations for 3d were 0, 40, 50, 60 puM,
for 3f were 0, 40, 50, 60 uM, and for 3i were 0, 30, 40, 50 uM, the
final substrate p-NPG concentration was 0.25 mM, and the final
concentrations for a-glucosidase were 3.75 x 1072, 5.00 x 1072,
6.25 x 107%,and 7.50 x 107> U/ml. Then, the inhibition rates were
measured by the aforementioned method.

To analyze the inhibition type, the final concentrations for
3d were 0, 40, 50, and 60 pM, for 3f were 0, 40, 50, and 60 uM,
and for 3i were 0, 30, 40, and 50 uM, the final a-glucosidase
concentration was 5.00 x 107> U/ml, and final concentrations
for substrate p-NPG concentration were 0.25, 0.50, 0.75, and
1.00 mM. The inhibition rates were obtained by the
aforementioned method. The inhibition type
glucosidase was analyzed by using Lineweaver-Burk plots of
the inverse of velocities (1/v) vs. the inverse of substrate
concentration 1/[S]. The K; and K5 were obtained from the
slope and the vertical intercept vs. the inhibitor concentration,
respectively.

on da-

3.6 Molecular Docking

The molecular docking between compounds 3d, 3f, and 3i and
a-glucosidase were simulated with Sybyl-2.1.1 (Tripos,
Shanghai, China) (Hu et al., 2021). First, compounds 3d, 3f,
and 3i were prepared by hydrogenation and energy
minimization using the MM2 program. In the energy
minimization program, the energy convergence criterion
was revised to 0.001 kcal/mol, optimizing the energy
gradient that was revised to 2,500 times, and the charge was
run with the Gasteiger-Huckle charges method. Next, after
being retrieved from the RCSB Protein Database (PDB:
1UOK), the a-glucosidase structure was prepared, followed
by the procedure of removing water, termini treatment, adding

5-Fluoro-2-Oxindole Derivatives as a-Glucosidase Inhibitors

hydrogens, adding charges with the MMFF94, fixing side chain
amides, and staged minimization. The active pocket of a-
glucosidase was generated with the automatic mode. Then,
the molecular docking between compounds 3d, 3f, and 3i and
a-glucosidase were operated in the default format.

4 CONCLUSION

In summary, a series of a-glucosidase inhibitors based on 5-fluoro-2-
oxindole have been synthesized and evaluated. Most synthesized
compounds presented better potential inhibitory on a-glucosidase
than the parent compound. Among them, compounds 3d, 3f, and 3i
exhibited much better inhibitory activity with ICs, values of 49.89 +
1.16, 35.83 + 0.98 and 56.87 + 0.42 pM, respectively, which were about
10 ~ 15 folds higher activities than acarbose (ICsy = 56943 +
4372 uM) that was used as reference. The kinetics mechanism
study revealed that compounds 3d, 3f, and 3i inhibited the o-
glucosidase in a reversible and mixed manner. Molecular docking
confirmed that compounds could effectively integrate with o-
glucosidase. These results indicated that these synthesized
compounds could be used as the leading structure in the research
and development of a-glucosidase inhibitors for the prevention and
treatment of type 2 diabetes.
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Heterocyclic compounds were widely used in many domains; pyrrolidone is a derivative of
heterocycles that can be used to synthesize anticancer drugs. A new fluorine-containing
rhopaladins’  analog(E)-2-(4-bromobenzoyl)-N-(tert-butyl)-4-(4-fluoro  benzylidene)-5-oxo-1-
propylpyrrolidine-2-carboxamide (RPDPD for short) of 2-aroyl-4-arylidene-5-oxopyrrolidine
derivative was synthesized by the one-pot synthesis method and evaluated for its anti-tumor
activity in vitro via CCK8 assay and annexin V/propidium iodide (Pl) staining of Hel.a cells. The
results exhibited that compound RPDPD has inhibited the proliferation of Hela in a dose-
dependent manner with an ICsq of 24.23 pmol/L (o < 0.05) and has low hepatotoxicity with an
ICsq of 235.6 umol/L (p < 0.05) to normal hepatocyte LO2 cells. The apoptotic assay
demonstrated that compound RPDPD has induced apoptosis in Hela cells (from 14.26
to 23.4%, p < 0.05). gRT-PCR results showed that the compound RPDPD could inhibit the
expression of oncogene E6/E7 mRNA (o < 0.05) of human papillomavirus (HPV). The results of
Western blot showed that the compound RPDPD promoted the expression of TIMP3 protein
and inhibited the expression of MMP3 (o < 0.05). In conclusion, the compound RPDPD can
inhibit the proliferation of cervical cancer cells and induce the apoptosis of cervical cancer cells,
and its mechanism may be related to the inhibition of E6 mRNA and E7 mRNA expressions,
and the anticancer effect of the compound RPDPD on cervical cancer is closely related to the
TIMP3/MMPS3 signaling axis.

Keywords: rhopaladins’ analog, synthesis, 2-aroyl-4-arylidene-5-oxopyrrolidine, cytotoxicity evaluation, HPV E6/E7
mRNA, TIMP3/MMP3 pathway

INTRODUCTION

Heterocyclic compounds are extensively used in plenty of fields and are favored by many drug
researchers. Pyrrolidone, one of the heterocyclic compounds, can be used as an antiviral (Nilsson
et al., 1990), antiepileptic (Kenda et al., 2004), and anti-HIV (Kraus et al., 2000) agent. It has been
reported that pyrrolidone can be used as an inhibitor of ceramide (Atigadda et al., 1999) and a
selective inhibitor of matrix metalloproteinase (Wu and Feldkamp, 1961).

The incidence and development of cancer seriously threaten human health. The incidence rate of
cervical cancer ranks fourth among cancer in women. In 2018, the incidence of new cases was about
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570,000, and the death toll was about 310,000 for cervical cancer in
the world (Freddie et al., 2018). The pathogenic factor of cervical
cancer is human papillomavirus (HPV) (Ijang et al,, 2019). HPV is a
small enveloped DNA virus, which can be divided into two kinds of
“low risk” or “high risk”, with the inherent disorder area; it is the
most common route of transmission for sexually transmitted disease
(STD) (Kaushiki, et al., 2018). The common high-risk HPV viruses
are HPV 16 and HPV 18. HeLa belongs to HPV 18 cells.

The studies have shown that marine alkaloids rhopaladins A-D
have significant cytotoxicity to human tumor cell lines. Rhopaladin B
has inhibitory activity against CDK4 and c-erbB-2 kinases (ICsq of
12.5 and 7.4 pg/ml, respectively) (Hiroyasu et al., 1998; Zhu et al,
2019.). We have previously synthesized rhopaladins’ analogs 2-aroyl-
4-arylidene-5-oxopyrrolidine derivatives (see Scheme 1) via a tandem
Ugi 4CC/Sy cyclization and studied their cytotoxicity to HeLa cells
(Wang et al,, 2020). According to the existing structure-activity
relationship analysis (Wang et al., 2020), in order to obtain a
compound with good anti-cervical cancer activity (fluorine-
containing) and low hepatotoxicity (bromine-containing), a new
rhopaladins’ analog(E)-2-(4-bromobenzoyl)-N-(tert-butyl)-4-(4-
fluorobenzylidene) -5-oxo-1-propylpyrrolidine-2-carboxamide

(RPDPD for short) of 2-aroyl-4-arylidene-5-oxopyrrolidine
derivative was synthesized by a similar method (see Scheme 2).
We investigated the cytotoxic and apoptotic effects of compound
RPDPD on HeLa cell lines and preliminarily explored the
relationship between RPDPD and TIMP3/MMP3 signaling axis.

We used a one-pot Ugi 4CC/Sy cyclization method to synthesize
5-oxpyrrolidine -2-carboxamide. The advantages of this synthesis
method lie in mild reaction conditions, high yield, and easy
availability of raw materials. This new rhopaladins’ analog
RPDPD can inhibit the proliferation of the HeLa cell line.
Moreover, RPDPD induced HeLa cell apoptosis at -early
apoptosis. We believed that this synthesis method has potential
application prospects in the synthesis of natural products and their
analogs, and this compound RPDPD has an important application
value as a potential bioactive compound or pharmaceutical.

MATERIALS AND METHODS

The melting point was determined by the x-4 model apparatus
without correction. The Finnigan trace MS spectrometer was
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FIGURE 1 | Inhibitory effects of the compound RPDPD on HeLa cells. (A) Cell viability of HeLa cells treated with different concentrations of compound RPDPD for
24, 48, and 72 h. (B) Cell viability of normal hepatocyte LO2 cells treated with different concentrations of compound RPDPD for 48 h. (C) Cell viability of LO2 cells
incubated with different concentrations of cisplatin for 48 h. (D) Cell viability of Hel.a cells incubated with different concentrations of cisplatin for 48 h.

used to detect the compound structure. The infrared
absorption of KBr pellets in cm™" was recorded using a PE-
983 infrared spectrometer. A Varian mercury 600
spectrometer was used to record NMR in CDCIl;, which was
related to TMS. Elemental analysis was carried out on the
Vario-ELIII element analyzer.

The cervical carcinoma cell line HeLa was stemmed from
the Chinese Medicine Experiment Center, Affiliated
Dongfeng Hospital, Hubei University of Medicine, and
maintained in RPMI 1640 medium which contained FBS
(10%). The cells were grown in an incubator at 37°C with
5% CO, content.

One-Pot Synthesis of Rhopaladins’ Analog

RPDPD

First, 2-(bromomethyl)-3-phenyl-2-acrylic acid (0.26 g, 1 mmol)
was dissolved in methanol (5 ml), and n-propylamine was added
(0.06 g, 1 mmol) and was stirred at room temperature for 10 min.
Then, 4-bromophenylglyoxal (0.21g, 1mmol) and tertbutyl
thiocyanate (0.08 g, 1 mmol) were added. The reaction was
carried out at room temperature, and the pH value of the
reaction system was adjusted to 6 by Cs,CO; during the
stirring process. After stirring the reaction system for 12 h, the
mixture was cooled and filtered with a paper filter. The resulting

solid was recrystallized with ether to obtain rhopaladins’ analog
RPDPD.

CCK8 Assay

Seeded in a 96-well plate at a density of 2 x 10* cells/well, the
original medium was removed after the cells adhered the next
day, and the compound RPDPD (0pmol/L, 3.125pmol/L,
6.25umol/L, 12.5pmol/L, 25umol/L, 50 pmol/L, and
100 pmol/L) medium was added and cultured for 24, 48, and
72 h, respectively. With DMSO as the control group, cisplatin
treatment was used as a positive control, and normal hepatocytes
were used for cytotoxicity experiments, and CCK8 (TargetMol,
Shanghai, China) was incubated for 2h. Also, the plate was
evaluated in a luminescence microplate reader (BioTEK INC,
Biotek MQX200) at 450 nm wavelength. The optical density
(OD) values were obtained. The inhibition rate and ICs, of
each compound on different cells were calculated by GraphPad
Prism 8.0.1 software. Cell survival rate (%) = [(A (experimental
group)-A (blank)]/[(A (DMSO)-A (blank)]x 100%.

Apoptotic Assay

The effect of RPDPRH on apoptosis was performed using the
Annexin V-FITC/PI Apoptosis kit (MultiSciences, China)
following the manufacturer’s protocol. The cells were
digested, dispersed, and plated into 6-well plates with 2 x
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104 cells/well and treated with RPDPRH (0 umol/L, 6.25 pmol/
L, 12.5 umol/L, and 25 umol/L) at various concentrations for
48h. Upon completion of the treatment, the cells were
harvested and washed with cool phosphate buffered
solution (PBS, Gibco, United States) (0.01M, pH = 7.4) and
resuspended in 500 pl binding buffer. Annexin V-FITC (5 pl)
and PI (10 pl) were added to the cell suspension, and then the
suspension was incubated at room temperature away from
light for 5 min. The cells were analyzed using a flow cytometer
(Agilent NovoCyte, China) immediately, and the results of
apoptosis were analyzed by Flow J software (Zhu et al., 2020).
Set 3 has duplicate holes in each group.

qRT-PCR Assay

The HeLa cells were treated with the compound RPDPD
(0 pmol/L, 12.5 pmol/L, 25 pmol/L, and 50 umol/L) for 48 h.
The total RNA was extracted and reverse transcribed into
double-stranded ¢DNA according to the cell processing
manual. The amplification procedure for amplifying E6/E7
mRNA was as follows: pre-denaturation at 95°C for 1 min,
denaturation at 95°C for 15s, annealing at 55°C for 155, and
extension at 72°C for 45 s, a total of 40 cycles. 272" was used to

calculate the relative expression of genes. The primer sets were as
follows: E6 F: 5'-TTGCTTTTCGGGATTTATGC-3/, R:5'-

CAGGACACAGTGGCTTTTGA-3%; E7 F: 5'-GAACCGGAC
AGAGCCCATTA-3', R: 5-AGAACAGATGGGGCACAC
AAT-3. Set 3 has duplicate holes in each group.

Western Blot Assay

The cells were inoculated into 6-well plates at a cell density of 2 x
10*/well, and the supernatant medium was removed after the cells
adhered the next day, and 2ml of the compound RPDPD
(0 umol/L, 12.5 pmol/L, 25 pmol/L, and 50 umol/L) medium of
different concentrations were added to each well and incubated
for 48 h. The rabbit anti-TIMP3 antibody (1:1000, Abcam,
United Kingdom) and rabbit anti-MMP3 (1:1000, Abcam,
United Kingdom) were used for Western blotting. The gray
value of protein was analyzed using Image] software, and the
relative expression of the protein was calculated. Set 3 has
duplicate holes in each group.

Statistical Methods

The statistical software used was SPSS 22.0. The data were
expressed as mean + standard deviation (Mean + SD), and the
data were in line with normal distribution and were compared by
one-way ANOVA between groups, and further pairwise
comparisons were performed by LSD-t test. p < 0.05 indicated
that the difference was statistically significant.
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RESULTS AND DISCUSSION
Synthesis of the Compound RPDPD

We used a one-pot Ugi 4CC/Sy cyclization reaction to obtained
rhopaladins’ analog RPDPD, a white solid, with a yield of 0.42 g, 80%
in w/w. The spectral data of RPDPD are as follows. Mp: 197-198°C.
1H NMR (CDCI3, 600 MHz): § 7.73 (d, ] = 8.4 Hz, 2H, Ar-H), 7.61
(d,J=9.2 Hz, 2H, Ar-H), 7.40 (d, ] = 5.2 Hz, 2H, Ar-H), 7.36 (s, 1H,
=CH), 7.07 (d, ] = 9.2 Hz, 2H, Ar-H), 6.14 (s, 1H, NH), 3.76 (d, ] =
17.6 Hz, 1H, CH2a), 3.63-3.55 (m, 1H, NCH2a), 3.28 (d, ] = 17.6 Hz,
1H, CH2b), 3.18-3.12 (m, 1H, NCH2b), 1.72-1.51 (m, 2H, CH2),
1.35 (s, 9H, 3CH3), and 0.87 (t, ] = 7.2 Hz, 3H, CH3). 13C NMR
(CDCI3, 100 MHz): § 196.1, 169.7, 167.4, 159.4, 132.5, 132.1, 131.5,
130.7, 129.2, 126.1, 124.4, 116.0, 115.8, 74.7, 52.6, 46.1, 35.4, 28.3,
21.3,and 11.6. EI-MS m/z (%): 516 (M++2, 4), 514 (M+, 4), 414 (22),
332(53), 233 (55), and 183 (100). Anal. Calcd for C26H28BrFN203:
C, 60.59; H, 5.48; N, 5.44. Found: C, 60.45; H, 5.59; and N, 5.31.

In the experimental process, the reaction conditions were
mild, the yield was high, and the raw materials were easy to
obtain. The synthetic route of the new fluorine-containing
compound RPDPD is outlined in Scheme 2.

Inhibitory Effects of the Compound RPDPD

on HelLa Cell Viability

The antiproliferative effect of the compound RPDPD was
investigated by CCKS8 assay against the cervical carcinoma
HeLa tumor cell line. The result exhibited that the compound
RPDPD at a varying concentration could inhibit cell growth. We
can see that the rate of surviving cells decreased with the
increasing drug concentrations and also with time
(Figure 1A). The ICs, values of compound RPDPD on Hela
cells for 24, 48, and 72 h were 59.56 umol/L, 39.64 pmol/L, and
24.23 pmol/L, respectively, and the ICs, of cisplatin on HeLa cells
for 48 h was 17.36 pmol/L. The ICsq of compound RPDPD on
normal hepatocyte LO2 cells for 48 h was 235.6 umol/L, but the
ICs of cisplatin on normal hepatocyte LO2 cells for 48 h was just
21.32 ymol/L. The results showed that rhopaladins’ analog
RPDPD has good anti-cervical cancer activity and low
hepatotoxicity, and the inhibition of RPDPD on cell growth

Rhopaladins’ Analog RPDPD

was different with varying concentrations, ie., the higher the
concentration, the higher the inhibition rate of the cells. It can be
seen from the experimental result that the inhibitory effect of the
compound RPDPD on the growth of HeLa cells was exerted in
concentration-dependent and time-dependent manners.

Induction of Apoptosis in HeLa Cells

To determine the type of cell death by the compound RPDPD, it
was measured by FITC/PI double staining, which can give a
differential analysis of apoptosis cells. The results showed that the
survival rate of HeLa cells treated with ICsy of the compound
RPDPD was decreased after 48 h. After the cells were treated with
the compound RPDPD, the apoptosis rate of the cells was
increased. The FACS flow cytometry analysis showed that
HelLa cells were treated with the compound RPDPD at its ICs,
concentration for 48 h, and the percentage of apoptosis cells was
increased in a concentration-dependent manner (Figure 2).
There was an increase in percentage of annexin-V-positive
cells occurred indicating early apoptosis, and the apoptosis
was from 10.67% in control to 35.5% for the compound RPDPD.

Inhibition of E6 mMRNA and E7 mRNA

Expressions in HeLa Cells

E6/E7 are the main oncogenes of HPV and are involved in various
pathological processes in the occurrence and development of
cervical cancer. The expression levels of E6 mRNA and E7 mRNA
genes were analyzed by qRT-PCR. After RPDPD treatment of
HeLa cells for 48 h, the expression levels of E6 mRNA and E7
mRNA genes were significantly decreased in a concentration-
dependent manner (p < 0.05, Figure 3). The results showed that
RPDPD could regulate the expression level of E6/E7 in HeLa cells.

RPDPD Regulates the TIMP3/MMP3

Signaling Pathway in Cervical Cancer Cells
To further explore whether the effect of the compound RPDPD
on the proliferation, migration, and invasion of cervical cancer
cells is mediated by inhibiting TIMP3, the expression levels of
TIMP3 and MMP3 were analyzed by Western blot. The Western
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FIGURE 4 | Effect of RPDPRH on the expression levels of TIMP3 and MMP3 proteins. (A) Protein expression bands of TIMP3 and MMP3 proteins in HeLa cells. (B)
Relative protein profiles of TIMP3 and MMP3 proteins in Hela cells. Compared with the DMSO control group, *p < 0.05 and **p < 0.01 (x £, n = 3).

blot analysis showed that compared with the control group DMSO,
the expression of TIMP3 protein in HeLa cells treated with
125 pumol/L, 250 umol/L, and 50.0 umol/L RPDPD  was
significantly increased in a concentration-dependent manner after
the compound RPDPD intervention for 48 h. The expression was
significantly downregulated with the increase in drug concentration,
and the difference was statistically significant (p < 0.05, Figure 4).
The results indicated that TIMP3/MMP3 was involved in the tumor
suppressor effect of the compound on cervical cancer.

DISCUSSION AND CONCLUSION

We used a one-pot Ugi 4CC/Sy cyclization method to synthesize
Rhopaladins’ analog RPDPD which can inhibit proliferation and
promote apoptosis in HeLa cell lines. We performed an in vitro
cell assay for the first time to evaluate the anticancer effect of
testing a new compound on cervical cancer.

The integration of high-risk HPV into the DNA of cells and
long-term persistent infection are the main causes of cervical
cancer, of which HPV 16 is considered to be the main risk factor
for squamous cervical lesions and squamous cervical cancer
(Wang et al,, 2021). In our study, we selected high-risk HPV
16-positive HeLa cells for in vitro cell experiments. The results of
cell proliferation experiments showed that the compound
RPDPD could significantly inhibit the viability of cervical
cancer HeLa cells in a time- and dose-dependent manner.
However, the toxicity of the compound RPDPD to LO2 in
normal hepatocytes was weak. Our further study found that
RPDPD not only inhibited cell proliferation but also induced
cell apoptosis in a dose-dependent manner. These experimental
results suggest that this new fluorine-containing compound
RPDPD may have significant anti-cervical cancer effects.

The studies have shown that the oncogenic potential of high-risk
HPV 16 genotypes is determined by the E6 and E7 oncogenes. These
two viral oncogenes are often co-expressed in cervical cancer cells
and regulate the occurrence and maintenance of cervical cancer (Hu
et al, 2022). Their open reading frames are directly involved in
regulating the growth of cervical cancer cells, play a key role in the
proliferation of cervical cancer cells, and are closely related to the
apoptosis of cervical cancer cells (Wen et al., 2021; Zhang et al,,
2021). In this study, we found that RPDPD could inhibit the
expression of E6 mRNA and E7 mRNA, which further proved

that the anticancer effect of the compound RPDPD on cervical
cancer was closely related to the oncogenes E6 and E7.

The endogenous inhibitors of matrix metalloproteinases (MMPs)
play an important role in extracellular matrix (ECM) homeostasis
and are involved in tumorigenesis and development, angiogenesis,
apoptosis, and tumor metastasis (Deryugina and Quigley, 2006),
such as cervical cancer and breast cancer (Duffy et al., 2000; Xie et al.,
2016). MMPs are natural factor regulators of tissue inhibitors of
metalloproteinases (TIMPs). The studies have shown that TIMP3
can inhibit tumor proliferation and angiogenesis by inhibiting
MMP3 protein (Zhang et al, 2018; Sun et al, 2019). The study
showed that this study was the first to investigate the effect of
RPDPD on the TIMP3/MMP3 signaling axis after treatment of
HeLa cells. The results showed that the expression of TIMP3 protein
in cells was enhanced, and the expression of MMP3 protein in cells
was decreased. It is suggested that the anticancer effect of compound
RPDPD may also depend on the TIMP3/MMP3 signaling axis. We
demonstrate for the first time that RPDPD may alter cervical cancer
progression through TIMP3/MMP3.

In conclusion, our study confirmed that rhopaladins’ analog
RPDPD affects the proliferation and apoptosis of cervical cancer
cells, inhibits the expression of oncogenes E6 mRNA and E7
mRNA, and its anticancer activity may be related to the TIMP3/
MMP3 signaling axis. This study is only the first time to explore
its anticancer activity, and we will continue to conduct more in-
depth research on the mechanism of the compound RPDPD in
the future, so as to provide effective experimental data for the
development and application of the compound RPDPD in the
clinical treatment of cervical cancer.
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Coumarin and chalcone, two important kinds of natural product skeletons, both exhibit a-
glucosidase inhibitory activity. In this work, coumarin-chalcone derivatives 3 (a~v) were
synthesized, and their a-glucosidase inhibitory activity was screened. The results showed
that all synthetic derivatives (ICso: 24.09 + 2.36 to 125.26 + 1.18 pM) presented better a-
glucosidase inhibitory activity than the parent compounds 3-acetylcoumarin (ICsq: 1.5 x
10°uM) and the positive control acarbose (ICso: 259.90 + 1.06 uM). Among them,
compound 3t displayed the highest a-glucosidase inhibitory activity (ICsq: 24.09 =+
2.36 uM), which was approximately 10 times stronger than that of acarbose. The
kinetic assay of 3t (K, = 18.82 uM, Kis = 59.99 uM) revealed that these compounds
inhibited a-glucosidase in a mixed-type manner. Molecular docking was used to simulate
the interaction between a-glucosidase and compound 3t.

Keywords: coumarin, chalcone, a-glucosidase, enzyme inhibitor, docking

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disease characterized by hyperglycemia resulting
from insulin resistance and insufficient insulin secretion by pancreatic p-cells. One of the key reasons
for the hyperglycemia is the enzymatic hydrolysis of carbohydrates. a-Glucosidase (EC 3.2.1.20)
plays an important role in carbohydrate digestion, in which the oligosaccharides and disaccharides
from dietary carbohydrates are broken down into monosaccharides. The a-glucosidase inhibitors
suppress the absorption and assimilation of monosaccharides and delay the digestion of
carbohydrates (Cohen and Goedert, 2004; Proenca et al., 2017; Xu et al., 2019; Zhong et al,
2019). Some commercially available a-glucosidase inhibitors, including miglitol, voglibose, and
acarbose, have been used in the clinical treatment of T2DM, but they still show several adverse effects
(Chai et al., 2015; Khursheed et al., 2019; Rocha et al., 2019). In addition, a-glucosidase is closely
related to hepatitis, cancer, and Pompe disease (Kasturi et al., 2018; Gulcin et al., 2019). Therefore, it
is always beneficial in medicinal chemistry to develop potent a-glucosidase inhibitors.

Coumarin is an important natural product skeleton with various pharmacological properties;
among these, its anti-hyperglycemic activity is the focus of our research (Kontogiorgis et al., 2012;
Katsori and Litina, 2014; Adib et al, 2018). Previous studies have shown that natural products
containing the coumarin moiety and synthesized coumarin derivatives exhibit anti-hyperglycemic
activity through the inhibition of a-glucosidase (Adib et al., 2018). For instance, Wang et al. (2016)
reported on a series of coumarin-thiazoles with the highest a-glucosidase inhibitory activity (ICsq =
6.2 uM). Salar et al. (2016) developed 3-thiazolyl coumarins with the most potent a-glucosidase
inhibitory activity (ICsp = 0.12uM) (Salar et al, 2016)). Ibrar et al designed coumarinyl
iminothiazolidinones with the most effective inhibitory activity (ICso = 0.09 uM) (Ibrar et al,
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FIGURE 1 | a-glucosidase inhibitors containing coumarin.
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SCHEME 1 | The synthetic route to coumarin-chalcone derivatives 3
(a~v). Reagents and conditions: (A) ethyl acetoacetate, piperidine, ethanol,
65°C, 20 min (B) substituted aldehydes, piperidine, ethanol, reflux, 24 h.

2017). (Figure 1) Chalcone, an important sub-structure widely
existing in many natural products, has the ability to bind to a
variety of targets, resulting in many biological activities (Bak et al,
2011; Feng et al, 2014; Kang et al., 2018; Djemoui et al., 2020;
Rocha et al., 2020; Dorn et al., 2010).

In medicinal chemistry, the hybrid of pharmacophore and
skeleton is an effective strategy for obtaining active lead
compounds. Until now, many coumarin-chalcone derivatives had
been synthesized with many biological properties, such as antioxidant,
anti-cancer, antibacterial, and anti-inflammatory properties (Pingaew
et al.,, 2014; Seidel et al., 2014; Lee et al.,, 2018). However, there were
few reports on the application of a-glucosidase inhibitors. Therefore,
we synthesized coumarin-chalcone derivatives 3a~v and screened
their inhibitory activity against a-glucosidase.

RESULTS AND DISCUSSION
Chemistry

Coumarin-chalcone derivatives 3(a~v) were prepared according
to a well-known method (Roussel and Fraser, 1993; Vazquez-
Rodriguez et al., 2015; Shang et al., 2018; Wang et al., 2019). In the
presence of piperidine, salicylaldehyde 1) reacted with ethyl
acetoacetate to produce 3-acetylcoumarin (2). Then 3-
acetylcoumarin 2) and the substituted aldehydes underwent
the aldol condensation reaction under the catalysis of
piperidine to give coumarin-chalcone derivatives 3(a~v)
(Scheme 1). Compounds 3(a~v) had been reported previously
and the title compounds were characterized by "H NMR.

a-Glucosidase Inhibition Assay
Coumarin-chalcone derivatives 3(a~v) were screened for their
inhibitory activities against a-glucosidase using 4-nitrophenyl-a-

D-galactopyranoside (p-NPG) as a substrate and the results are
summarized in Table 1. The parent compounds 3-
acetylcoumarin only showed low inhibitory activity with ICs,
values of 1.5 x 10°. Interestingly, all synthetic derivatives showed
moderate to good inhibitory activity towards a-glucosidase with
ICs values ranging from 24.09 + 2.36 to 125.26 + 1.18 uM. The
results revealed that the inhibitory activities of synthetic
compounds were significantly enhanced by hybridizing the
two molecular skeletons. Furthermore, all the title compounds
presented higher inhibitory activity than that of the positive
control acarbose (ICsp: 259.90 *= 1.06 uM). Among them,
compounds 3j, 3q and 3t demonstrated the highest inhibitory
activity (ICso: 30.30 £ 2.53, 29.74 + 2.68, and 24.09 + 2.36 uM,
respectively): 10 times stronger than that of acarbose.

Structure Activity Relationships

The structure activity relationships (SARs) of compounds 3(a~v) was
analyzed based on their a-glucosidase inhibitory activities. Compound
3a (ICs: 125.26 + 1.18 uM) without any substituent was selected as
the template compound. It could be seen that the introduction of
various substituents resulted in an obvious change in inhibitory
activity. For compound 3b (ICsy: 9523 + 1.35uM) with a 4-
methyl group, its inhibitory activity slightly increased compared to
3a. For compounds 3(g~i) with the fluorine group, 3(I1~n) with the
trifluoromethyl group, 3(o~q) with the chlorine group, and 3(r~t)
with the bromine group, all presented stronger inhibitory activity than
compound 3a, indicating that electron-withdrawing groups such as
fluorine, trifluoromethyl, chlorine, and bromine could lead to an
increase in inhibitory activity. Among them, 3i with the 4-fluorine
group (ICsy: 35.68 + 0.28 uM), 3n with the 4-trifluoromethyl group
(ICsp: 53.58 + 1.95 uM), 3q with the 4-chlorine group (ICsq: 29.74 £
2.68 uM), and 3t with the 4-bromine group (ICsq: 24.09 + 2.36 M)
showed higher inhibitory activity than the 2- and 3-position groups.
For compounds 3j and 3k with difluoro groups, the introduction of
24-difluoro groups (3j, ICsp: 30.30 + 2.53) resulted in the stronger
inhibitory activities. While for compounds 3(c~e) with methoxy
group, the 2-position group (3¢, ICsy: 60.89 + 2.74) was better
than 3-position group and 4-position group.

Furthermore, the sequencing of inhibitory activity was identified:
3t (with 4-bromine group) > 3q (with 4-chlorine group) > 3i (with
4-fluorine group) > 3n (with 4-trifluoromethyl group), predicting
that stronger electron-withdrawing groups led to weaker inhibitory
activity as for the compounds with electron-withdrawing groups. In
addition, in the electron-withdrawing groups, inhibitory activity was
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TABLE 1 | a-Glucosidase inhibitory activities of compounds 3 (@a~v).

cor
0" "o

Compound R IC5o (UM)

3a @ 125.26 + 1.18

3c 60.89 + 2.74

O/

3e 105.18 + 1.98
~o

39 @ﬁ 48.36 + 1.42

F

3i /@X 35.68 + 0.28
F

3k 49.68 + 3.28
F

F
3m Q/\ 64.71 + 1.82
CF3
30 @fﬁ 59.68 + 1.73
Cl

3q /@A 29.74 + 2.68
Cl

3s ©/3 35.56 « 2.18

Br
3u N 109.23 + 2.69
<
3-Acetylcoumarin 1.5 x 105
Acarbose 259.90 = 1.06

related to the substituted position as follows: the inhibitory activity of
compounds with the withdrawing groups at para-position was
superior to that at meta-position, which is better than that at
ortho-position. The introduction of thiophene (3u) or indole (3v)
ring only slightly improved the inhibitory activity compared with
compound 3a.

Inhibitory Mechanism Analysis
Generally, according to the type of inhibition, enzyme inhibitors
can be divided into reversible inhibitors and irreversible

Compound R ICso (UM)
3b /@/ir 95.23 + 1.35
3d @/\ 96.39 + 1.37

O\
3f 75.53 + 0.98
s
3h @A 45,68 + 1.28
F
3j /@\)i 30.30 + 2.53
F F
al @iL 7152 £ 2.14
CF,
3n /@/E 53.58 + 1.95
F3C
3p Q/X 52.62 + 2.45
Cl
3r d 38.56 + 1.87
Br
3t /©/1 24.09 + 2.36
Br
3v = 103.31 + 1.45

4
I

inhibitors (Abuelizz et al., 2019). In order to obtain the
principle of the combination of enzyme inhibitors and
enzymes, it is necessary to study the interaction between
enzyme inhibitors and enzymes. Compounds 3j, 3q and 3t
with strongest inhibitory activity were chosen for the research
of inhibition kinetics against a-glucosidase (the inhibitory
mechanism analysis of compound 3t was shown in Figure 2
and figures for the inhibitory mechanism analysis of compounds
3j and 3q have been shown in the supporting information). A
series of plots of enzymatic reaction rate (v) vs. a-glucosidase
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FIGURE 2 | Inhibition mechanism determination of compounds 3t on a-
glucosidase.

concentration in the presence of inhibitors were generated to
identify the type of inhibition that is listed in Figure 1. The
presence of 3j, 3q and 3t did not change the number of enzymes

Coumarin-Chalcone Derivatives as a-Glucosidase Inhibitors

TABLE 2 | Type of inhibition mechanism, as well as K and Kis values of
compounds 3j, 3q and 3t.

Compound Inhibition mechanism K, (uM) Kis (M)
3j Mixed type 19.53 25.94
3q Mixed type 16.13 20.34
3t Mixed type 11.02 20.71

but reduced the enzyme activity, which indicated that their
inhibition mechanisms on a-glucosidase were reversible.

The inhibit type of inhibitors on a-glucosidase include four
types, named competitive inhibition, non-competitive
inhibition, mixed inhibition, and anti-competitive inhibition
(Abuelizz et al., 2019). The inhibition modes of compounds 3j,
3q and 3t against a-glucosidase were investigated using
Lineweaver-Burk double reciprocal plot. As shown in
Figure 3, the straight lines of 1/v vs. 1/(S) in the presence
of compounds 3j, 3q and 3t intersected at a point in the second
quadrant respectively, illustrating that the inhibit type of 3j, 3q
and 3t was mixed-type inhibition. Subsequently, the K; values
and Kjg values of 3j, 3q and 3t were calculated based on the
slope or intercept vs. PNPG concentration and summarized in
Table 2. The higher K;s values compared to K; values indicated

1/[S)(mM)"’

FIGURE 3 | Lineweaver-Burk plots of compounds 3t on a-glucosidase (A). Plot of slope vs. the concentration of compounds for the calculation of the inhibition

m 0uM
A = 20pM |40
= 25puM
m 30uM
5
£
Q54
o
2
2
B
2
C .
3t
(0]
Q.
9o
»
14
0 15 30
[1(uM)
constant K; (B). Plot of intercept vs. the concentration of compounds for the determination of the inhibition constant Kis (C).

Intercept

0 memy

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 926543


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Hu et al.

Coumarin-Chalcone Derivatives as a-Glucosidase Inhibitors

glucosidase (G).

FIGURE 4 | Molecular docking of compounds 3d, 3f and 3i with a-glucosidase. (A) Compound 3q in the active pocket (B); Compound 3t in the active pocket (C);
compounds 3j, 3q and 3t in the active pocket of a-glucosidase (D); 2D view of 3j with a-glucosidase (E); 2D view of 3q with a-glucosidase (F); 2D view of 3t with a-

PRO-112 PRO-312

that the affinity of compounds 3j, 3q and 3t with free enzyme
was higher than that with enzyme-substrate complex.

Molecular Docking Simulation

To better understand the inhibition mechanism of compounds
3j, 3q and 3t, the binding modes of a-glucosidase with 3j, 3q
and 3t were simulated using Sybyl 2.1.1 (United States) and
Pymol software. The crystal structure of Saccharomyces
cerevisiae isomaltase (PDB: 3AJ7) with 72.4% of sequence
identity with a-glucosidase was chosen as the target protein
(Wang et al.,, 2017; Asgari et al., 2019; Morocho et al., 2019;
Salar etal., 2016). As can be seen in Figures 4A-D, compounds
3j, 3q and 3t had the similar interaction with the active pocket
of a-glucosidase.. Figures 4E-G show that the carbonyl group
of coumarin of 3j, 3q and 3t all formed two hydrogen bonds
with Thr310 and Arg315, respectively. Compounds 3j, 3q and
3t all made an n-m interaction with Phe303; and all established
hydrophobic interactions with Pro310, Asp307, Asp352,
Gln353, and Asn350.

CONCLUSION

In summary, the a-glucosidase inhibitory activity of
coumarin-chalcone derivatives 3(a~v) was evaluated. The
results showed that all compounds presented outstanding a-
glucosidase inhibitory activities (ICsq: 24.09 + 2.36 to 125.26 +
1.18 uM) than the positive control acarbose and parent
compounds 3-acetylcoumarin and benzaldehyde.
Compounds 3j, 3q, 3t displayed the highest a-glucosidase
inhibitory activity (ICsq: 30.30 + 2.53, 29.74 + 2.68, 24.09 +

2.36uM, respectively), which was approximately 10 times
stronger than acarbose. Inhibition mechanism results
revealed that these compounds inhibited a-glucosidase in a
mixed-type manner. Molecular docking verified the
interactions of a-glucosidase with compounds 3j, 3q, and 3t.

EXPERIMENT

Chemicals and Instruments

Ethyl acetoacetate, salicylaldehyde and absolute ethanol were
analytical pure grade and purchased from Aladdin (Shanghai)
Reagent Co., Ltd. Piperidine; glacial acetic acid, petroleum ether
and ethyl acetate were supplied by Titan (Shanghai) Technology
Co., Ltd; a-Glucosidase from Saccharomyces cerevisiae (EC
3.2.1.20), 4-nitrophenyl-a-D-galactopyranoside (p-NPG), and
Dimethyl sulfoxide (DMSO) were supported by Sigma-Aldrich
(United States) Chemical Co., Ltd. Melting points were tested on
a micro melting-point instrument. '"H NMR spectra were
measured (CDCl;) by Bruker DPX-500 MHz AVANCE with
TMS as an internal standard. Mass spectroscopy was
performed on a (LCQTM). The absorbance was recorded by a
micro-plate reader.

Synthesis of 3-Acetylcoumarin

To a solution of Salicylaldehyde 1 (1.0 mmol) in ethanol
(10 ml), ethyl acetoacetate (1.0 mmol) and piperidine
(1.0 mmol) were added and the mixture was stirred at 65°C
for 20 min. When the reaction was judged to be complete by
TLC, the crude product was obtained by filtration, followed by
washing with petroleum ether to produce 3-acetylcoumarin 2.
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Yellow solid; yield 72.3%; 'H NMR (500 MHz, Chloroform-d)
8 854 (s, 'H), 7.70-7.66 (m, 2H), 7.42-7.36 (m, 2H)
2.76 (s, 3H).

Synthesis of Coumarin-Chalcone

Derivatives 3(a~v)

To a solution of 3-acetylcoumarin 2 (1.0 mmol) in ethanol
(10ml) substituted aromatic aldehydes (1.0 mmol) and
piperidine (1.0 mmol) were added, and then the mixture was
refluxed for 24 h. The crude product was obtained by filtration,
and subsequently by recrystallization by ethanol to give the title
compounds 3(a~v).

(E)-3-cinnamoyl-2H-chromen-2-one (3a). Yellow solid; yield
51.7%; 'H NMR (500 MHz, Chloroform-d) & 8.60 (s, 'H), 7.92
(dd, J = 40, 20 Hz, 2H), 7.71-7.65 (m, 4H), 7.44-7.39 (m, 4H),
7.35 (t, ] = 8, 7.5 Hz, 'H).

(E)-3-[3-(p-tolyl) acryloyl]-2H-chromen-2-one (3b). Yellow
solid; yield 45.9%; 'H NMR (500 MHz, Chloroform-d) & 8.58 (s,
lH), 7.84 (dd, J = 20, 15 Hz, 2H), 7.69-7.62 (m, 4H), 7.39 (d, ] =
5Hz, 'H), 7.35 (td, ] = 7.5, 1 Hz, 'H), 6.93 (dt, ] = 10, 3 Hz, 2H),
3.85 (s, 3H).

(E)-3-[3-(2-methoxyphenyl) acryloyl]-2H-chromen-2-one
(3¢c). Yellow solid; yield 37.7%; 'H NMR (500 MHz,
Chloroform-d) & 8.56 (s, 'H), 8.22 (d, J = 15 Hz, 'H), 7.98 (d,
J=15Hz, 'H), 7.73-7.62 (m, 3H), 7.42-7.32 (m, 3H), 6.99 (t, ] =
10, 10 Hz, 1H), 6.93 (d, ] = 10 Hz, IH), 3.92 (s, 3H).

(E)-3-[3-(3-methoxyphenyl) acryloyl]-2H-chromen-2-one
(3d). yellow solid; yield 42.1%; 'H NMR (500 MHz,
Chloroform-d) 8 859 (s, 'H), 7.93 (d, ] = 20Hz, 'H),
7.71-7.65 (m, 2H), 7.41 (d, J = 5Hz, 'H), 7.39-7.31 (m, 2H),
7.28 (d, J = 10 Hz, 'H), 7.19 (t, ] = 5, 2 Hz, 'H), 6.97 (ddd, ] = 8,
2.5, 1 Hz, 'H), 3.86 (s, 3H).

(E)-3-[3-(4-methoxyphenyl) acryloyl]-2H-chromen-2-one
(3e). Yellow solid; Yield 49.7%; 'H NMR (500 MHz,
Chloroform-d) & 8.58 (s, 'H), 7.88 (dd, J = 30, 15Hz, 2H),
7.69-7.64 (m, 2H), 7.58 (d, J = 10 Hz, 2H), 7.40 (d, J = 10 Hz,
'H),7.35 (t,] = 10, 5 Hz, 'H), 7.22 (d, J = 10 Hz, 2H), 2.39 (s, 3H).

(E)-3-{3-[4-(methylthio)phenyl] acryloyl}-2H-chromen-2-
one (3f). Yellow solid; yield 55.2%; 'H NMR (500 MHz,
Chloroform-d) 8 8.59 (s, 'H), 7.87 (dd, J = 40, 20 Hz, 2H),
7.70-7.64 (m, 2H), 7.61-7.57 (m, 2H), 7.40 (d, ] = 10 Hz, 1H),
7.35 (td, J = 10, 1.5 Hz, 'H), 7.24 (d, ] = 10 Hz, 2H), 2.52 (s, 3H).

(E)-3-[3-(2-fluorophenyl) acryloyl]-2H-chromen-2-one
(3g). Yellow solid; yield 45.0%; 'H NMR (500 MHz,
Chloroform-d) & 8.60 (s, 'H), 8.01 (dd, J = 30, 15Hz, 2H),
7.74 (t, ] = 10, 10 Hz, 'H), 7.71-7.65 (m, 2H), 7.42-7.34 (m,
3H), 7.19 (t, J = 10, 10 Hz, 'H), 7.12 (t, ] = 10, 10 Hz, 'H).

(E)-3-[3-(3-fluorophenyl) acryloyl]-2H-chromen-2-one
(3h). Yellow solid; yield 35.3%; 'H NMR (500 MHz,
Chloroform-d) 8 8.61 (s, 'H), 7.95 (d, J = 20 Hz, 'H), 7.81 (d,
J =15 Hz, 'H), 7.71-7.66 (m, 2H), 7.45-7.36 (m, 5H), 7.19 (tdd,
J = 82,26, 1Hz, 'H).

(E)-3-[3-(4-fluorophenyl) acryloyl]-2H-chromen-2-one (3i).
Yellow solid; yield 44.9%; 'H NMR (500 MHz, Chloroform-d) &
8.61 (s, 'H), 7.90 (d, ] = 20 Hz, 'H), 7.84 (d, ] = 20 Hz, 'H),

Coumarin-Chalcone Derivatives as a-Glucosidase Inhibitors

7.71-7.65 (m, 4H), 7.41 (d, J = 10 Hz, 'H), 7.37 (td, J = 8.1, 0.4 Hz,
'H), 7.14-7.08 (m, 2H).

(E)-3-[3-(2,4-difluorophenyl) acryloyl]-2H-chromen-2-one
(3j). Yellow solid; vyield 44.7%; 'H NMR (500 MHz,
Chloroform-d) & 8.61 (s, 'H), 796 (d, J = 15Hz, 2H),
7.78-7.71 (m, 'H), 7.71-7.65 (m, 2H), 7.41 (d, J = 10 Hz, 'H),
7.39-7.35 (m, 'H), 6.98-6.92 (m, 'H), 6.91-6.84 (m, 'H).

(E)-3-[3-(3,4-difluorophenyl) acryloyl]-2H-chromen-2-one
(3k). Yellow solid; yield 37.3%; 'H NMR (500 MHz,
Chloroform-d) & 8.64 (s, 'H), 7.91 (d, ] = 15 Hz, 'H), 7.78 (d,
J = 15Hz, 'H), 7.70 (dd, J = 10, 5 Hz, 'H), 7.56-7.50 (m, 'H),
7.45-7.38 (m, 4H), 7.23 (dt, J = 10, 10 Hz, 'H).

(E)-3-{3-[2-(trifluoromethyl) phenyl]acryloyl}-2H-
chromen-2-one (31). Yellow solid; yield 39.8%; 'H NMR
(500 MHz, Chloroform-d) & 8.63 (s, 'H), 7.94 (dd, J = 10,
5Hz, 2H), 7.74-758 (m, 4H), 7.53-7.48 (m, 'H),
7.45-7.34 (m, 3H).

(E)-3-{3-[3-(trifluoromethyl) phenyl]acryloyl}-2H-
chromen-2-one (3m). Yellow solid; yield 39.9%; 'H NMR
(500 MHz, Chloroform-d) & 8.62 (s, 'H), 7.86 (dd, J = 10,
5Hz, 3H), 7.71-7.65 (m, 3H), 7.57-7.53 (m, 'H),
7.44-7.34 (m, 3H).

(E)-3-{3-[4-(trifluoromethyl) phenyl]acryloyl}-2H-
chromen-2-one (3n). Yellow solid; yield 41.4%; 'H NMR
(500 MHz, Chloroform-d) & 8.63 (s, 'H), 7.86 (d, J = 15 Hz,
'H), 778 (d, J = 10Hz, 2H), 7.72-7.65 (m, 3H),
7.44-7.36 (m, 3H).

(E)-3-[3-(2-chlorophenyl) acryloyl]-2H-chromen-2-one
(30). Yellow solid; yield 51.2%; 'H NMR (500 MHz,
Chloroform-d) & 8.61 (s, 'H), 8.03 (d, ] = 15 Hz, 'H), 7.79 (d,
J = 15Hz, 'H), 7.70-7.66 (m, 3H), 7.58 (d, ] = 10 Hz, 'H),
7.46-7.35 (m, 4H).

(E)-3-[3-(3-chlorophenyl) acryloyl]-2H-chromen-2-one
(3p). Yellow solid; yield 36.4%; 'H NMR (500 MHz,
Chloroform-d) 8 8.61 (s, 'H), 7.95 (d, J = 15Hz, 'H), 7.78 (d,
J = 15Hz, 'H), 7.71-7.64 (m, 3H), 7.55 (d, ] = 10 Hz, 'H),
7.43-7.34 (m, 4H).

(E)-3-[3-(4-chlorophenyl)acryloyl]-2H-chromen-2-one (3q).
Yellow solid; yield 45.2%; 'H NMR (500 MHz, Chloroform-
d) 68.61 (s, 'H), 7.93 (d, ] = 15 Hz, 'H), 7.81 (d, ] = 15 Hz, 'H),
7.70-7.65 (m, 2H), 7.63 (dt, J = 8.5, 2.5 Hz, 2H),
7.42-7.34 (m, 4H).

(E)-3-[3-(2-bromophenyl)acryloyl]-2H-chromen-2-one (3r).
Yellow solid; yield 40.8%; 'H NMR (500 MHz, Chloroform-d) &
8.62 (s, "H),8.24 (d,J = 15 Hz, 'H), 7.90 (d, ] = 15 Hz, 'H), 7.83 (dd,
J = 10, 5 Hz, 'H), 7.72-7.66 (m, 2H), 7.63 (dd, ] = 10, 5 Hz, 'H),
741 (d, J = 10 Hz, 1H), 7.39-7.34 (m, 2H), 7.28-7.22 (m, lH).

(E)-3-[3-(3-bromophenyl)acryloyl]-2H-chromen-2-one (3s).
Yellow solid; yield 41.8%;'H NMR (500 MHz, Chloroform-d) 8
8.61 (s, 'H), 7.94 (d, ] = 15 Hz, 'H), 7.82-7.75 (m, 2H), 7.70-7.65
(m, 2H), 7.59 (d, ] = 10 Hz, 'H), 7.53 (ddd, ] = 3, 1.5, 1 Hz, 'H),
7.43-7.35 (m, 2H), 7.29 (t, J = 10, 10 Hz, 'H).

(E)-3-[3-(4-bromophenyl)acryloyl]-2H-chromen-2-one (3t).
Yellow solid; yield 44.5%; '"H NMR (500 MHz, Chloroform-d) &
861 (s, 'H), 7.95 (d, ] = 15Hz, 'H), 7.79 (d, ] = 15Hz, 'H),
7.70-7.65 (m, 2H), 7.54 (s, 4H), 7.41 (d, = 10 Hz, 1H), 7.36 (td, J =
5, 1 Hz, 'H).
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(E)-3-[3-(thiophen-2-yl)acryloyl]-2H-chromen-2-one (3u).
Yellow solid; yield 40.7%; 'H NMR (500 MHz, DMSO-d;) &
12.00 (s, 'H), 8.68 (s, 'H), 8.01 (d, J = 15 Hz, 'H), 8.10-8.04
(m, 2H), 7.98 (td, J = 10, 3.5 Hz, 2H), 7.78-7.73 (m, 'H), 7.69 (d,
J = 15 Hz, 'H), 7.54-7.49 (m, 2H), 7.44 (td, ] = 10, 1.5 Hz, 'H),
7.30-7.22 (m, 2H).

(E)-3-[3-(*H-indol-2-yl)acryloyl]-2H-chromen-2-one  (3v).
Yellow solid; yield 51.7%; '"H NMR (500 MHz, Chloroform-d)
4 8.60 (s, IH), 7.92 (dd, J = 40, 20 Hz, 2H), 7.71-7.65 (m, 4H),
7.44-7.39 (m, 4H), 7.35 (t, J = 8, 7.5 Hz, 'H).

a-Glucosidase Inhibition and Kinetics

Mechanism Analysis Assay

The a-glucosidase inhibitory activity assay of coumarin-chalcone
derivatives 3 (a~v) was conducted using p-NPG as a substrate.
(Pogaku et al., 2019; Saeedi et al., 2019; Xu et al., 2019). 10 pl of the
test compound and 10 pl of the enzyme (final concentration 0.1 U/
ml) were added to 130 pl of PBS (0.1 M phosphate, pH 6.8), and
incubated at 37°C for 10 min. Then p-NPG (final concentration
0.25 mM) was added and the absorbance change was measured by a
micro-plate reader at 405 nm. All experiments were assayed four
times. The percentage of inhibition was obtained using the formula:
Inhibition (%) = [(OD, - OD,)/ODg] x 100%, where OD, and OD,
represent the absorbance value of the experimental group and the
blank group respectively. Acarbose as a positive sample was also
tested. The ICsy value of each compound was obtained from the
fitting curve of inhibition vs. compound concentration.

The type of inhibition was identified by the plots of enzymatic
reaction rate (V) vs. a-glucosidase concentration. The test
method was similar to the above enzyme activity assay. In the
presence of different concentrations of compounds 3j, 3q and 3t,
respectively (0, 25, 30, and 40 pM), the absorbance change was
detected under different concentrations of a-glucosidase (0.075,
0.1, 0.125, and 0.15 U/mL).

The inhibition mode was also detected using a similar method
to that described above. In the presence of different concentrations
of compounds 3j, 3q and 3t, respectively (0, 25, 30 and 40 uM), the
absorbance change was measured under different concentrations
of p-NPG (0.25, 0.5, 0.75, 1 mM). The inhibition mode of the
inhibitor was obtianed using Lineweaver-Burk plots. The constant
K; was obtained by secondary plots of the derivatives concentration
(I) vs. Slope, constant K;s was obtained by secondary plots of the
derivatives concentration (I) vs. Intercept.

Molecular Docking

The molecular docking of a-glucosidase with compounds 3d,
3f, and 3i was simulated with Sybyl 2.1.1 (United States) and
Pymol software. First, compounds 3d, 3f, and 3i were prepared
by energy minimization with the Tripos force field by the
Powell gradient algorithm with Gasteiger-Hiickel charges. The
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a-Glucosidase is a potent drug target for treating type Il diabetes mellitus. A great number
of a-glucosidase inhibitors have been developed based on the molecular skeletons of
bioactive natural products. However, efficient fluorescent probes for a-glucosidase
detection are still limited, not to mention the probes with additional inhibitory functions.
In this work, aiming for the enzyme’s highly specific detection, we designed and
synthesized two environmentally sensitive fluorescent probes, namely, LDO1 and LDO02,
respectively, based on conjugates of coumarin and cinnamic acid derivatives. We found a
significant responsive emission enhancement upon LD02’s binding to a-glucosidase.
These newly designed probes can act as a simple but efficient tool to evaluate the binding
affinity of a-glucosidase to their inhibitors.

Keywords: a-glucosidase, fluorescent probe, responsive probe, coumarin, environmentally sensitive dyes, cinnamic
acid

INTRODUCTION

Diabetes mellitus (DM) can be categorized into three types (type I, type II, and gestational diabetes),
with type II DM accounting for ninety percent of the total number of patients (Chen et al., 2015).
Pathological features of type II DM are characterized by hyperglycemia arising from various causes
such as a relative deficiency of insulin secretion, insulin resistance, or other malfunctioning factors on
carbohydrate metabolism (Teng and Chen, 2017). Long-term high blood glucose levels in human
bodies can lead to various complications, such as kidney disease, cataract, and vascular diseases
(Prattichizzo et al., 2019). a-Glucosidase is a membrane-bound enzyme in small intestinal epithelial
cells, playing a pivotal role in the digestion of carbohydrates by direct participation in the metabolic
pathway of glycogen and starch (Tang et al., 2017). Biochemically, in the last step of glycolysis, it can
breakdown the a-1,4 glycosidic bonds from the non-reducing saccharide chains’ end, hydrolyzing
the long oligosaccharide chains into single glucose. Then the digested glucose can be absorbed by the
small intestine and transported to the blood. When this physiological process overacts due to
excessive ingestion of carbohydrates, hyperglycemia occurs, leading to the development of DM (Guo
et al., 2021).

Because of the biological and pharmacological importance of a-glucosidase, a great number of
natural products and synthetic compounds were developed for a-glucosidase-targeting inhibition
(Liu and Ma, 2017; Dhameja and Gupta, 2019; Gutiérrez-Gonzalez et al., 2021; Trang et al., 2021).
However, efficient probes targeting a-glucosidase and the corresponding detection methods are still
very rare. Up to now, only limited examples were reported in recent years about a-glucosidase’s
molecular detection (Zhang et al., 2015; Ao et al., 2017; Kong et al., 2017; Li et al., 2018; Cheng et al.,
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Responsive Fluorescent Probes for a-Glucosidase

The sythesis of designed molecule probes:
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SCHEME 1 | Synthetic route of LDO1 and LDO2.
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FIGURE 1 | Absorption (A) and emission (B) spectra of LDO1 (\ex = 410 nm) and LD02 (Aex = 365 nm) in PBS buffer (10 mM, pH = 7.4).

2019), which are all focused on the catalytic function of a-
glucosidase. Because this type of technical system involved
multiple steps in the sensing protocol, the quantitative
detection of a-glucosidase cannot be satisfactorily acquired.

Environmentally sensitive fluorescent probes are widely used
for protein detection and imaging, whose responsive emissions
are highly sensitive to the microenvironmental properties, such as
polarity, pH, or viscosity of the surrounding medium where the
dyes are located (Shvadchak et al., 2017; Dong et al., 2020; Zhou
et al., 2020). Intramolecular charge transfer (ICT)-based donor-
n-acceptor dyes were found to exhibit strong emission in non-
polar environments but fail to do so in highly polar solvents (Dai
etal,, 2020; Pal. et al., 2020). Theoretically, the binding pocket of a
specific target protein for such fluorescent probes may be more
hydrophobic than that in aqueous solutions.

Coumarin and cinnamic acid are two types of typical natural
products widely distributed in nature, harboring typical useful
motifs in medicinal chemistry (Gaudino et al, 2016;
Adisakwattana, 2017; Annunziata et al., 2020; Ruwizhi and
Aderibigbe, 2020). Recently, Xu et al. reported that the
conjugates of coumarin and cinnamic acid derivatives are
potent inhibitors against a-glucosidase (Xu et al,, 2019). In this
work, we designed and synthesized two fluorescent conjugates of
dialkyl-substituted coumarin and cinnamic acid, LDO1 and LDO02,
featuring donor-m-acceptor structures as two environmentally
sensitive probes for a-glucosidase-targeting detection. We
hypothesized the binding pocket inside a-glucosidase may
provide a relatively non-polar environment for the fluorescent
probes so that intense fluorescence emission will be activated when

bound to a-glucosidase. Comprehensive photophysical studies and
enzyme inhibitory assays demonstrated newly designed fluorescent
probe LDO02 can act as a fluorescent indicator for a-glucosidase,
which can also serve as a potential tool for evaluating the binding
affinity between a-glucosidase and its inhibitors.

EXPERIMENTAL

Instruments and Reagents

All chemicals and solvents were obtained from commercial
suppliers without further purification. a-Glucosidase from
Saccharomyces cerevisiae (EC 3.2.1.20) was purchased from
Sigma-Aldrich. p-Nitrophenyl-a-D-galactopyranoside
(PNPG) was obtained from Abcam. Nuclear magnetic
resonance (NMR) spectra of new compounds were recorded
in DMSO-d using a Bruker Advance 500 MHz spectrometer.
High-resolution mass spectrometry (HRMS) was measured on
a Thermo Fisher Scientific Q Exactive Orbitrap mass
spectrometer. UV-Vis absorption spectra were measured
using an Hitachi 3,900 absorption spectrophotometer
(Tokyo, Japan). Fluorescence spectra were recorded using
an Edinburgh FLS1000 fluorescence spectrophotometer
(Edinburgh, UK).

Synthesis of LD01 and LD02

The substituted 3-acetyl-aminocoumarin derivatives (1.0 mmol)
were added to a solution of hydroxylamine hydrochloride
(3.0 mmol) and pyridine (0.04 mmol) in ethanol (10.0 ml), and
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FIGURE 2 | Fluorescence spectra of LDO1 (Aex = 410 nm) and LDO2 (Aex =
365 nm) in different solvents (A, B) and in mixed solvents of dioxane and water
(E, F). Scatterplots of the most intense fluorescence emission by LDO1 (C, G)
and LDO2 (D, H) in (A, B, E, and F), respectively.

the mixture was stirred for 20 h at room temperature. When
the reaction ended, the mixture was filtered to obtain
precipitate which was then washed with ethanol to generate
the substituted coumarin-based oxime product. DCC
(1.1 mmol) and DMAP (0.2 mmol) were added to the
solution of the substituted cinnamic acid at 0°C, and the
mixture was stirred for 15 min; subsequently, the coumarin-
based oxime compounds were added into the mixture and
thoroughly stirred for another 12 h at room temperature. The
mixture was quenched with water and extracted three times
with DCM, washed with brine, and dried with magnesium
sulfate. The crude product could be obtained under vacuum,
and then purified by column chromatography to give the title
product.

Compound LDO1. Orange, sold; yield 70%; m.p. 196-198°C;
'H NMR (500 MHz, DMSO-d,) & 7.86 (s, 1H), 7.64 (d, ] =
8.6 Hz, 2H), 7.60 - 7.57 (m, 3H), 7.49 (d, ] = 8.8 Hz, 1H), 6.69
(dd, J = 8.9, 2.5 Hz, 1H), 6.56 (d, ] = 16.0 Hz, 1H), 6.52 (d, ] =
2.6 Hz, 1H), 3.42 (q, ] = 7.0 Hz, 4H), 2.05 (s, 3H), 111 (t, ] =

Responsive Fluorescent Probes for a-Glucosidase

7.0 Hz, 6H);13C NMR (126 MHz, DMSO-dg) 6 167.89, 160.51,
156.73, 152.69, 151.18, 143.08, 141.91, 133.99, 132.31, 130.61,
130.44, 123.99, 120.58, 117.64, 109.66, 108.03, 96.61, 44.57,
14.10, 12.77; HRMS (+ESI) [M + H]' calced. For
C24H23BI'N204Z 483.0930; found: 483.0967.

Compound LD02. Yellow, sold; yield 65%; m.p. 167-168°C; 'H
NMR (500 MHz, DMSO-dg) 6 8.63 (s, 1H), 7.93 (dd, ] = 7.8, 1.6
Hz, 1H), 7.73 (ddd, ] = 8.7, 7.3, 1.7 Hz, 1H), 7.46 (dt, ] = 10.6, 6.8
Hz,4H),7.40 (td,] = 7.6, 1.1 Hz, 1H), 6.67 (d, ] = 8.9 Hz, 2H), 6.20
(d, J = 159 Hz, 1H), 2.95 (s, 6H), 2.58 (s, 3H); ’C NMR
(126 MHz, DMSO-d,) § 195.51, 168.67, 158.90, 155.06, 152.02,
147.52, 145.12, 134.92, 131.24, 130.16, 125.37, 124.81, 121.99,
118.61, 116.56, 113.35, 112.20, 40.14, 30.52; HRMS (+ESI) [M +
H]" caled. For C,,H,oN,0,: 377.1509; found: 377.1533.

Photophysical Properties’ Measurements
All solvents used for spectroscopic studies are spectrum pure
grade. The stock solution of each sample was prepared in DMSO
(1 mM), and the working solution was obtained by diluting 30 uL
of stock solutions into 3 ml of PBS buffer (10 mM, pH = 7.4) or
other solvents in a quartz cuvette (1 cm x 1 cm). The absorption
and emission spectra were measured at room temperature. The
widths of the slits for both excitation and emission were 2 nm for
all experiments.

pH-Dependent Emission

The emission spectra of the probes in PBS buffer (pH from 3.0 to
8.0) were determined at room temperature. The pKa value was
calculated using the Henderson-Hosslbalch equation (Finikova
et al., 2003):

pH = pKa + lg(ﬂ)
[HA]

Fluorescence Titration of The Probes With

a-Glucosidase

a-Glucosidase protein was titrated to the solution of the testing
probe (LDO1 or LD02) (10 uM), and the fluorescence emission
spectra were recorded from 380 to 700 nm under excitation of
365 nm. The binding constants of Ka were obtained from a
double logarithm regression curve (Wei et al., 2010):

1g[(I-1Io)/Io] = 1gKa + n1g[G],

where I and I, are the current and initial fluorescence intensity,
respectively, K, is the binding constant, n is the number of
binding sites for each a-glucosidase, and [G] is the total
concentration of the a-glucosidase protein.

Fluorescence Competitive Binding Assay

The binding complexes of a-glucosidase with LDO02 were
prepared by adding a-glucosidase (final concentration =
3.5 uM) to the solution of LD02 (10 pM) in 10 mM PBS bulffer
(pH = 7.4). The dissociation constant of a competitor to a-
glucosidase can be determined by titrating it against binding
complexes of a-glucosidase with LD02, and can be calculated
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according to the Cheng-Prusoff equation (Cheng and Prusoff,
1973).

a-Glucosidase Inhibition Efficiency Test of

LDO1 and LDO2
The inhibition efficiency of LD0O1 and LD02 were determined
according to the procedures Xu et al. reported previously (Xu

et al,, 2019). Stock solutions of testing compounds were prepared
in DMSO. Enzyme solution of a-glucosidase (2 U/mL) was prepared
in 0.1M PBS buffer. Nitrophenol-a-D-glucoside (PNPG) was
dissolved in 0.1 M PBS buffer (pH 6.8) to obtain the substrate
solution (4 mM). In total, 10 pL of a-glucosidase (final concentration
0.1 U/mL), 130 uL of PBS buffer, and 10 pL of the sample solution
were added into 96-well plates in succession and incubated at 37°C
for 10min. Then 50uL of substrate solution (PNPG final
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concentration 1 mmol/L) was added, followed by incubation at 37°C
for another 30 min. The enzymatic activity was quantified by
measuring the absorbance of the reaction mixture at 405 nm
using a multimodel reader. The inhibition rate was calculated
using the following equation:

Inhibition rate (%) = [(A; — Ag)/Ao] x 100%,

where A; and A, are the absorbance values of testing samples and
blank control, respectively. The ICs, value was obtained from a plot

of the inhibition rate versus the sample concentration curve. The
assays were carried out in triplicate and the mean values were given.

RESULT AND DISCUSSION

Synthesis and Characterization of LDO1 and
LDO02

LDO01 and LDO02 could be obtained through a two-step synthesis
as shown in Scheme 1. In brief, substituted 3-acetylcoumarin
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derivatives reacted with hydroxylamine hydrochloride under the
basic condition to give the substituted coumarin-based oxime
product, followed by acylation with corresponding cinnamic acid
to produce the designed molecular probes LD01 and LDO02,
which were well characterized by 'H NMR, *C NMR, and
HRMS (supporting information, Supplementary Figures S1-6).

Photophysical Properties’ Studies

Absorption spectra of LDO1 and LD02 were measured at room
temperature in PBS buffer (pH = 7.4). LDO01 has two absorption
bands at 410nm (¢ = 14,800Mcm™!) and 290nm (¢ =
9800 Mcm™') assigned to m — m* transitions from
diethylamino-coumarin and bromo cinnamic ester moiety,
respectively. LD02 has an absorption band at around 365 nm
(e=4900 M cm™) resulting from the mixed n — n* transitions of
coumarin and cinnamic ester moieties. For the emission spectra,
LD01 and LDO02 show one emission band with maximum
emission at 500 and 457 nm, respectively, while exhibiting
very low emission quantum yield, 5.3% for LDO1, and 3.2%
for LD02 in PBS buffer (pH = 7.4). It has been well
documented that dialkyl amine-substituted coumarin or
cinnamic acid derivatives are ICT-based dyes, and their
emission band or intensity is affected by the surrounding
polarity. We first determined the emission spectra of LDO01
and LDO02 in various solvents of different polarities, such as
water, methanol, acetonitrile, N,N-dimethylformamide, and
dioxane (Figures 2A-D). The emission intensity of LDO01
accrues in an increasing order of polarity. LD02 shows a
similar tendency except for the emission of dioxane, which
may result from the poor solubility of LD02 in it. Moreover,
the emission band of LD02 shows a 40-nm blue shift in dioxane as
compared to that in an aqueous buffer. We then measured the
fluorescence of LDO1 and LDO02 in solvents with water and
dioxane mixed at different ratios, representing different
degrees of solvent polarity. As shown in Figures 2E-H, in the
mixed solvent system, both LD01 and LDO02’s fluorescent
emission shows a similar tendency in response to polarity
change from different solvents, which suggests both LD01 and
LD02 can be potentially used to detect a-glucosidase via
responsive emission. In the meantime, the pH effect on the
emission of LDO1 and LDO02 was investigated. The emission
spectra of LD01 and LDO02 are less sensitive to pH variation
(Figure 3) from 3.0 to 8.0 than the polarity changes; the pKa
values of LDO1 and LD02 were worked out to be 4.2 and 4.6 for
LDO01 and LDO02, respectively.

Fluorescence Titration of LD0O1 and LD02

Toward a-Glucosidase

To confirm the a-glucosidase-targeted binding interaction,
fluorescence titrations were carried out by determining the
emission spectra of LDO1 and LDO02 as a function of the
concentration of a-glucosidase. As shown in Figure 4A, there
are no obvious emission changes observed for LDO01 after the
gradual addition of a-glucosidase protein up to 3.5uM.
However, a significant enhancement of responsive
fluorescence emission can be achieved for LD02 under the

Responsive Fluorescent Probes for a-Glucosidase

same experimental condition (Figures 4B, C). After the
addition of 3.5uM a-glucosidase, the maximum emission
intensity increased by 2.7 times, and the emission maximum
of LDO02 was detected of a ~7 nm blue shift from 457 to 450 nm,
which suggests that the dimethylamine group in LD02 may
locate in the binding pocket of relative lower polarity inside a-
glucosidase than the aqueous surroundings. The binding
constant and the rate of LD02 to a-glucosidase were obtained
by the double logarithm regression curve as shown in
Figure 4D. The value of log K, of LD02 to a-glucosidase was
calculated to be 3.8, and the binding
approximately 0.5.

ratio was

Binding Selectivity of LD02 Toward

a-Glucosidase

To verify the binding specificity of LD02 toward a-glucosidase,
emission spectra of LD02 in the presence of a-glucosidase or
various potential competitors such as other enzymes (including
glucose oxidase (GOD), polyphenol oxidase (TKY), and pepsin
(PEP)), and small molecules of interest (including Cys, GSH, Lys,
Ca®*, Cu**, Fe**, Mg®*, and Zn*"), were collected in 10 mM PBS
buffer (pH = 7.4) at room temperature. As shown in Figure 5, all
potential competitors tested have no obvious effect on the
emission band and intensity of LD02 compared with a-
glucosidase, suggesting the highly specific selectivity of LD02
toward a-glucosidase.

Competitive Fluorescence Titration

For competitive fluorescence titration, different amounts of LD01
were added to a solution of a-glucosidase/LD02 complex. After
the addition of LDO1, it was found that the emission of a-
glucosidase/LD02 complex decreased as a function of
increasing the concentration of LDOI1, indicating LDO1’s
competitive binding to the same binding pocket as LDO02
(Figure 6). The binding constant (K,) of LDOl to a-
glucosidase was calculated, and the value of IgK, was 5.2 for
LDO1, which means LDO1 has a much stronger affinity for a-
glucosidase than LDO02 does. This result encouraged us to
determine the inhibition efficiency of LD01 and LD02 against
a-glucosidase.

a-Glucosidase Inhibitory Effect of LDO1 and

LD02

a-Glucosidase inhibitory efficiency of LD01 and LDO02 was
obtained from the inhibition rate vs. concentration curves of
LDO01 and LD02 (Figure 7). The results showed that coumarin
derivatives LDO1 and LD02 demonstrated excellent and potent
inhibitory activity against a-glucosidase with the ICsy values of
4.6 £ 0.5 and 32.5 + 0.8 uM, respectively, as compared to the
standard acarbose (ICsq = 856.45 + 5.60 uM). In particular, LD01
and LDO02 have a relatively stronger inhibition effect against a-
glucosidase than the coumarin derivatives that Xu et al. reported
previously (Xu et al., 2019). In particular, the IC5, values of LD01
and LDO02 have a positive correlation with the binding affinities
observed from the fluorescence titration experiments, which
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indicates that our fluorescent probe LD02 can be used as an
applicable tool helpful in the development and screening of
pharmacologically active a-glucosidase inhibitors based on the
candidate molecules’ binding strength.

CONCLUSION

In summary, two environmentally sensitive fluorescence agents,
LDO1 and LDO02, based on the conjugates of substituted
coumarin and cinnamic acid, were designed and synthesized.
Both LDO01 and LD02’s fluorescent emissions show a polarity-
dependent enhancement feature, as demonstrated in various
solvents of different polarities, and the solvent mixture of
dioxane and water. When coming to fluorescence titration,
LD02 shows responsive emission changes featured with
2.7 times emission enhancement upon its binding to a-
glucosidase. However, LD0O1 does not have such changes
under the same experimental conditions as LD02 does. The
competitive fluorescence titration of LDO1 to the a-glucosidase/
LDO02 complex shows a gradually reduced emission as a function
of increasing concentration of LD01, which suggests that LD01
can competitively bind to the same pocket of a-glucosidase
targeted by LD02. The binding constants of LD01 and LD02
toward a-glucosidase were worked out by the fluorescence
titration experiments, from which the values of lg K, were
found to be 5.2 and 3.8 for LDO1 and LDO2, respectively,
and positively correlated with ICso values (4.6 = 0.5 and
32.5 + 0.8 uM for LDO1 and LDO2, respectively) as observed
from the enzyme inhibitory assays. This research not only lays
out a new strategy for quantitative detection of a-glucosidase
but also offered a potential tool for binding affinity evaluation
between a-glucosidase and its inhibitors, which may provide
guidance for developing new a-glucosidase inhibitors treating
diabetes.
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Quorum sensing plays a necessary role in the production of virulence factors and the
formation of biofilm on Pseudomonas aeruginosa. Thus, the development of inhibition of
quorum sensing is one of the most promising methods to control bacterial infection and
antibiotic resistance. In this work, nine novel AHL analogs were designed, synthesized, and
evaluated as potential quorum sensing inhibitors. The results depicted that structural
modifications have significant effects on quorum sensing inhibition activity of AHL
molecules. Without inhibiting the growth of P. aeruginosa, 2-(4-bromophenyl)-N-(2-
oxotetrapyridinefuran-3-yl) butanamide (compound no.10) showed the excellent
performance in inhibiting biofilm formation and virulence factor production among all
the compounds through robustly suppressing the expression of QS related genes. In a
molecular docking study, compound no.10 exhibited a higher affinity toward LasR than
other AHL analogs. In addition, compound no.10 also exhibits the best inhibition effect on
virulence production in the Caenorhabditis elegans infection model.

Keywords: AHL analogs, quorum sensing, Pseudomonas aeruginosa, anti-virulence, antibiofilm

1 INTRODUCTION

Pseudomonas aeruginosa as an important nosocomial pathogen could threaten those who are long-
term intubated and immunocompromised, and patients suffering from cystic fibrosis, traumatized
cornea, burns, Gustilo open fractures, and lead to lethal infections (Hogardt and Heesemann, 2013;
Moradali et al., 2017). A previous study reported that biofilm formation and virulence factor
production are the major causes of P. aeruginosa infections (Schuster and Greenberg, 2006). At
present, antibiotics such as tobramycin, meropenem, or ciprofloxacin, are considered the first choice
in treating infections of P. aeruginosa. However, the wild use of antibiotics to treat infections of P.
aeruginosa has led to the generation of multidrug-resistant pathogens (Abbas et al., 2017). Thus,
combating P. aeruginosa infections need a new target.

Quorum sensing (QS) is a bacteria-to-bacteria communication system. Also, QS is moderated by
the production of different kinds of signal molecules known as autoinducers, which are usually
N-acyl-homoserine lactones (AHLs) in Gram-negative bacteria (Ng and Bassler, 2009). In P.
aeruginosa, the QS system is composed of four interconnected systems (Las, Rhl, PQS, and
IQS), among them, the LasI/LasR system is the most representative and primary (Hanger
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FIGURE 1 | Chemical structure of P. aeruginosa PAO1 natural signal molecule. (A) Structure of BHL and (B) structure of OdDHL.

Aydemir et al., 2018). In addition, each system utilizes a particular
signal molecule such as N-(3-oxododecanoyl)-L-homoserine
lactone (OdDHL), N-butanoyl-L-homoserine lactone (BHL), 2-
heptyl-3-hydroxy-4-quinolone, and  2-(2-hydroxyphenyl)-
thiazole-4-carbaldehyde (Hao et al, 2021). Typically, the
accumulation of signal molecules interacts with a
transcriptional activator protein (Abbas et al., 2017), and then
the expression of QS-regulated genes were activated (Schuster
and Greenberg, 2006).

It is reported that pathogenicity of P. aeruginosa is generally
related to virulence production and biofilm formation (Bassler
and Losick, 2006; Hanger Aydemir et al., 2018). As QS inhibitors
(QSIs) had no influence on bacterial growth, they are believed to
generate weaker selection for antibiotic resistance than
conventional antibiotics. Thus, QSIs can be a novel and
promising way to attenuate P. aeruginosa infection (Hanger
Aydemir et al, 2018). Nowadays, numerous QS signal
molecule analogs and plant-derived natural substances have
been reported as QSIs to interfere with the QS system of P.
aeruginosa (Qu et al., 2016; Abbas et al., 2020; Hao et al., 2021;
Saqr et al., 2021). Unfortunately, its dose-dependent toxicity and
a weak effect significantly limit clinical applications. Therefore,
development of novel safe and effective QSIs is urgently needed
for the treatment of P. aeruginosa infections.

In this study, nine novel AHL analogs were designed,
synthesized, and evaluated as potential QSIs against P.
aeruginosa. The effects of AHL analogs on biofilm formation
and virulence factor production in vitro were evaluated.
Furthermore, the mechanism was studied by related gene
expression and molecular docking.

2 MATERIALS AND METHODS
2.1 Strains and Media

Pseudomonas aeruginosa PAO1 and Escherichia coli OP50 were
stored in our laboratory. Caenorhabditis elegans N2 were
obtained from the Caenorhabditis Genetics Center (CGC). P.
aeruginosa PAO1 was cultured using Luria-Bertani broth (LB)
at 37 °C and maintained on a nutrient agar plate (Solarbio,

Beijing, China) at 4 °C. C. elegans was cultured using the
nematode growth medium (NGM) at 20 °C and E. coli OP50
was used as the standard food source. 4-Br-PHL (compound
no.1) and other AHL analogs (compound no.2 to compound
no.10) were dissolved in DMSO before treatment (Solarbio,
Beijing, China).

2.2 Synthesis of Acyl-Homoserine Lactone

(AHL) Analogs

Based on the structures of OdDHL and BHL (Figure 1), we
synthesized a series of novel AHL-based QSIs, in which the
natural homoserine lactone ring is present but the natural
acyl group was substituted. The structures of analogs were
modified from three aspects: 1) the acyl group, 2) the length of
the acyl side chain, and 3) the type and position of the
substituents on the benzene ring. The synthesis method is
shown in Figure 2. Those AHL analogs used in this study
were synthesized by us and characterized by NMR, and MS
with a purity of >95% (Supplementary Table S1). To
circumvent the issues of different assessment results, we
also synthesized N-(4-bromophenylacetanoyl)-L-
homoserine lactone (4-Br-PHL, no. 1) as a positive control
(Geske et al., 2005).

2.3 Initial Screening of Analogs

To initial screen compounds with QS-inhibited activity, QS-
regulated biofilm formation was tested as the screening
indicator. As described previously (Luo et al, 2017), biofilm
mass was measured using a crystal violet assay.

2.4 Planktonic Cell Growth

The planktonic cell growth assay was slightly modified (Qu
et al., 2016). Overnight cultures of P. aeruginosa PAO1 were
diluted in LB broth. The suspension was supplemented with
two compounds (no.3 and no.10) with concentrations
ranging from 10 to 400 uM and incubated at 37 °C. Then,
1 ml samples were obtained every 2 h, and the turbidity was
recorded at 600 nm using a spectrophotometer (Thermo
scientific, Finland), then a growth curve was generated.
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2.5 Biofilm Inhibition Analyses
In this assay, the inhibitory effects of compound no.3 and

compound no.10 on biofilm formation were further identified
at different concentrations ranging from 50 to 400 uM. The
method of this assay is similar to the method of initial
screening of analogs. In addition, cover slides were incubated
statically with or without 200 uM compound no.3 and compound
no.10 at 37 °C to facilitate cell attachment and biofilm formation.
Also, compound no.1 was conducted as a positive control. Finally,
the structures of biofilm were observed using an upright
microscope (BX53, Olympus, Japan) at x20 magnification.

2.6 Motility Assay

2.6.1 Swimming

The swimming assay method was modified from Rashid and
Kornberg (2000). Swimming agar plates (10 g/L peptone, 5 g/L
NaCl, and 0.3% agarose) with compound no.3 and no.10
(200 uM) and blank control plates were center stabbed with P.
aeruginosa PAO1 using sterile toothpick. Also, compound no.1
was conducted as a positive control. After incubating at 30 “C for
12-14 h, swimming zones were determined by measuring the
diameter of circular expansion.

2.6.2 Swarming

The swarming plate was composed of nutrient agar (8 g/L) and
glucose (5.0 g/L). Then, swarming plates with and without
supplementation of 200 uM compound no.3 and no.10 were
added 5pl overnight culture of P. aeruginosa PAOL. In
addition, compound no.l was conducted as a positive
control. Then, the swarming plates were placed at 30 °C and
incubated for 18-24h (Kumar et al, 2013), and swarming
zones were determined by measuring the diameter of circular
expansion.

2.6.3 Twitching

Twitching motility of P. aeruginosa PAO1 was modified from
Saqr et al. (2021). A measure of 1% of LB agar with or without
compounds (compound no.3 and compound no.10, 200 uM)
stabbed with a toothpick up to bottom of the Petri dish from
overnight culture P. aeruginosa PAO1 in order to evaluate
twitching motility inhibition. Compound no.l was conducted
as a positive control, the agar was removed after incubation at
37 °C for 48 h, and then the plates were dried in air and stained
with crystal violet. The dye was washed off with sterile water and
the twitching zones were measured.

2.7 Pyocyanin Analyses

The assay of the inhibitory effect of compound no.3 and
compound no.10 on pyocyanin production was conducted
using previous methods (O’Loughlin et al, 2013). Overnight,
P. aeruginosa PAOL1 cultures were subcultured into LB broth with
the compound no.3 and compound no.10 at the concentration of
200 puM for endpoint assays following 24 h of aerobic growth with
shaking at 37 °C. Also, compound no.l was conducted as a
positive control. Finally, the production of pyocyanin was
measured by recording the absorbance of this pink layer at
520 nm.

2.8 Elastase Analysis

The skim milk agar method (Hao et al, 2021) was used to
determine the effect of compound no.3 and compound no.10
on elastase activity. Also, compound no.l was conducted as a
positive control. After overnight culturing, P. aeruginosa PAO1
with or without compound no.3 and compound no.10 were
incubated at 37 °C for 24h at 180rpm. After 24h , the
cultures were centrifuged at 10,000 rpm for 15 min. A measure
of 100 pl of supernatant was added to the wells of skim milk agar
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and then plates were incubated for 24 h at 37 °C. The elastase
activity was determined by measuring the diameter of clear zone.

2.9 C. elegans Life Span Assays

To further investigate the anti-virulence effect of compound no.3
and compound no.10, we used a C. elegans life span assay. Also,
compound no.1 was conducted as a positive control. This assay was
modified from a previous study (Cezairliyan et al., 2013; O’Loughlin
et al,, 2013). After synchronization, C. elegans was grown to the L4
stage at 20 °C. In addition, an equivalent volume of compound no.1,
compound no.3, and compound no.l10 were mixed to the P.
aeruginosa PAO1 cultures during growth and DMSO was added
as a blank control. Then, an overnight culture of P. aeruginosa PAO1
was poured on Petri plates, containing PGS agar (1% peptone, 1%
NaCl, 1% glucose, 150 mM sorbitol, and 1.7% agar) and kept for 24 h
incubation at 37 °C. After 8-24 h, 25-30 L4 stage C. elegans were
seeded with each plate. Then, live or dead worms were scored every
3h at 25 °C and again at 24 h.

2.10 Gene Expression Analysis

According to the previous study (Qu et al., 2016), the expression of
key QS regulatory genes (lasl, lasR, rhil, rhIR, and mvfR) of P.
aeruginosa PAO1 was monitored in the presence of compound no.3
and compound no.10. Also, compound no.l was conducted as a
positive control. The primers for the genes are shown in
Supplementary Table S2. The 16S rRNA housekeeping gene was
served as an internal control. Total RNA was isolated with an
Ultrapure RNA kit (CWBIO, Beijing, China), and the first-strand
cDNA was synthesized with a Hifair Il 1st Strand cDNA Synthesis
SuperMix for qPCR (Yeasen, Beijing, China) according to the
manufacturer’s instructions. The reaction was carried out with
Hieff UNICON" Universal Blue qPCR SYBR Green Master Mix
(Yeasen, Beijing, China) also according to the manufacturer. The
relative gene expression was calculated using the 27" method.

2.11 Molecular Docking Study

Molecular docking was conducted to analyze the interaction of
compound no.3 and compound no.10 with the LasR receptor of
P. aeruginosa PAOL. The crystal structure of P. aeruginosa PAO1
LasR was obtained from the Protein Data Bank (PDB ID:2UV0)
(Bottomley et al., 2007). Hydrogen atoms were added according
to the hydrogen network optimization and then minimized with
an Amberl9SB force field with UCSF Chimera. Finally, the
protein structure was converted to a pdbqt file by
prepare_receptor4.py script using AutoDockTools, and all the
hydrogen atoms were kept. The ligands structures were built with
UCSF Chimera, minimized with the GAFF force field, and
converted to a pdbqt format by using the prepare_ligand4.py
script with all hydrogen atoms. The docking site was determined
by the P. aeruginosa PAO1 binding pocket. Finally, the molecular
docking was performed by watvina (https://www.github.com/
biocheming/watvina), which was optimized with new scorning
function, with van der Waals, hydrogen bond, polar repulsion,
and weak hydrogen bonds contribution. Conformation searching
was performed by a simplified genetic algorithm and simulated
annealing mixed with BFGS local optimization. Finally, the
docking pose was optimized while the protein was kept fixed.

QS Inhibitory Activity of AHL-Analogs

TABLE 1 | Inhibitory rate of AHL analogs.
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547 £1.67%

17.46 + 1.25%

No.10 37.46 = 2.31%

2.12 Statistical Analysis

All experiments were conducted in triplicate to validate the
reproducibility. All values are presented as the mean + standard
error. One-way ANOVA was performed using SPSS 23.0 software.
The significance was accepted when the p-value was less than 0.05.
Graphs were constructed using GraphPad Prism 7.0 software.

3 RESULTS
3.1 AHL and Its Analogs

A series of novel AHL-based QS inhibitors are presented in
Table 1. All compounds were characterized by NMR, MS with
a purity of >95% (Supplementary Table S1).

3.2 Preliminary Screening of Analogs

The biofilm formation inhibition activity of compounds 1-10 was
assessed. As shown in Table 1, all compounds showed inhibitory
activity against biofilm formation of P. aeruginosa PAO1, except
for compound no.6. Among all analogs, compound no.3 and
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FIGURE 3 | Inhibitory effect of compound no.3 and compound no.10 on (A) pyocyanin and (B) elastase productions of P. aeruginosa PAOT.

compound no.10 exhibited the best inhibition activity and were
identified as the potential QS-inhibitor to further evaluate in the
following experiments.

3.3 Planktonic Cell Growth

The growth curves were drawn to identify the influence on the
growth of P. aeruginosa PAO1. As shown in Figure 3, compound
no.3 and compound no.10 had no inhibition effect on growth of
P. aeruginosa PAOLI at the concentrations ranging from 10 to
400 pM.

3.4 Biofilm Inhibition Analyses

As shown in Figures 4A-C, inhibitory activities of compound
no.3 and compound no.10 on biofilm formation were dose-
dependent. Compound no.l had slightly reduced biofilm
formation at the concentration of 200puM. By contrast,
compound no.3 and compound no.l10 had more obvious
inhibitory effect on biofilm formation at the concentrations
ranging from 200 to 400 uM. In the presence of compound
no.3, the biofilm formation of P. aeruginosa PAOl was
decreased to nearly 35% at the concentration ranging from 50
to 400 uM. Remarkedly, compound no.10 inhibited more than
60% of biofilm formation at above 200 uM.

The aforementioned results were further revealed under a
microscope. From Figure 4D, reduction of biofilm attached to
the surface of plates was observed in treated groups. Compared
with compound no.1, the reduction of biofilms was more
obvious in compound no.3 and compound no.10 treated
groups.

3.5 Motility Assay

As shown in Figure 5, in the absence of compounds, the
swimming, swarming, and twitching zones for P. aeruginosa
PAOL1 are 2.53 + 0.08 cm, 1.88 + 0.20 cm, and 5.62 + 0.16 cm,
respectively. Compound no.1 exerted a weak inhibitory effect that
the swimming, swarming, and twitching zones are 1.5 £ 0.05 cm,
1.58 £ 0.13 cm, and 4.32 + 0.28 cm. In the presence of compound
no.3, it resulted in a significant decrease in motility zones to
0.87 + 0.07 cm, 1.35 £ 0.13 cm, and 2.38 £ 0.16 cm. Moreover,
compound no.10 also reduce the motility zones to 0.98 + 0.10 cm,
1.40 £ 0.05 cm, and 3.43 + 0.16 cm, respectively.

3.6 Pyocyanin Analyses

Pyocyanin is a green exotoxin generated by P. aeruginosa
governed by the QS system. The effect of compounds on
pyocyanin production was studied using the chloroform
extraction assay. As shown in Figure 6A, compound no.l and
compound no.3 exhibited a weak inhibitory effect. By contrast,
compound no.10 robustly lowered pyocyanin production by
65.29%.

3.7 Elastase Analysis

The effect of compounds on elastase activity was assessed with the
skim milk agar method. As shown in Figure 6B, all the
compounds can effectively inhibit the activity of elastase
compared with the control group. Compared with compound
no.l, significant reduction in the diameter of the clear zone was
produced in compound no.3 and no.10 treated groups on a skim
milk plate.

3.8 Effect on the C. elegans Life Span

As shown in Figure 7, at 0-6 h, compound no.3 and compound
n0.10 exhibited an excellent effect on the survival rate compared
with compound no.l. Then, the effect of compound no.10 was
more obvious in improving the survival rate of infected C. elegans
than no.3 at the 6-24 h. Compared with the untreated group, the
survival rate of C. elegans of the compound no.10 group reaches
nearly 80% within 6 h of incubation and can still be reached to
52% within 24 h.

3.9 Effect on Expression of QS-Regulated

Genes

To further determine the inhibition mechanism of
compounds on P. aeruginosa PAO1 virulence and biofilm
formation, the expression level of key QS-related genes was
assessed using qPCR. From Figure 8, it shows that compound
no.3 and no.10 downregulated the expression of lasl, lasR,
rhil, rhiR, and mvfR. Compared with the untreated group,
compound no.1 slightly inhibited the expression of lasI, rhliI,
and rhIR. The relative expression of QS regulatory gene
treatment with compound no.3 decreased by 87% for lasI,
59% for lasR, 66% for rhll, 80% for rhIR, and 17% for mvfR,
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respectively, and compound no.10 decreased 82% for lasI,
77% for lasR, 57% for rhll, 91% for rhIR, and 61% for mvfR,
respectively.

3.10 Molecular Docking

To further explore the binding mode of compounds to the LasR,
molecular docking analysis of compounds no.1, no.3, and no.10
was performed. As shown in Figure 9, the interaction between
compound no.1 and LasR by formation of H-bonding with Try
56, Trp 60, and Asp 73. It may be the reason that compound no.1
had weaker effects on biofilm formation, motility, and virulence
production of P. aeruginosa PAO1. By contrast, the interaction
between compounds (no.3 and no.10) and LasR receptor by
formation of H-bonding with the Try 56, Trp 60, Asp 73, and
Ser 129, is consistent with the binding sites of OdDHL (Abbas
et al, 2017). The Lavina scores indicated a higher affinity of
compound no.10 to bind with LasR than compound no.3

resulting in a more considerable inhibition activity of biofilm
formation and virulence production.

4 DISCUSSION

It is known that the pathogenicity of P. aeruginosa is contributed to the
virulence factor production and the biofilm formation, which could
lead to lethal infection and antibiotics defense (Costerton, 2001;
Clatworthy et al, 2007; Zhao and Liu, 2010). Research evidence
indicated that QS of P. aeruginosa was closely related to these
phenomena (Lee and Zhang, 2015; Hegazy et al,, 2021). Indeed, the
structures of natural autoinducers have often served as an intermediate
for the synthesis of the QS inhibitor (Galloway et al., 2011; O’Loughlin
etal, 2013). In this study, we designed and synthesized nine novel AHL
analogs and evaluated their inhibition activities and revealed their
mechanism in the QS system of P. aeruginosa.
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FIGURE 5 | Inhibitory effect of compound no.3 and compound no.10 on P. aeruginosa motility. (A) and (B) represent swimming motility of P. aeruginosa PAO1, (C)
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As described previously, subtle alterations to substituents
and their placement on the AHL acyl group dramatically
influenced analog inhibitory activity (Hodgkinson et al.,
2012). Also then, the inhibitory activity of AHL analogs is
highly dependent on the structure and position of
substituents in the benzene group (Geske et al., 2008;
Abbas et al., 2017). In this study, the chemical
modification of AHL analogs is initiated by the
replacement of the hydrocarbon chain length and by

replacing substituents on the benzene ring, then nine novel
AHL analogs were designed and synthesized.

In the initial screening assay, by using the QS-regulated
production of biofilm as the screening indicator, compound no.3
and compound no.10 were selected to conduct further investigation.
Consistent with the biofilm inhibition results, compound no.3 and
compound no.10 also significantly inhibited the swimming,
swarming, and twitching ability compared with compound no.1
at the concentration of 200 pM. In a previous study, the biofilm
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FIGURE 6 | Inhibitory effect of compound no.3 and compound no.10 on (A) pyocyanin and (B) elastase productions of P. aeruginosa PAOT.
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formation and adhesion to tissue related to the motility of bacteria
were confirmed (Landry et al., 2006). Furthermore, it is reported that
thin and dispersed biofilm was formed by QS deficient P. aeruginosa
(Lee et al., 2018; Mayer et al., 2020). Therefore, we supposed that the
inhibition in motility is one of the reasons for biofilm formation
inhibition by compound no.3 and compound no.10.

P. aeruginosa is armed by an armory rich in virulence factors
that are regulated by QS and pyocyanin and elastase are
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FIGURE 7 | Compound no.3 and compound no.10 decreased toxicity of
P. aeruginosa PAO1 in the C. elegans model.

representative virulence of P. aeruginosa (Chatterjee et al,
2016). After being treated with compound no.3 and
compound no.10, the production of pyocyanin was reduced by
nearly 19 and 66%, respectively. The activity of elastase was also
inhibited by 44 and 52%. Compound no.10 had a more obvious
effect on inhibiting the virulence production of PAOL1 in vitro. To
further illustrate the inhibitory effect of those compound no.1,
compound no.3, and compound no.10 on virulence production,
C. elegans life span assays were conducted (Utari and Quax,
2013). Compared with compound no.3, compound no.10 had a
more continuous and significant effect on improving the survival
rate of infected C. elegans.

Moreover, compound no.10 exhibited more inhibition activity
on pyocyanin production compared with other AHL analogs with
a non-native tail region and native head group reported by
previous studies (Morkunas et al., 2012). Chlorolactone (CL)
was synthesized by Swem et al. (2009), and it exhibited 50% QS
inhibition activity against C. violaceum at a concentration of
295 nM. However, O’Loughlin et al. (2013) proved that it had a
weak QS inhibition effect in P. aeruginosa (Swem et al., 2009;
O’Loughlin et al., 2013). Compared with 1,3-benzoxazol-2(3 H)-
one derivatives, compound no.10 was able to achieve the similar
QS-inhibition activity at lower concentrations (Miandji et al.,
2012).

Based on aforementioned results, we supposed that the
phenotype of QS system inhibition was attributed to the
interaction between compounds and LasR. Molecular docking
results have shown that compound no.1 interacted with LasR by
formation of hydrogen bonds with three sites: Try 56, Trp 60, and
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FIGURE 8 | Relative expression levels of QS-regulated genes in the
presence of compound no.1, compound no.3, and compound no.10 as
determined by real-time quantitative PCR.

Asp 73. While both the compound no.3 and compound no.10
interacted with receptors at four sites: Try 56, Trp 60, Asp 73, and
Ser 129, consistent with the binding site of the natural ligand
(Abbas et al., 2017). A previous study has shown that the absence
of the hydrogen bonds donated by Ser 129 in the LasR ligand-
binding pocket may result in the reduction of QS inhibition
activity of ligands (Manson et al., 2020). It was proved that Ser
129 of LasR may be an essential site for QS inhibitor binding to
LasR. Moreover, the Lavina scores of compound no.3 and no.10
are —9 and -7, respectively, which indicated a high affinity of
compound no.10 to bind with LasR, and it could contribute to its
anti-QS activity.

In a previous study, biofilm formation related to the LasI/R
system and RhII/R system was confirmed, which is
responsible for biofilm differentiation and optimal biofilm
formation, respectively (Favre-Bonté et al., 2003). While
virulence factors, such as pyocyanin and elastase, also were
controlled by PQS and RhlII/R system (Oliveira et al., 2016;
McCready et al,, 2019). To further explore the compounds’
mechanism, the relative expressions of QS-regulated (lasl,
lasR, rhil, rhiR, and mvfR) genes were selected to be tested
(Kim et al,, 2015). It has shown that compound no.3 and
compound no.10 effectively downregulate lasI, lasR, rhll,
rhiR, and mvfR, while compound no.1 slightly inhibited the
expression of lasl, rhll, and rhiR. These results illustrated the
possible causes that compound no.3 and compound no.10 had
more significant bioactivity of anti-biofilm and anti-virulence
at the gene level. In addition, compound no.10 has shown the
more significant effect on downregulating the expression of
QS-regulated genes than compound no.3, especially reduction
in the expression of mvfR, which is the most important
regulator of virulence production (Cao et al., 2001).

Based on aforementioned results, the structure-activity
relationship trends influencing inhibitory activity are

QS Inhibitory Activity of AHL-Analogs

provided as follows: 1) AHL analog aromatic functionality
with electron-withdrawing groups had stronger QS inhibition
activity. 2) AHL analogs with electron-withdrawing and
lipophilic substituents in the 4th position on the phenyl
group displayed the stronger antagonistic activities than
other analogs. 3) AHL analogs with an elastic spacer flexible
carbon spacer of at least one carbon between the homoserine
lactone ring and the benzene ring showed optimal inhibition
activity.

In addition, our work proved that the substitutes of natural
acyl group can be used as the strategy for synthesizing QS
inhibitor. Moreover, our compounds had no stress on neither
bacterial nor normal mammalian cell growth (Supplementary
Figure S1); it is safe and can avoid the development of drug
resistance.

In conclusion, 2-(4-bromophenyl)-N-(2-
oxotetrapyridinefuran-3-yl) butanamide (compound no.10)
could be considered as the most promising anti-QS compound
against P. aeruginosa. Nevertheless, further experiments are
conducted to evaluate the effect of compound no.10 on

FIGURE 9 | Molecular docking of (A) compound no.1, (B) compound
no.3, and (C) compound no.10 into the active site of LasR. Both compound
no.3 and compound no.10 interacted with LasR by formation of H-bonding
with the Try 56, Trp 60, Asp 73, and Ser 129. Compound no.1 interacted

with LasR with Try 56, Trp 60, and Asp 73 by H-bonding.
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clinical drug-resistant strains and assess the therapeutic effect of
compound no.10 on the infected animal model. In addition,
further experiments are conducted to explore the QS inhibition
mechanism of compound no.10.
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Two new patchoulene sesquiterpenoid glycosides (1-2), a natural patchoulane-type
sesquiterpenoid (8) and a natural cadinene-type sesquiterpenoid (4), were isolated
from the aerial parts of Pogostemon cablin (Blanco) Benth., together with eleven
known sesquiterpenocids (6-15) and eleven known flavonoids (16-26). Their chemical
structures were elucidated on the basis of spectroscopic methods, including NMR,
HRESIMS, IR, and CD spectroscopic data analysis, as well as chemical hydrolysis.
The isolated compounds 1-13 and 15-26 were tested for inhibitory effects on the
proliferation of HepG2 cancer cells. Among them, compounds 17 and 19 displayed
anti-proliferative effects against HepG2 cells with 1C5q values of 25.59 and 2.30 uM,
respectively. Furthermore, the flow cytometry analysis and Western blotting assays
revealed that compound 19 significantly induced apoptosis of HepG2 cells by
downregulating the ratio of Bcl-2/Bax and upregulating the expression of cleaved
caspase-3 and cleaved caspase-9. Therefore, the potential pharmaceutical
applications of P. cablin would be applied according to our study findings.

Keywords: Pogostemon cablin, sesquiterpenoid, flavonoid, antiproliferative activity, apoptosis

INTRODUCTION

Pogostemon cablin (Blanco) Benth. is an annual herb known as patchouli, a form of traditional
Chinese medicine for the treatment of upset stomach, vomiting, diarrhea, headache, and fever. The
plant, a member of the genus Pogostemon, Lamiaceae family, was native to South and Southeast Asia,
such as Indonesia, Malaysia, Philippines, and India, and was introduced to China in the 9th century
as a spice. It was fostered in Guangdong, Guangxi, Fujian, and Taiwan provinces in China (Feng
et al.,, 1994). In recent years, a large number of phytochemical studies on P. cablin had been carried
out to concentrate on the constituents of this plant, which showed the presence of various
monoterpenes and sesquiterpenoids (Hikino et al., 1968; Terhune et al., 1973), triterpenoids
(Huang et al., 2009), steroids (Kongkathip et al., 2009), flavonoids (Ding et al., 2009), alkaloids
(Biichi et al., 1966), and glycosides (Wang et al., 2010). The reported constituents from P. cablin
possessed marked activities such as antibacterial activity, anti-influenza virus, anti-inflammation,
cytotoxicity, antimutagenic activity, antiplatelet aggregation, and insecticidal activity (Li et al., 2013).
In our continuous phytochemical studies on the constituents of this medicinal herb, two new
patchoulene sesquiterpenoid glycosides (1-2), a natural patchoulane-type sesquiterpenoid (3) and a
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natural cadinene-type sesquiterpenoid (4), as well as eleven
known sesquiterpenoids (5-15) and eleven known flavonoids
(16-26), were isolated and characterized. In addition, the anti-
proliferative activities of the isolated compounds (1-13 and
15-26) against HepG2 cancer cells were assessed in this
article.  Furthermore, the apoptosis-inducing effects of
compound 19 in HepG2 cells were also investigated in the
current study. To the best of our knowledge, the apoptosis-
induced activity of compound 19 is reported for the first time.

EXPERIMENT

General Experimental Procedures

Column chromatographies (CC) were carried out with silica gel
(200-300 mesh, Qingdao Marine Chemical Factory), silica gel for
chromatography C;3 SMB 100-20/45 (Fuji Silysia Chemical Ltd),
and Sephadex LH-20 (Pharmacia Biotech AB). TLC was
performed using precoated silica gel GF,s, plates (Yantai
Chemical Industry Research Institute). MPLC (medium
pressure liquid chromatography) was carried out on a Buchi
Pure C-815 apparatus. High-performance liquid chromatography
(HPLC) was carried out on a Waters 1500-Series system. The
semi-preparative C;g column used was the SunFire C;3 OBD
(250 x 10 mm) apparatus. UPLC was carried out on a Waters
Acquity UPLC-Class instrument. IR data were obtained with a
KBr pellet on a Thermo Scientific Fourier Transform NICOLET
iS5 Infrared Spectrometer (Waltham, USA). High-resolution
electrospray ion mass (HRESIMS) was performed on a Thermo
Scientific Q-Exactive mass spectrometer (Waltham, USA). 1D and
2D NMR data were recorded on a Bruker AVANCE NEO
500 spectrometer (Bremen, Germany) with chloroform-d and
methanol-d; as solvents. Chemical shift values were expressed
in 0 (ppm) relative to tetramethylsilane (TMS) as the internal
standard. An Anton Paar MCP 200 automatic polarimeter (Graz,
Austria) was used to determine optical rotations in ACN at 25°C.
CD spectra were obtained on a Chirascan spectrometer (England,
United Kingdom) at room temperature using a 0.2-cm standard
cell. All solvents used in column chromatography and HPLC were
of analytical grade (Guangzhou Chemical Reagents Company Ltd.,
Guangzhou, China) and chromatographic grade (Thermo Fisher),
respectively.

Plant Material

The aerial parts of P. cablin were collected in September 2019,
GuangXi Province, China. The plant material was identified by
Professor Xiaoji Zheng, and a voucher specimen (201909PC) was
deposited at Wuyi University, Jiangmen, China.

Extraction and Isolation

The air-dried aerial parts of P. cablin (13.0 kg) were powdered and
extracted with 95% ethanol (3 x 30 L) at room temperature for 6 days.
The extract was evaporated under reduced pressure (45°C) to afford a
brown residue (2.0kg), which was suspended in water (5L) and
extracted sequentially with petroleum ether, EtOAc (ethyl acetate),
and n-BuOH at room temperature. The EtOAc fraction (178 g) was
subjected to a silica gel (200-300 mesh) column using a gradient

Chemical Constituents From Pogostemon cablin

petroleum ether (PE)-EtOAc system (100:1, 50:1, 30:1, 10:1, 5:1, 1:1,
and 0:1, each 15 L) as eluents to afford 19 fractions (Fr. 1-Fr. 19). Fr. 4
(28g) was subjected to Sephadex LH-20 and vyielded two
subfractions, namely, (Fr. 4.1- Fr. 42) and Fr. 42 (1.2 g), which
were further purified by using a reversed phase (C,3 SMB 100-20/45,
30 g, H,O-MeOH: 40:1 to 0:100) column to obtain compound 10
(432 mg). Fr. 7 (4.5 g) was submitted to a silica gel (200-300 mesh)
column using PE and EtOAc as eluents (50:1 to 0:1) to afford five
subfractions (Fr. 7.1-Fr. 7.5); Fr. 74 (950 mg) was submitted to
Sephadex LH-20 and eluted with the CHCL,—~CH;OH (1:1) system to
obtain compound 12 (7 mg), Fr. 7.3 (530 mg) was submitted to
Sephadex LH-20 and eluted with the CHCL,—~CH;OH (1:1) system to
afford compounds 18 (77 mg) and 24 (44 mg). Fr. 8 (5.5g) was
subjected to Sephadex LH-20 and eluted with the CHCL,-CH;0H (1:
1) system to afford two subfractions (Fr. 8.1 and Fr. 8.2), and Fr. 8.2
(1.6 g) was further purified by using a silica gel (200-300 mesh)
column using PE and EtOAc as eluents (100:1 to 0:1) to obtain
compound 23 (373 mg). Fr. 9 (15.5 g) was subjected to a reversed
phase (C;g SMB 100-20/45, 30g, H,O-MeOH: 30:1 to 0:100)
column, and four subfractions (Fr. 9.1-Fr. 9.4) were yielded, and
Fr. 9.1 (200 mg) was further purified by semi-preparative HPLC
(0-60 min: isocratic 80% CH;CN in water) to yield compounds 4
(25mg) and 5 (15mg); Fr. 92 (330 mg) was purified by semi-
preparative HPLC (0-60 min: isocratic 80% CH3;CN in water) to
obtain 6 (27 mg) and 9 (20 mg); Fr. 9.4 (500 mg) was subjected to
semi-preparative HPLC (0-60 min: isocratic 80% CH;CN in water)
to afford compounds 16 (4 mg), 20 (14 mg), and 25 (48 mg). Fr. 10
(4.1 g) was submitted to a silica gel (200-300 mesh) column using PE
and EtOAc as eluents (30:1 to 0:1) to obtain Fr. 10.1-Fr. 10.3, and
then, Fr. 10.3 (2.0 g) was further purified by Sephadex LH-20 to
obtain compound 19 (75mg). Fr. 12 (5.4g) was subjected to
Sephadex LH-20 to afford two subfractions (Fr. 12.1 and Fr. 12.2).
Fr. 12.1 (1.3 g) was further purified using a reversed phase (C,;3 SMB
100-20/45, 30g, H,0O-MeOH: 30:1 to 0:100) column to obtain
compounds 3 (20mg) and 22 (5mg). Fr. 12.2 (150 mg) was
subjected to semi-preparative HPLC (0-60 min: isocratic 60%
CH;CN in water) to afford compounds 7 (1 mg), 13 (1 mg), 14
(1 mg), and 17 (41 mg). Fr. 13 (1.3 g) was submitted to a silica gel
(200-300 mesh) column using PE and EtOAc as eluents (50:1 to 0:1)
to yield two subfractions (Fr. 13.1 and Fr. 13.2), and Fr. 13.1 (300 mg)
was subjected to Sephadex LH-20 and a reversed phase (C;3 SMB
100-20/45, 30g, H,0O-MeOH: 30:1 to 0:100) column to obtain
compounds 11 (5mg), 21 (8 mg), 8 (26 mg), and 26 (12 mg). Fr.
15 (6.3 g) was submitted to a silica gel (200-300 mesh) column using
PE and EtOAc as eluents (30:1 to 0:1) and further purified by using a
reversed phase (C;3 SMB 100-20/45, 30 g, H,O-MeOH: 40:1 to 0:
100) column to obtain compound 15 (5mg). Fr. 19 (11.5g) was
subjected to a silica gel column (200-300 mesh, 5 x 40 cm, 120 g)
using a gradient CH,Cl,-MeOH system (10:1, 5:1, 1:1, 0:1) to obtain
two subfractions (Fr. 19.1 and Fr. 19.2). Fr. 19.1 (2.0 g) was submitted
to a reversed phase (C;g SMB 100-20/45, 30 g, H,O-MeOH: 50:1 to
0:100) column and semi-preparative HPLC (0-60 min: isocratic 40%
CH;CN in water) to yield compounds 1 (6 mg) and 2 (6 mg).

Compound Characterization
Compound 1: an amorphous white powder; [¢]*®> D = -35.5
(c 0.1, MeOH); IR (KBr) ¥y 3,449, 1,638, 1,075, and 536 cm™
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TABLE 1 | 'H NMR data of compounds 1 and 2 in CDzOD and of compounds 3 and 4 in CDCl; (500 MHz).

Position 1 2 3 4
1 — — — —
2 5.02, m 2.25,;m 1.77,dd (14.0, 5.7) 2.20, m
- - 151, m 1.38, d (2.6)
3 2.44, ddt (16.5, 7.9, 2.2) 1.99, m 1.59, dd (12.6, 5.7) 2.24, m
2.33, dqg (16.5, 2.4) 1.72, m 1.40, td (12.6, 5.8) 1.64, m
4 2.58, m 271, m 217, m 2.54, m
5 2.94, m — 1.20, m —
6 1.73,d (12.7) 1.93, m 1.85, m 3.01,d (12.1)
1.42, ddd (12.7, 7.7, 3.6) 1.28, d (9.6) 125, m —
7 1.78, m 1.76, m 1.64, m 2.38,td (12.1, 4.3)
8 1.96, m 2.36, m 1.48, dd (6.8, 3.0) 1.27, overlapped
1.54, m 1.71, m 1.32, m —
9 1.66, m 1.73, m 1.87, m 1.95, tt (13.7, 3.8)
152, m 1.70, m 1.06, m 1.38, m
10 - - — 1.73, m
11 — — — 1.10,d (7.2)
12 0.80, s 091, s 1.07, s —
13 0.90, s 091, s 1.07, s 4.65, m
- - - 4.50, s
14 4.01, dd (9.0, 6.0) 3.97,dd (9.2, 4.9 0.84, s 1.80, s
3.26, d (6.0) 3.27, m - —
15 1.02, s 0.93, s 3.89, dd (14.0, 7.7) 1.20, d (7.3)
- - 3.87, dd (14.0, 7.0) —
16 - - - —
17 — — 2.04, s -
1’ 4.22,d (7.9) 4.23,d (7.9 - —
2! 3.16, dd (9.0, 7.9) 3.16, dd (9.0, 7.9) — —
3 3.27,dd (7.9, 4.0) 3.26, dd (7.9, 4.0) - —
4! 3.26, m 3.27, m — -
5' 3.35, m 3.34, m — -
6’ 3.86, dd (11.8, 1.7) 3.86, dd (11.9, 1.8) — —

3.66, dd (11.8, 5.2)

3.66, dd (11.9, 5.3)

'H and ">C NMR data, see Table 1 and Table 2; HRESIMS m/z
427.2318 [M + HCOO]  (caled for C,,H;504, 427.2326).

Compound 2: an amorphous white powder; [a]** D = -25.3
(c0.1, MeOH); IR (KBr) vy 3,449, 2,947, 1,638, 1,384, 1,077, and
536cm™'; '"H and °C NMR data, see Table 1 and Table 2;
HRESIMS m/z 427.2320 [M + HCOO] (calcd for C,,H350s,
427.2326).

Compound 3: colorless oil; [a]*° D = —37.0 (c 0.1, MeOH); IR
(KBr) vmax 3,449, 2,964, 2,956, 2,922, 2,851, 1,685, 1,603, 1,261,
1,166, 1,105 and 1,026 cm™; 'H and "*C NMR data, see Table 1
and Table 2; HRESIMS m/z 281.2109 [M + H]" (calcd for
C,,H,05, 281.2111).

Compound 4: an amorphous white powder; [¢]*”> D = —38.0
(c 0.1, MeOH); IR (KBr) vpax 3,474, 2,962, 2,923, 2,856, 1707,
1,644, 1,451, and 1,394 cm™"; '"H and ">C NMR data, see Table 1
and Table 2; HRESIMS m/z 237.1849 [M + H]" (calcd for
C15H,50,, 237.1849).

Quantum Chemical ECD Calculation

Electronic circular dichroism (ECD) was applied to establish the
absolute configurations of 1’ and 2’, according to the reported
method (Stephens and Harada, 2010). According to the key
correlations observed in the NOESY spectrum, CHEM3D

TABLE 2| '3C NMR data of compounds 1 and 2 in CD;0D and of compounds 3
and 4 in CDCl (125 MHz).

Position 1 2 3 4

1 154.0 146.7 75.8 80.1
2 116.5 31.3 31.8 31.3
3 36.9 28.1 23.5 28.5
4 40.0 50.0 33.3 44.8
5 42.6 131.9 38.9 214.6
6 29.8 30.0 24.2 50.3
7 47.9 461 39.1 38.5
8 27.4 34.4 24.7 26.8
9 36.7 415 28.7 28.1
10 47.8 44.2 37.2 39.8
1 45.3 46.4 40.2 16.1
12 20.7 19.7 26.8 150.8
13 24.2 23.9 24.3 107.2
14 727 73.8 20.6 22.7
15 17.0 16.5 66.9 15.8
16 — — 171.4 -
17 — — 21.1 -
1 104.8 104.7 - -
2 75.2 75.2 - -
3’ 77.9 77.9 - -
4 71.7 71.7 - -
5’ 78.2 78.2 - -
6’ 62.8 62.8 - -
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FIGURE 1 | Key 'H-"H and HMBGC correlations.

software with the MM2 force field was applied to search the
preliminary ~ conformational distribution. Geometric
optimization of compounds 1’ and 2’ was calculated with the
density functional theory (DFT) method and time-dependent
DFT (TDDFT) via the Gaussian 09 program (Gaussian, Inc.,
Wallingford CT, USA). The optimized conformers obtained were
submitted to CD calculation by the TDDFT [B3LYP/6-31G(d)]
method. The computational data were fitted in the Origin 2021
(OriginLab Corporation, Northampton, MA, USA).

Acid Hydrolysis

Each compound (1-2 mg) was hydrolyzed with 1 M HCI (4 mL)
for 4h at 80°C. The reaction mixture was extracted with ethyl
acetate 3 times (Zhang et al, 2020). The water layer was
evaporated repeatedly under reduced pressure with MeOH
until dryness, giving a monosaccharide residue. It was
dissolved in anhydrous pyridine (1 mL), and L-cysteine methyl
ester hydrochloride (3 mg) was added. The mixture was kept at
60°C for 1 h. Then, 5 uL (0.5 mg) O-tolylisothiocyanate was added
and stirred at 60°C for another 1h. The reaction mixture was
directly analyzed by reversed-phase HPLC. The absolute
configurations of sugars of compounds 1 and 2 were
determined by comparing the retention times with derivatives
of standard sugars prepared in a similar manner. Retention times
for derivatives were 12.2min (L-glucose) and 12.9 min

Chemical Constituents From Pogostemon cablin

(D-glucose), respectively. Meanwhile, compounds 1 and 2
were hydrolyzed to obtain compounds 1’ and 2’, respectively.

Anti-Proliferative Activity Assay (MTT
Assay)

The antiproliferative activity of the isolated compounds was
evaluated against the growth of hepatocellular carcinoma cells
HepG2 (cells were grown in Dulbecco’s modified Eagle medium
containing 10% FBS at 37°C) using an MTT assay. HepG2 cells
were seeded in 96-well plates at a density of 5,000 cells per well
and cultured in a 37°C incubator for 24 h (Tang et al., 2020). After
24 h, the medium was removed, and a fresh medium containing
different compounds with a series of concentration gradients was
added to each well and cultured in a 37°C incubator for 72 h. A
measure of 20 pL (5 mg/mL) of the MTT solution was added to
each well and cultured in a 37°C incubator for 4 h. Then, the
supernatant was removed, and DMSO (100 pL) was added to
each well. The optical density was measured at a wavelength of
490 nm after 15min of shaking. The ICs, values of each
compound were calculated with GraphPad Prism 8.0 software
(GraphPad Software Inc., San Diego, CA, USA).

Flow Cytometry

HepG2 cells were seeded in 6-well plates (1 x 10° cells/well) for
24 h. Then, the medium was removed, and a fresh medium
containing different concentrations of compound 19 (1, 2.5,
and 5uM) was added and cultured again for 48h.
Gemcitabine (GEM) was used as a positive control. After
culture, the cells were collected and washed twice with cold
PBS; binding buffer solution was added to the collected cell
precipitate to make the cell concentration reach 1 x 10°/mL.
Then, 100 pL of the cell suspension was reabsorbed into the new
centrifuge tube, and 5uL Annexin V-FITC and 5uL PI were
added. After incubation at room temperature for 15 min (in a
dark place), 400 uL binding buffer was added to each well.
Fluorescence of cells was immediately detected with a flow
cytometer and used for quantitative analysis.

Western Blotting

HepG2 cells were seeded in 6-well plates (1 x 10° cells/well) for
24 h. Then, the medium was removed, and a fresh medium
containing different concentrations of compound 19 (1, 2.5,
and 5uM) was cultured for another 48 h. The medium was

4

9

6 ’

1

FIGURE 2 | Key NOESY correlations of compounds 1 and 2.
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FIGURE 3 | Experimental and calculated CD spectra for compounds 1’ and 2.
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22 OCH; OH OH OCH; OCH, H
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19 OCH; OH OCH; OCH; OH 25 OCH; OH H H  OH OCH,
20 OCH; OH OCH; OCH; OCH, 26 OCH; OH H H OH OH

FIGURE 4 | Chemical structures of compounds 1-26.

removed and washed with cold PBS; cells were collected and lysed ~ concentration was detected by using the BCA protein assay Kkit.
with RIPA buffer, left to stand in an ice bath for 30 min, and  Proteins were separated by SDS-PAGE gels and transferred to the
centrifuged at 4°C for 20 min at the highest speed. The protein =~ PVDF membrane. The membrane was blocked with 5% non-fat
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TABLE 3 | Anti-proliferative activity of compounds 1-13 and 15-26 against
HepG2 cells.

Compound ICso (UM) Compound ICs0 (UM)

1 >50 15 >50

2 >50 16 >50

3 >50 17 25.59 + 0.41
4 >50 18 >50

5 >50 19 2.30 £ 0.30
6 >50 20 >50

7 >50 21 >50

8 >50 22 >50

9 >50 23 >50

10 >50 24 >50

11 >50 25 >50

12 >50 26 >50

13 >50 — —

Gemcitabine (GEM) was used as a positive control with an ICsq value of 2.32 + 0.99 M.

milk for 2 h. Then, specific primary antibodies were used to bind
to the corresponding proteins and left for incubation at 4°C
overnight, after washing thrice with TBST (5 min), followed by
incubation with a second antibody at room temperature for
50 min. The protein bands were detected using the ECL
detection kit, and the gray intensities of the bands were
measured by Image] software.

Statistical Analysis

All data are presented as the mean + SD of at least three
independent experiments. The means were compared by one-
way ANOVA, followed by Dunnett’s test by GraphPad Prism
8.0 software. When the p-value was less than 0.05, the difference
between groups was considered statistically significant.

RESULTS AND DISCUSSION

Structure Elucidation of New Compounds
Compound 1 was afforded as an amorphous white powder. The
molecular formula of compound 1 was determined to be
C,1H;3,04 based on its HRESIMS data (m/z 427.2318 [M +
HCOOJ’, caled for C,H350g 427.2326), indicating the
existence of five degrees of unsaturation. The IR spectrum
showed characteristic absorptions attributable to a cyclic
olefinic bond (1,638 cm™) and a hydroxyl (3,449 cm™') bond.
The '"H NMR spectrum (Table 1) of compound 1 revealed the
presence of an olefinic proton [y 5.02 (1H, m)] and three methyl
groups [0y 0.80 (3H, s), 0.90 (3H, s), and 1.02 (3H, s)]. The °C
NMR and DEPT spectra (Table 2) showed 21 carbon signals due
to three methyls, six methylenes, nine methines, and three
quaternary carbons. Comprehensive interpretation of the 1D
and 2D NMR spectral data allowed full assignment of the 'H
and "C NMR signals of compound 1 (Table 1 and Table 2). The
aforementioned data indicated the presence of a f-D-
glucopyranosyl moiety (Xiao et al., 2011) [6c 104.8, 78.2, 77.9,
75.2,71.7,and 62.8]. Acid hydrolysis of compound 1 with 1 mol/L
HCI afforded compound 1’ and -D-glucose that was identified
by direct comparison with an authentic sample.

Chemical Constituents From Pogostemon cablin

Analysis of "H-"H COSY in combination with HSQC showed
correlations from H-2 to H-9, as shown by bold lines in Figure 1.
In the HMBC spectrum, as shown in Figure 1, the correlations
were observed from H-15 to C-1/C-9, H-2 to C-10/C-5/C-4, H-12
to C-10/C-7, H-13 to C-10/C-7, and H-14 to C-5/C-3/C-1'.
Comprehensive interpretation of 1D and 2D NMR spectra of
compound 1 revealed the presence of a patchoulene-type
sesquiterpene unit in 1, which was similar to §-patchoulene
(Faraldos et al., 2010). However, its carbon spectrum NMR
data have not been reported in the literature. The observed
key HMBC correlations between H-14 and C-1', as well as
between H-1' and C-14, indicated that the two units were
linked via the C-14-O-C-1’ bond to form a patchoulene-type
sesquiterpenoid glycoside. Thus, the planar structure of
compound 1 was established (Figure 1).

The relative configuration of compound 1 was established by
the NOESY interactions (Figure 2). The correlations between H-
14a and H-6a/H-6b and between H-14a/H-14b and H-13
indicated the p-orientation of H-4, H-5, H-7, and CHj;-15.
Thus, the relative configuration of the sesquiterpenoid unit in
compound 1 was determined.

Finally, according to the quantum chemical electronic
circular dichroism (ECD) calculation, as shown in Figure 3,
the absolute configuration of compound 1 was deduced to be 4R,
5R, 7S, and 10S by a comparison of the experimental ECD
spectrum of compound 1’ with the calculated one. Therefore,
compound 1 was determined to be (4R, 5R, 7S, 10S)-14-
hydroxypatchoulene-14-O-f-D-glucopyranoside, and named
Pogopatchoulene A.

Compound 2 was afforded as an amorphous white powder.
The molecular formula of compound 2 was deduced to be
C,1H3406 by its HRESIMS [M + HCOO] ion at m/z 427.2320
(caled for Cy,H3504 427.2326), corresponding to five degrees of
unsaturation. The UV and IR spectra of compound 2 displayed
similar signals to those of 1. The '>C NMR spectrum revealed the
presence of 21 carbon signals including three methyls, seven
methylenes, seven methines, and four quaternary carbons. The
1D NMR signals of compound 2 closely resembled those of 1,
indicating that they possessed a similar structure except for the
presence of a tetrasubstituted double-bond group in compound 2
instead of a trisubstituted double-bond group in compound 1. A
comprehensive comparison of their 2D NMR data revealed that
the tetrasubstituted double-bond group in compound 2 was in
positions 1 and 5 instead of positions 1 and 2 in compound 1.
Furthermore, compound 2 was hydrolyzed with 1 mol/L HCI to
obtain compound 2’ and B-D-glucose. Hence, the planar
structure of compound 2 was established.

The relative configuration of compound 2 could be suggested
by the interpretation of the NOESY data, as shown in Figure 2;
the cross peaks between H-14a/H-14b and H-13 and between H-
14a and H-6a indicated that H-4, H-7, and CH;-15 were in f3-
orientation. Finally, the absolute configuration of compound 2
was determined to be 4S, 7, and 10R, according to the quantum
chemical ECD calculation presented in Figure 3. In conclusion,
compound 2 was determined as (4S, 7R, 10R)-14-
hydroxypatchoulene-14-O-3-D-glucopyranoside, and named
Pogopatchoulene B.
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FIGURE 5 | Impact of compound 19 on apoptosis of HepG2 cells. Cells were seeded in 6-well plates (1 x 10° cells/well) and treated with compound 19 (1, 2.5, and
5 pM) for 48 h. Gemcitabine (GEM) was used as a positive control. Annexin V-FITC/PI staining flow cytometry was used to analyze the apoptosis of HepG2 cells after
treatment with compound 19; analysis is shown in (A). The experiments were run in triplicate. Data were presented as mean + SD. The explicit analysis is shown in (B).

Compound 19 (pM)

Compound 3 was shown to have the molecular formula
Ci;H,50; by its HRESIMS data (m/z 281.2109 [M + HI*,
caled for Ci;H,90;3: 281.2111). The UV spectrum showed
maximal absorption at 286 nm. The IR spectra revealed the
characteristic absorptions for hydroxyl (3,449cm™) and
carbonyl (1,685 cm™)) bonds. The 'H NMR spectrum
displayed the signals for four methyl protons [§y 0.84 (3H, s,
H-14), 1.07 (6H, overlapped, H-13 and H-12), and 2.04 (3H, s, H-
17)]. The >C NMR and DEPT spectra displayed 17 carbon
signals including four methyls, six methylenes, three methines,
and four quaternary carbons. Comparison of the NMR data of
compound 3 with the known compound patchoulan-1, 15-diol
(8) suggested that their NMR signals were similar except for extra
acetyl [0y 2.04 (3H, s), 8¢ 21.1, 171.4] in compound 3. With the
aid of 'H-'"H COSY, HSQC, and HMBC experiments, all the 'H
and ">C NMR signals were assigned, as shown in Table 1 and the

relative configuration is shown in Figure 4, which was in
accordance with a reaction product named patchouli alcohol
acetate (Niwa et al, 1987). However, no relevant nuclear
magnetic data on patchouli alcohol acetate had been reported
in the literature. Therefore, we reported its carbon spectrum for
the first time.

The molecular formula of compound 4 was established as
C15H,40; by a quasi-molecular ion peak at m/z 237.1849 [M +
H]" (caled for C;sH,50,: 237.1849) in its HRESIMS. IR spectra
showed the characteristic absorptions for hydroxyl (3,474 cm™),
carbonyl (1707 cm™), and olefinic bonds (1,644 cm™'). The 'H
NMR spectrum displayed two olefinic protons [dy 4.65 (1H, m)
and 4.50 (1H, s)] and three methyl groups [dy 1.10 (3H, d), 1.20
(3H, d), and 1.80 (3H, s)]. We compared the NMR data on
compound 4 with those of the synthetic compound (+)-[2R-(2a,
4af, 5a, 8B, 8af)]-octahydro-4a-hydroxy-2, 5-dimethyl-8-(1-
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FIGURE 6 | Impact of compound 19 on the protein expressions of cleaved caspase-3, cleaved caspase-9, caspase-3, caspase-9, Bcl-2, and Bax in HepG2 cells.
Cells were seeded in 6-well plates (1 x 10° cells/well) and treated with different concentrations of compound 19 (1, 2.5, and 5 uM) for 48 h. Western blotting was used to
detect the protein expression levels after compound 19 was applied to HepG2 cells (A). The ratio of the corresponding protein to -actin is calculated in (B=G). The
experiments were run in triplicate. Data were presented as mean + SD. “p < 0.05, p < 0.01, and **p < 0.001 vs. the control group.

methylethenyl)-1(2H)-naphthalenone (Gijsen et al., 1994), which
were exactly the same. Hence, compound 4 was determined.
In a summary, two new patchoulene sesquiterpenoid
glycosides (1-2), a natural patchoulane-type sesquiterpenoid
(3) and a natural cadinene-type sesquiterpenoid (4) were
isolated and determined from P. cablin. Other known
compounds, as rel-(1S, 4R, 5R, 7R, 10R)-10-desmethyl-10-
hydroxy-1-methyl-3-oxo-11-eudesmene (5) (Chavez et al,
1995), corymbolone (6) (Garbarino et al, 1985), 1B, 4pf-
dihydroxyeudesman-11-ene (7) (Li et al., 2005), patchoulan-1,
15-diol (8) (Ding et al., 2011), 2, 3, 4, 4a, 5, 6, 8, 8a-octayhydro-1-

hydroxy-4, 8a, 9, 9-tetramethyl-1, 6-methanonaphthalen-7(1H)-
one (9) (Barton et al., 1987), patchouli alcohol (10) (Barton et al.,
1987), 3R-3-hydroxypatchoulol (11) (Aleu et al., 2001), pogostol
(12) (Stierle et al., 2003), 1S, 4R, 58, 6R, 7S, 10S-1 (5), 6 (7)-
diepoxy-4-guaiol (13) (Chen et al., 2020), (5R, 8S)-3-hydroxy-3,
8-dimethyl-5-(prop-1-en-2-yl)-3, 4, 5, 6, 7, 8-hexahydroazulen-
1(2H)-one (14) (Huang et al, 2015), 8-keto-9 (10)-a-
patchoulene-4a-ol (15) (Li et al., 2013), 3,7-dihydroxy-5, 3/,
4'-trimethoxyflavone (16) (Dong et al., 1999), velutin (17)
(Zahir et al.,, 1996), 3, 5-dihydroxy-7, 4’ -dimethoxy flavone
(18) (Zhang et al, 2001), 5, 4'-dihydroxy-7-methoxyflavone
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(19) (Zhang et al, 2001), 5-hydroxy-3, 7, 3', 4'-
tetramethoxyflavone (20) (Wang et al., 2020), (2R, 3R)-(+)-4/,
7-di-O-methyldihydroquercetin (21) (Yoon et al., 2019), 7, 3/, 4'-
tri-O-methyldhq (22) (Kiehlmann and Slade, 2003), 5-hydroxy-7,
3', 4'-trimethoxyflavanone (23) (Zhang et al., 2001), 7, 4'-
dimethylapigenin (24) (Chen et al, 2017), ereiodictyol-7, 3'-
dimethyl ether (5, 4'-dihydroxy-7, 3’-dimethoxyflavanone)
(25) (Vasconcelos et al., 1998), and (25)-5, 3/, 4’ trihydroxy-7-
methoxy-flavanone (26) (Vasconcelos et al., 1998) were also
obtained and established by comparing with reported
spectroscopic data in the literature reports. Compounds 5-7,
9, 13, 16, 21, 22, and 26 were isolated from this plant for the
first time.

Anti-Proliferative Effects of Isolates

An ethanol crude extract of P. cablin displayed in vitro anti-tumor
potential in our preliminary experiments. Herein, most isolates
(1-13 and 15-26) were evaluated for antiproliferative activities in
HepG2 cells. Among the tested samples, compounds 17 and 19
displayed anti-proliferative effects against HepG2 cells with IC5,
values of 25.59 and 2.30 uM, respectively. This observation was in
agreement with reported data (Huong et al., 2005), in which the
ICsg value of compound 19 against HepG2 cells was 1.60 uM.
Previous studies have revealed that flavonoids with 2 and
3 double bonds have a higher ability to induce cell apoptosis
than flavonols (Wang et al., 1999; Hui et al., 2014; Isoda et al,,
2014). In addition, the presence of hydroxyl groups at the 4'
positions of the B ring is important for granulocyte differentiation
(Takahashi et al., 1998; Isoda et al., 2014). According to our data,
flavone compound 19 showed the best antiproliferative effects
against HepG2 cells than other flavonoids; it can be concluded
that 3-methoxy and 4’- hydroxyl might be important for its
activity. The other compounds including sesquiterpenoids and
dihydroflavones were inactive, as shown in Table 3. Our data
suggest that the anti-tumor effects of P. cablin might be
attributed, at least partially, to its bioactive flavonoids.

Compound 19 Induce Apoptosis in
HepG2 Cells

Apoptosis plays an important role in maintaining tissue
homeostasis (Ma, et al, 2018). Induction of apoptosis in
tumor cells is an important survival strategy against cancer
pathologic progression (Rejhova, et al, 2018), and many
natural products have been shown to have anticancer effects
through the mitochondrial-mediated apoptosis pathway
(Friedman, 2015). The cytotoxic effects of compound 19 on
HepG2 have been reported, but the mechanism of action has
not been studied. Therefore, the apoptosis-inducing effects of
compound 19 in HepG2 cells were also investigated in the current
study. As shown in Figure 5, after treatment with compound 19
(1, 2.5, and 5pM) for 48 h, the flow cytometric apoptosis
experiment showed a dose-dependent increase in the
percentage of early apoptotic cells when compared with the
control group, which showed significant difference (p < 0.001).

Additionally, caspase-9 is an important initiator caspase within
the cascade of apoptosis transduction in the mitochondrial-mediated

Chemical Constituents From Pogostemon cablin

apoptosis pathway. Upon proapoptotic factor release into the cytosol,
procaspase-9 is recruited at apoptosome and self-cleaved to caspase-9
and then stimulates downstream executioner caspases, such as
caspase-3, which subsequently cause apoptotic cell death
(Brentnall et al,, 2013; Sadeghi et al, 2019). Our results showed
that compared with the control group, compound 19 significantly
upregulated the expressions of cleaved caspase-9 and cleaved caspase-
3 and significantly downregulated the expressions of caspase-3 and
caspase-9. Moreover, both Bcl-2 (an anti-apoptotic protein) and Bax
(a proapoptotic protein) belong to the B-cell lymphoma (Bcl-2)
family and are critical in the mitochondrial-mediated apoptotic
pathway. Western blotting results are shown in Figure 6;
compared with the control group, compound 19 significantly
upregulated the expressions of Bax and downregulated the
expressions of Bcl-2. Thus, compound 19 may induce apoptosis
in HepG2 cells and activate the mitochondrial-mediated apoptotic
pathway. Our results showed for the first time that compound 19
exerted anti-proliferative effects by inducing apoptotic cell death.

CONCLUSION

In conclusion, this study was a phytochemical investigation that
explored the chemical profiles and pharmacological properties of
active constituents from P. cablin. Twenty-six compounds
including two new patchoulene sesquiterpenoid glycosides and
two natural sesquiterpenoids were isolated from the aerial parts of
P. cablin, and the absolute configurations of new compounds
(1-2) were established. The antiproliferative activities against the
human tumor cell line (HepG2) of the isolated compounds (1-13
and 15-26) were examined by the MTT assay. Compounds 17
and 19 displayed anti-proliferative effects with ICs, values of
25.59 and 2.30 uM against HepG2 cells, respectively. In this
article, the related mechanism of the anti-proliferative activity
of compound 19 has been further studied, and it was found to
induce the apoptosis of HepG2 cells by downregulating the ratio
of Bcl-2/Bax and upregulating the expressions of cleaved caspase-
3 and cleaved caspase-9. Therefore, findings from the current
study supported that the chemical constituents from P. cablin
were multitudinous, which were beneficial for the further
fundamental and development research of P. cablin.
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Twenty-three novel trifluoromethyl pyrimidine derivatives containing an amide moiety were
designed and synthesized through four-step reactions and evaluated for their antifungal,
insecticidal, and anticancer properties. Bioassay results indicated that some of the title
compounds exhibited good in vitro antifungal activities against Botryosphaeria dothidea
(B. dothidea), Phompsis sp., Botrytis cinereal (B. cinerea), Colletotrichum gloeosporioides
(C. gloeosporioides), Pyricutaria oryzae (P. oryzae), and Sclerotinia sclerotiorum (S.
sclerotiorum) at 50 pg/ml. Meanwhile, the synthesized compounds showed moderate
insecticidal activities against Mythimna separata (M. separata) and Spdoptera frugiperda
(S. frugiperda) at 500 ug/ml, which were lower than those of chlorantraniliprole. In addition,
the synthesized compounds indicated certain anticancer activities against PC3, K562,
Hela, and A549 at 5 pg/ml, which were lower than those of doxorubicin. Notably, this work
is the first report on the antifungal, insecticidal, and anticancer activities of trifluoromethyl
pyrimidine derivatives bearing an amide moiety.

Keywords: amide, trifluoromethyl pyrimidine, design, synthesis, bioactivity

INTRODUCTION

In recent years, in the field of agricultural production, drug resistance and cross-resistance of existing
pesticides continue to develop, and the development of efficient and new pesticides is still an urgent
task for scientific researchers (Wei et al., 2021). Due to their unique biological structure, nitrogen-
containing heterocyclic compounds have the characteristics of high target specificity and good
environmental compatibility, which have become a research hotspot in the creation of new pesticides
(Mermer et al, 2021). Among them, pyrimidine is an important lead molecule and an active
fragment in the design of biologically active molecules, which is widely used in the design of
pesticides and pharmaceutical molecules (Abbas et al., 2021), plant growth regulation (Tsygankova et
al., 2018), and other biological activities. Many pyrimidine pesticide molecules are on the market,
such as azoxystrobin, fluoxastrobin, pyrimethamine sulfonate, pyrimfen, cyclopropenyl, sulfluramid,
and sulfonylureas. Especially in the prevention and treatment of plant fungal diseases, pyrimidine
fungicides have become one of the hot spots in the research on new pesticides (Borthakur et al.,
2020). In the medicine field, pyrimidine has broad-spectrum biological activity including anti-viral,
anti-inflammatory, anti-cancer, and anti-HIV activities (Abdel-Aziz et al., 2021; Abu-Zaied et al,,
2021; Ding et al., 2022; Li et al., 2022). Therefore, the molecular design, synthesis, and biological
activity of pyrimidine derivatives are still one of the hot research topics in pesticide chemistry (Zhang
et al., 2020).
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FIGURE 1 | Design of the target molecules.

SCHEME 1 | Synthetic routes of the target compounds 5a-5w.

,\'IKH CF, CF,
FsC 0~ CH4ONa, C,HsOH KN/ . CH3CN QN/ -
1 y s
CF
CF, ®
HoN-
X
OH N Q NH, COOH k N;_Q
Cs,CO0g, acetone EDCI.HCI, CH,Cl,
DMAP 5
5a: 3-N, R=H 5j: 4-N, R=H 5r: 4-N, R=3-CF
5b: 3-N, R=2-Cl 5k: 4-N, R=3-CHj 5s: 4-N, R=4-CF
5c: 3-N, R=3-OCHj3 51: 4-N, R=3-F 5t: 4-N, R=2,6-di-OCH3
5d: 3-N, R=4-(CH3);C 5m: 4-N, R=2-Cl 5u: 4-N, R=3,4-di-OCH;
5e: 3-N, R=3-CF - AN, . _
3 8n: 4-N. R=4-Cl 5v: 4-N, R=3-Br-5-CF,
5f: 3-N, R=2-CH30- 3-CF5 =" 5w: 4-N, R=3,4,5-tri-OCHj
5g: 3-N, R=3-Br-4-Cl 50: 4-N, R=4-OCHj3
5h: 3-N, R=2-F-5-Br 5p: 4-N, R=4-(CH3);C
5i: 3-N, R=3,4,5-tr-OCH;  5q: 4-N, R=4-NH,

Amide, an important negatively charged organic functional
group, was widely present in active compounds, which has a
broad spectrum of biological activities and is widely used in the
field of pesticides and medicine (Maftei et al., 2015; Bhat et al., 2017).
According to statistics, 25% of small-molecule drugs currently in the
market contain at least one amide bond in their molecular structure
(Kumari et al., 2020). At present, the fungicides of amide compounds
have been used for decades, and the application of fungicides is the
most effective measure to control phytopathogenic fungi. The use of
fungicides can restore a lot of losses every year (Simkhada and
Thapa, 2021; Wang R.-X. et al., 2021). The commercial varieties that
have been developed include fentanyl, fluopicolide, flutolanil
penthiopyrad, boscalid, etc. Amide fungicides can effectively
prevent and control sheath blight, scab, and sclerotinia on crops
such as wheat, corn, rapeseed, and rice. It can also effectively prevent
and control fusarium wilt on tomato and potato diseases (AL-

Shammri et al, 2022). In our previous work, a series of
synthesized pyrimidine-containing substituted amide derivatives
exhibited good antifungal activity.

Based on the aforementioned considerations and our previous
works (Wu et al, 2019; Wu et al,, 2020; Wu et al,, 2021; Yu et al.,
2021), the amide is linked to the trifluoromethyl pyrimidine backbone
through an oxygen ether. Finally, we designed and synthesized a novel
series of trifluoromethyl pyrimidine derivatives containing an amide
moiety due to the molecularly active splicing strategy (Figure 1).

MATERIALS AND METHODS

General Information
Melting points (m.p.) of the target compounds were tested on an
XT-4 binocular microscope (Beijing Tech Instrument Co.,
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China). 'H nuclear magnetic resonance (NMR) and 13C nuclear
magnetic resonance (NMR) (solvent DMSO-ds) spectral analyses
were performed on a Bruker AvanceNEO spectrometer
(600 MHz, Bruker, Germany) at room temperature. High-
resolution mass spectrometry (HRMS) data were obtained on
a Thermo Scientific Q Exactive Focus instrument (Thermo Fisher
Scientific, Unites States). Analytical thin-layer chromatography
(TLC) was prepared on silica gel GF,s,.

Preparation of the Intermediates 24
Intermediates 2 and 3 were prepared using our previous research
method in Scheme 1 (Wu et al., 2019).

To a 100-ml three-necked bottle, intermediate 3 (20 mmol), KI
(0.2 mmol), Cs,CO3 (30 mmol), and acetone (50 ml) were stirred
under ice bath conditions. Then, dissolved 3-aminophenol or 4-
aminophenol (20 mmol) in acetone (10 ml) was added dropwise,
which continued to react for 7-8 h at 25°C. The chromatographic
column was installed and eluted with petroleum ether and ethyl
acetate in different proportions to gain intermediate 4.

3-((6-(Trifluoromethyl)pyrimidin-4-yl)oxy)aniline (4a). White
solid; yield 62.5%; m. p. 65-67°C; '"H NMR (600 MHz, DMSO-dg,
ppm) &: 8.94 (s, 1H, pyrimidine-H), 7.29 (s, 1H, pyrimidine-H),
7.06 (t,2H, J= 7.8 Hz, Ph-H), 6.62 (d, 1H, J = 7.8 Hz, Ph-H), 6.42 (t,
1H, J = 2.4 Hz, Ph-H), 6.38 (d, 1H, J = 7.8 Hz, Ph-H), 5.40 (s, 2H,
NH,); >C NMR (125 MHz, DMSO-ds, ppm)8: 171.50, 169.88,
156.13 (q,] = 35.4 Hz), 147.42, 142.18, 12226, 12182 (q, J =
2733 Hz), 11496, 10248, HRMS (ESI) calculated for
C,,HoONSF; [M + H]*: 256.06839, found: 256.06922.

4-((6-(Trifluoromethyl)pyrimidin-4-yl)oxy)aniline (4b). White
solid; yield 70.6%; m. p. 85-87°C; "H NMR (600 MHz, DMSO-ds,
ppm)é: 8.96 (s, 1H, pyrimidine-H), 7.55 (s, 1H, pyrimidine-H),
6.93 (d, 2H, J = 9.0 Hz, Ph-H), 6.65 (d, 2H, ] = 8.5 Hz, Ph-H), 5.17
(s, 2H, NH,); '*C NMR (125 MHz, DMSO-dg, ppm) &: 171.41,
159.88,156.09 (q, /= 35.1 Hz), 147.45,142.06,122.17,121.82 (q,] =
272.7 Hz), 114.83, 105.83; HRMS (ESI) calculated for C,;HoON;F;
[M + H]": 256.06839, found: 256.06910.

Preparation of the Target Compounds 5a-5w
To a 50-ml three-necked bottle, the key intermediate 4 (0.02 mol),
aromatic acid (0.024 mol), and dimethylaminopyridine (DMAP,
0.0004 mol), dissolved in dichloromethane (20 ml), and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

(EDCI, 0.03 mol) were added. The reactions were stirred at
25°C for 8-10h. Then, the solvent was evaporated under
vacuum and the residue was purified by column
chromatography (ethyl acetate/petroleum ether = 10/1) to
obtain the target compounds 5a-5w.

N-(3-((6-(trifluoromethyl) pyrimidin-4-yl)oxy)phenyl)benzamide
(5a). White solid; yield 53.4%; m. p. 125-127°C; "H NMR (600 MHz,
DMSO-dg, ppm) &: 10.46 (s, 1H, -CONH-), 8.99 (s, 1H, pyrimidine),
7.83 (d, 2H, J=7.2 Hz, Ph-H), 7.71 (t, 1H, ] = 1.8 Hz, Ph-H), 7.78 (s,
1H, Ph-H), 7.72 (d, 1H, ] = 8.4 Hz, Ph-H), 7.62 (t, 1H, = 7.8 Hz, Ph-
H), 7.56 (t, 1H, J = 7.8 Hz, Ph-H), 7.49 (t, 1H, J = 7.8 Hz, Ph-H), 7.04
(dd, 1H, J; = 1.8 Hz, J, = 84 Hz, Ph-H); °C NMR (150 MHz,
DMSO-dg, ppm) &: 170.61, 166.25, 159.84, 156.13 (q, J = 35.6 Hz),
152.21, 141.21, 135.17, 132.19, 130.37, 128.88, 128.15, 121.81 (q, ] =
273.3 Hz), 120.35, 118.30, 117.88, 117.13, 113.70, 106.66, 60.58, 55.79;
HRMS (ESI) calculated for C,;3H;,0,N5F; [M + Na]*: 382.07681,
found: 382.07725.

Crystal Data and Structure Determination
Single crystals of compound 5q (deposition CCDC1965888)
(DOI: 10.5517/ccdc.csd.cc23znrj) for X-ray diffraction were
acquired from absolute ethanol by slow evaporation at 25°C.
The crystallographic parameters are displayed in Supplementary
Table S1. Supplementary Table S1 showed that
3,107 independent reflections with the range of 2.072°< 6 <
22.729° were obtained. Compound 5q crystallized in the
monoclinic system and the space group is P2 (1)/c. The
crystallographic parameters are as follows: a = 17.2341 (15) A,
b=12.1803 (11) A, ¢ = 10.5015 (9) A, a = 90°, B = 97.021 (2)°, y =
90°, u=0.106 mm™', V=2187.9 (3) A’,Z=4,D.=1.316 gcm>, F
(000) = 904.0, goodness of fit on F? = 1.000, R, = 0.1469, and
WR, = 0.2676. Meanwhile, the crystal structure of 5q was shown
in Figure 1. Figure 2 showed that the crystal structure of
compound 5q is monoclinic and contains two plane subunits
of 6-(trifluoromethyl)pyrimidine and benzamide.

In Vitro Antifungal Activity Test

The antifungal activities against Botryosphaeria dothidea (B.
dothidea), Phompsis sp., Botrytis cinereal (B. cinerea),
Colletotrichum gloeosporioides (C. gloeosporioides), Pyricutaria
oryzae (P. oryzae), and Sclerotinia sclerotiorum (S. sclerotiorum)
of compounds 5a-5w at 50 pg/ml were determined by the typical
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TABLE 1 | The antifungal activities of the title compounds 5a-5w at 50 pg/ml.

Bioactivities of Novel Trifluoromethyl Pyrimidine

Compound Inhibition rate (%)
B. dothidea Phomopsis sp B. cinerea C. gloeosporioides P. oryzae S. sclerotiorum

5a 7725 +3.15 59.22 + 1.39 92.43 £ 3.25 53.89 + 1.09 38.92 + 1.86 7218 + 3.02
5b 88.72 + 3.83 54.37 + 1.67 96.76 + 3.83 51.88 + 3.61 43.64 + 1.99 75.82 + 2.08
5¢c 76.82 + 3.22 70.73 £ 2.93 89.88 + 2.89 64.12 + 2.26 41.34 £ 2.31 76.28 + 2.05
5d 67.34 + 1.39 5817 +1.94 71.35 + 2.45 46.53 + 1.23 36.05 + 2.94 7273 +1.12
5e 78.60 + 3.70 75.19 + 3.55 87.68 + 3.17 49.11 £ 1.08 63.91 + 1.34 75.45 + 1.64
5f 73.87 +2.48 70.37 + 3.03 89.04 + 3.15 69.75 + 1.53 52.49 + 2.07 79.21 +2.30
59 87.95 + 4.47 85.70 + 3.87 88.17 + 1.61 43.17 £ 2.07 47.82 + 2.64 74.00 + 1.22
5h 71.81 +2.24 62.42 + 2.71 89.51 + 3.24 41.98 + 3.51 61.48 + 1.69 77.82 +1.29
5i 77.96 + 3.42 64.14 + 1.35 87.97 + 3.58 43.56 + 1.64 42.69 + 2.81 57.27 £ 2.40
5j 89.89 + 1.64 77.48 + 2.63 96.84 + 2.01 60.01 + 1.09 41.65 £ 1.38 76.18 £ 1.05
5k 75.62 +2.18 65.34 + 1.87 81.54 £ 1.25 41.98 + 1.37 51.23 + 3.05 70.36 + 2.14
51 88.84 + 1.76 70.34 + 2.25 100.00 39.21 £ 2.50 44.02 + 1.96 65.45 + 3.24
5m 74.26 + 1.18 64.20 + 2.35 90.40 + 2.16 35.12 £ 1.79 30.11 £ 1.61 64.28 £+ 2.18
5n 82.35 + 1.15 68.23 + 1.72 94.68 + 3.46 41.58 + 3.01 35.67 + 3.81 73.27 + 3.24
50 86.49 + 1.29 79.70 + 1.53 92.84 + 1.83 66.87 + 1.94 40.16 £ 1.28 79.26 + 3.58
5p 7161 +234 58.81 + 2.65 65.87 + 1.32 52.15 + 1.38 31.06 + 2.54 58.27 + 1.75
5q 60.48 + 1.15 63.82 + 2.83 76.48 + 1.37 52.48 + 2.00 49.70 £ 1.42 61.82 £ 1.09
5r 83.65 + 1.70 79.69 + 1.58 90.56 + 1.17 41.58 + 3.52 35.67 + 2.62 73.27 +2.48
5s 90.12 + 1.37 81.26 + 1.19 93.47 £ 2.54 40.20 + 1.08 37.33 £ 1.34 69.09 + 2.81
5t 81.21 + 1.20 79.65 + 3.49 93.67 + 1.67 50.05 + 1.69 61.10 £ 2.20 72.64 + 1.84
5u 76.82 + 3.22 70.73 £ 2.93 89.88 + 2.89 55.05 + 2.22 47.25 £ 3.04 60.00 £ 2.19
5v 82.80 + 1.44 82.34 + 1.06 92.64 + 1.13 51.88 + 1.52 60.15 + 1.11 82.73 + 1.84
5w 75.86 + 1.23 68.56 + 2.35 92.31 + 2.46 50.28 + 0.98 47.36 + 1.56 64.183 £ 2.27
Tebuconazole 100.00 100.00 96.45 + 1.82 100.00 100.00 83.34 £ 1.18

mycelium growth rate method (Du et al., 2021; Wang W. et al,
2021), and tebuconazole was used as a positive control.

Insecticidal Activity Test

The insecticidal activities against Spdoptera frugiperda (S. frugiperda)
and Mythimna separata (M. separata) of compounds 5a-5w at 500 g/
mL were conducted according to the research method in the literature
(Wang et al,, 2020). Chlorantraniliprole was used as a positive control.
Three replicates were performed for each treatment. The corrected
mortality rate of compounds 5a-5w were evaluated by the Abbott’s
formula.

Corrected mortality rate (%) = (Mortality rate of treatment group
— Mortality rate of control group)
/ (1 — Mortality rate of control group)x100

Anticancer Activity Test

The anticancer activities against the cells of compounds 5a-5w at 5 pg/
mL were conducted based on the MTT method (El-Dydamony et al,,
2022). Doxorubicin was used as a positive control. Each treatment was
repeated 3 times. The corrected mortality rates for compounds 5a-5w
were determined using the aforementioned formula.

RESULTS AND DISCUSSION
Chemistry

Using ethyl trifluoroacetoacetate as the initial reagent, as
shown in Scheme 1, a series of novel trifluoromethyl

TABLE 2 | The insecticidal activities of the title compounds 5a—5w at 500 pg/ml.

Compound Mortality rate (%)

S. frugiperda M. separata
5a 30.00 + 1.60 16.70 = 1.50
5b 13.33 = 1.00 36.67 + 1.80
5¢c 70.00 + 1.50 60.00 + 2.20
5d 50.00 + 2.00 36.67 + 2.00
5e 46.67 + 1.50 30.00 + 1.30
5f 60.00 + 2.80 56.67 + 1.20
59 46.67 + 1.00 30.00 + 1.00
5h 50.00 £ 2.20 20.00 + 1.50
5i 53.33 + 1.20 33.33 £ 1.20
5 26.67 + 1.40 26.67 + 1.80
5k 40.00 + 2.00 50.00 + 1.00
5l 26.67 £ 1.50 70.00 + 2.20
5m 30.00 + 1.00 16.67 + 1.80
5n 40.00 + 1.30 20.00 + 1.20
50> 80.00 + 2.10 67.67 + 2.50
5p 56.67 + 1.00 46.67 + 1.60
5q 43.33 £ 1.20 30.00 + 2.00
5r 50.00 + 1.80 27.00 + 1.50
5s 66.67 + 2.47 33.33 £ 1.30
5t 83.33 + 1.56 20.00 + 2.30
5u 73.33 + 1.31 80.00 + 1.50
5v 73.33 +2.03 43.33 + 1.35
5w 90.00 + 1.80 86.67 + 2.42
Chlorantraniliprole 100 100

pyrimidine derivatives bearing an amide moiety were
designed and synthesized via four-step reactions with the
yields of 20.2-60.8% and the target compounds were
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TABLE 3 | The anticancer activities of the title compounds 5a-5w at 5 pg/ml.

Compound Mortality rate (%)
PC3 K562 Hela A549

5a 0 10.03 = 1.03 3.82 +2.64 15.76 £ 1.30
5b 156.53 £ 1.08 0 2.42 +1.06 13.65 + 2.43
5¢c 0 19.59 + 1.30 5.98 + 1.09 13.74 £ 1.76
5d 5.80 +2.13 473+ 215 11.37 £ 2.15 13.60 + 2.80
5e 0 530 +1.16 0.55 £ 2.24 9.23 + 1.32
5f 4.08 +1.67 21.88 +2.24 423 +1.25 1247 £ 2.35
59 0 16.52 + 1.61 2.75 £ 1.60 14.51 £ 2.35
5h 0 10.98 + 1.14 0 0.22 +1.05
5i 3.98 +1.22 3.58 +1.95 3.58 + 1.69 16.15 £ 2.64
5j 31.01 £190 3099206 2522+237 2275+294
5k 34.20 + 2.01 3780+ 195 3450+1.89 2850 %222
51 54.94 + 1.51 1647 £1.38 3220 +210 37.35+2.00
5m 0 0 0 0

5n 5171 +120 1711 +£152 30.78+1.45  40.78 + 1.09
50 50.52 + 1.22 1940 £+ 1.64 39.54 £+ 222 38.78 £2.26
5p 9.20 £ 1.45 7.30 £ 2.01 2040+ 170 16.80 + 3.26
5q 46.11 £ 154 3140+ 3.12 37.90 + 3.01 42.42 + 1.33
5r 55.32+1.35 1563+096 34.65+1.87 41.36+ 1.51
5s 2235+ 1.16 528 +1.38 25.14 £ 2.03 15.24 £ 1.67
5t 0.37 £1.28 12.46 + 2.26 6.87 + 2.07 8.41 £ 2.83
5u 31.01 £164 3099134 2522+235 2275+290
5v 6420 + 112 2400+ 192 4825+ 117  34.20 + 2.31
5w 36.20 £ 1.36 3540+ 183 3220+262 31.80+2.08
Doxorubicin 9468 +1.05 7281 +154 8043 +136 89.57 +2.07

characterized by '"H NMR, 'C NMR, X-ray diffraction,
and HRMS.

The '"H NMR signals for compound 5a, a singlet appears
10.46 ppm indicates the presence of the -CONH- group. The CH
proton of the 6-trifluoromethyl pyrimidine ring is located as two
singlets at 8.99 and 7.78 ppm. Meanwhile, in the >’C NMR data of
compound 5a, two quartets at 156.13and121.81 ppm indicated
the presence of -CFsand C-CF; as characteristic peaks in the
pyrimidine fragment. In addition, compound 5a was confirmed
correctly with the [M + Na]* peaks by HRMS data.

Antifungal Activity Test In Vitro

Table 1 shows that compounds 5b, 5j, and 5l revealed excellent
in vitro antifungal activity against B. cinerea, with the inhibition rates
of 96.76, 96.84, and 100%, respectively, which were equal to or even
better than that of tebuconazole (96.45%). Meanwhile, compound 5v
had an inhibitory effect (82.73%) against S. sclerotiorum equal to that
of tebuconazole (83.34%). Nevertheless, compounds 5a-5w revealed
lower in vitro antifungal activities against B. Dothidea (60.48-90.12%),
Phomopsis sp. (54.37-82.34%), C. gloeosporioides (35.12-69.75%), and
P. oryzae (30.11-63.91%) than those of tebuconazole.

Insecticidal Activity Test

Table 2 shows that compounds 5a-5w indicated certain
insecticidal activities against S. frugiperda and M. separata at
500 pg/ml, with the mortality rates of 13.3-90.0% and
16.7-86.7%, respectively, which were lower than those of
chlorantraniliprole. Especially, compound 5w revealed fine
insecticidal ~activities against Spdoptera frugiperda and
Mythimna separata with the mortality rates of 90.0% and

Bioactivities of Novel Trifluoromethyl Pyrimidine

86.7%, respectively. Meanwhile, compound 50 and 5t
demonstrated moderate mortality rates of 80.0% and 83.3%
against Spdoptera frugiperda.

Anticancer Activity Test

Table 3 shows that compounds 5a-5w indicated certain
anticancer  activities against PC3  (0-64.20%), K562
(0-37.80%), Hela (0-48.25%), and A549 (0-40.78%) at 5 pg/ml
which were lower than those of doxorubicin. Particularly,
compounds 51, 5n, 50, 5r, and 5v expressed moderate
anticancer activities against PC3 with the inhibition rates of
54.94, 51.71, 50.52, 55.32, and 64.20%, respectively.

The preliminary structure-activity relationship showed that
most compounds exhibited good activities against B. dothidea,
Phomopsis sp., and B. cinerea. Especially for B. cinerea., majority
of the compounds revealed inhibition rates higher than 80%. The
inhibition rate of compound 51 was even up to 100%, which was
exceeded by the control drug tebuconazole (96.45%). Excellent
inhibitory activities also indicated the potential of these
compounds as candidates or leading structure against B. cinerea.

CONCLUSION

In summary, twenty-three novel trifluoromethyl pyrimidine
derivatives including an amide moiety were prepared based on
amide and pyrimidine pharmacophore, and their structures were
confirmed by 'H NMR, >C NMR, X-ray diffraction, and HRMS
determination. The preliminary biological activity screening
indicated that most of the title compounds exhibited moderate
to excellent antifungal and insecticidal activities. This study
demonstrated the potential of trifluoromethyl pyrimidine
derivatives including an amide moiety as the effective
antifungal and insecticidal agents for crop protection and
should be used as the reference for future research.
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The composition, physicochemical properties, in vitro biological activity, and hypoglycemic
activity exhibited by polysaccharides from four varieties of G. elata were investigated in this
study; the four extracted Gak polysaccharides were termed as Gak-B (G. elata Bl 1. glauca
S. chow polysaccharides), GaE-R (G. elata Bl. f. elata polysaccharides), GaE-Hyb
(hybridization of G. elata Bl. f. glauca S. chow and G. elata Bl f elata
polysaccharides), and GakE-G (G. elata Bl. f. viridis Makino polysaccharides). As
revealed by the results, the GaE polysaccharides were found with the same
monosaccharide composition, primarily including glucose, whereas the content of each
variety was significantly different. In addition, different degrees of differences were found in
the in vitro antioxidant and hypoglycemic activity, molecular weight, yield, and chemical
composition exhibited by the abovementioned varieties. However, GaE-B and GaE-Hyb
were found with similar physical properties, chemical composition, and antioxidant and
hypoglycemic activity. GaE-R had the lowest yield, total sugar content, and molecular
weight, whereas it involved higher xylose, binding protein, and polyphenols as well as
higher antioxidant and hypoglycemic activity. In contrast, GaE-G was found with the
highest yield, total sugar content, and molecular weight, whereas it contained the lowest
xylose, binding protein, and polyphenols, as well as the weakest antioxidant and
hypoglycemic activity. In brief, the polysaccharide of G. elata, a plant resource for
homology of medicine and food, could more significantly enhance the biological activity
of G. elata as it was released in the process of decocting and stewing. To be specific, the
assessment of polysaccharide activity alone suggested that GaE-R was the best.

Keywords: Gastrodia elata blume., polysaccharide, variety, physicochemical property, biological activity

1 INTRODUCTION

Over the past few years, increasing studies have been conducted on various physiological and
biochemical characteristics of plant polysaccharides. Plant polysaccharides, a natural polymer, have
less irritation to the body when exerting their pharmacological properties. The bioactivities of plant
polysaccharides are largely manifested in anti-inflammatory, antioxidation, anti-tumor, anti-virus,
anti-diabetes, immune regulation, etc. (Yue et al., 2017; Chen L. et al,, 2018; Chen Y. et al., 2018; Fan
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et al., 2018; Ma et al., 2018). The above mentioned characteristics
of plant polysaccharides are capable of facilitating the
development and utilization of a range of health foods and
medicines. The physical and chemical properties exhibited by
polysaccharides take on a critical significance to their
physiological and functional properties. In particular, the
chemical composition, molecular weight and distribution,
monosaccharide composition, and functional group differences
in polysaccharides have effects on the physiological and
biochemical properties exhibited by polysaccharides (Nie et al.,
2017). Accordingly, studying the physical and chemical
properties exhibited by plant polysaccharides can assess the
biological activity and application value of the abovementioned
plants from one side.

G. eleta (Orchidaceae) refers to an orchid plant, a fully
mycoheterotrophic plant, forming a symbiotic relationship
with Armillaria mellea (Cha and Igarashi, 1995) during its
growth. It is a traditional Chinese herbal medicine (Yuan
et al., 2018). It has been recorded in ancient China, and its
dry tubers are commonly used as medicine (Chinese
Pharmacopoeia Commission, 2015). It is currently planted in
East Asian nations (e.g., China, Japan, South Korea, and India)
(Lee et al,, 2014). G. elata is largely adopted to treat dizziness,
cancer, depression, epilepsy, convulsion, inflammation, liver
protection, anti-aging, neuroprotection, and other diseases
(Chen J. et al.,, 2016; Chen L. et al., 2016; Zhan et al., 2016;
Kim et al., 2017; Lin et al., 2018; Wang et al., 2018; Zhang et al.,
2018; Ma et al., 2020). The major medicinal components of G.
elata  are gastrodin  p-hydroxybenzyl alcohol and
p-hydroxybenzaldehyde (Chinese Pharmacopoeia Commission,
2015; Li et al., 2019). Second, G. elata also contains polyphenols,
polysaccharides, organic acids, and other active components
(Ojemann et al,, 2006). In China, different varieties of G. elata
have been employed for cultivation under forest (Zhan et al,
2016). The major difference of G. elata varieties refers to the not
consistent color of the stem after the process of bolting and
flowering. At present, G. elata Bl. f. glauca S. chow, G. elata BI. f.
elata, G. elata Bl f. viridis Makino, and Hybrid G. elata Bl
(Hybridization of G. elata BL. f. glauca S. chow and G. elata BL f.
elata) have been primarily planted in Guizhou, China, whereas
the adaptability and growth trend of the varieties of G. elata are
different, thus resulting in the differences of biological
activities (Zhan et al, 2016). Over the past few years, G.
elata polysaccharides have aroused wide attention for their
various physiological activities and functions (e.g., anticancer,
bioactivity on gut microbiota, anti-aging, immunomodulation,
neuroprotection, and prevention of cardiovascular and
cerebrovascular diseases, as well as other activities) (Chen et al.,
2011; Kim et al., 2012; ; Chen L. et al., 2016; Zhou et al., 2017; Chen
L. etal, 2018; Huo et al., 2021). As revealed by the abovementioned
activity results, G. elata polysaccharides play a vital role in the whole
pharmacological activity of G. elata. Although a considerable
number of reports on the structure, composition, and activity of
G. elata polysaccharide have been conducted, the focus has been
placed on a single variety, and there have been rare relevant research
reports on the differences in physical properties, chemical
properties, and biological activities between different varieties.

Gastrodia elata Polysaccharides of Bioactivities

In this study, the selection of varieties in the cultivation
process has been controversial in the experimental G. elata
planting area, Dejiang County, Guizhou Province, China. At
this stage, G. elata polysaccharides have also been recognized
as one of the key natural compounds in the study of active
components of G. elata. Thus, this study aimed to compare the
physicochemical properties and biological activities of non-
starch polysaccharides in different varieties of G. elata from
the perspective of G. elata polysaccharides, so as assess the
differences of polysaccharides between different varieties of G.
elata. Indeed, the differences of polysaccharides do not
represent the differences of the overall quality of G. elata,
and the differences of varieties cannot represent the
differences between regions. Impacted by the different
natural conditions (e.g., weather, altitude, soil, and rainfall
in the planting area), the physical and chemical indicators of G.
elata planted will be different. As an ancient saying in China
goes, “A side water and soil raises a side person” (i.e., the
unique features of a local environment always give special
characteristics to its inhabitants). We consider that this
ancient saying is also suitable for plants. The difference of
polysaccharide in different varieties of G. elata planted in our
experimental area does not represent the variety difference in
the entire Chinese region, whereas they can serve as an
assessment of variety selection and application value of
locally planted G. elata.

2 MATERIALS AND METHODS

2.1 Materials

The fresh tubers of four varieties of G. elata (G. elata Bl. f. glauca
S. chow, G. elata Bl. £. elata, Hybridization of G. elata BL. f. glauca
S.chow, and G. elata Bl. {. elata (G. elata B. f. elata was the female
parent and G. elata Bl f. glauca S. chow was the male parent) and
G. elata Bl f. viridis Makino, the extracted polysaccharides were
termed GaE-B, GaE-R, GaE-Hyb, and GaE-G) were collected
from the planting base of Dejiang Lvtong G. elata Blume.
Development Co., Ltd. (108°8'49.36"E, 28°8'1.12"N, and the
altitude was 1091.32 m, the annual average temperature was
16.0°C, and the annual average rainfall was 1237 mm), Guizhou
Province, China, and they were planted at the same time. The
fresh G. elata tubers were washed and cut into slices.
Subsequently, the tubers were dried at 50°C, and the moisture
content was controlled in a range of 3%-5% (determination of
moisture content by the constant weight method). Next, the
tubers were crushed into powder and passed through a 60-
mesh sieve. The sieved powder was stored in sealed bags for
standby. The treated powder was soaked in petroleum ether
(material liquid ratio was 1:3), and the mixture was stirred
continuously with a mechanical stirrer (boiling point range:
60-90°C). The petroleum ether was replaced every 8h for a
total of 3 times. The powder soaked in petroleum ether was
dried and then soaked in 95% ethanol (v/v) for 3 times (material
liquid ratio was 1:3). In the soaking period, a mechanical agitator
was used for continuous stirring. After the filtration, the sample
was dried at 40°C for later use (termed GaEs). Monosaccharides,
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pigments, lipids, oligosaccharides, and small molecular
impurities could be removed through soaking in petroleum
ether and ethanol.

The reagents applied in this study consisted of ascorbic acid
(Vc), acarbose, bovine serum albumin (BSA), 1-pheny-3-
methyl-5-pyrazolone (PMP), trifluoroacetic acid (TFA), 3-

phenylphenol,  2,2-diphenyl-1-picrylhydrazyl ~ (DPPH),
phenazine methosulfate, B-nicotinamide adenine
dinucleotide (NADH), 2,2-diphenyl-1-picrylhydrazyl

(DPPH), nitrotetrazolium blue chloride (NBT), 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic  acid) diammonium
salt (ABTS), 3-(2-pyridyl)-5,6-bis-(4-phenylsulfonicacid)-
1,2,4-triazine monosodium salt, a-glucosidase (50 U/mg,
BR), a-amylase (50 U/mg, BR), salicylic acid,
ethylenediaminetetraacetic acid (EDTA), 4-nitrophenyl a-D-
galacto-pyran-oside (PNGP), 3,5-dinitrosalicylic acid, and
standard dextran (10, 40, 70, 100, 150, 270, and 410 Kda).
Standard monosaccharides (Purity > 99%), consisting of
D-mannose (Man), L-rhamnose (Rha), D-glucuronic acid
(GlcA), D-galacturonic acid (GalA), D-lactose (Lac),
D-glucose (Glc), D-galactose (Gal), D-xylose (Xyl), and
L-arabinose (Ara) originated from Shanghai Macklin
Biochemical Technology Co., Ltd. (Shanghai, China), and
other used chemical reagents were of analytical grade and
purchased locally. Dialysis bags (molecular weight cut-off,
8000-14,000 Da) were provided by Union Carbide Co., Ltd.
(United States).

2.2 Polysaccharide Extraction and Isolation
The GaE polysaccharide was extracted using the water extraction
method (Yan et al, 2018) and modified slightly. 25.0g of
pretreated G. elata powder was poured into 500 ml distilled
water and extracted in a 90°C water bath for 4h. After the
extraction, the subjected  to
decompression filtration. Next, the filter residue was extracted
and filtered using the same method, and the two filtrates were
combined. Subsequently, the filtrate was concentrated to 1/5 of
the original volume using a rotary evaporator (RV10, IKA,
Germany) in a 50°C water bath. The concentrated solution
was  precipitated  with anhydrous ethanol (ethanol:
concentrated solution = 5:1, v/v) and then placed at 4°C for
12 h, so it could be sufficiently precipitated. Afterward, the mixed
solution was centrifuged at 6500 rpm for 10 min, and the
precipitates of combining were washed 3 times with
anhydrous ethanol, anhydrous ether, and acetone. In the
following, the precipitate was dissolved with a small amount
of distilled water. The following used sevag reagent (n-butanol:
trichloromethane = 1:4, v/v) to remove the associated protein
(Sevag et al., 1938). The aqueous layer after the removal of the
protein was placed into dialysis bag (molecular weight cut-off
8000-14,000 Da) and then dialyzed for 72 h in flowing distilled
water. After the dialysis, the solution was placed in a vacuum
freeze dryer (BenchTop Pro-EL, Virtis, United States) for vacuum
freeze-drying, all extraction steps were repeated 3 times, and the
average value was taken. The partially purified G. elata
polysaccharides were termed below: GaE-B (G. elata Bl f.
glauca S. chow polysaccharides), GaE-R (G. elata Bl f. elata

mixture was vacuum

Gastrodia elata Polysaccharides of Bioactivities

polysaccharides), GaE-Hyb (Hybridization of G. elata Bl f.
glauca S. chow and G. elata Bl f. elata polysaccharides), and
GaE-G (G. elata Bl f. viridis Makino polysaccharides). The yield
(%) of G. elata polysaccharides was obtained by:

weight of dried polysaccharides (g)

Yield (%, w/w) = x 100.

weight of extracted GaEs powder (g)

2.3 Chemical Composition Determination

The total sugar content of the GaE polysaccharide was obtained
using the phenol-sulfuric acid method (DuBois et al., 1956) with
D-glucose as the standard. The protein content was obtained
using the Bradford method (Bradford, 1976) with bovine serum
albumin (BSA) as the standard, uronic acid content was obtained
using the m-hydroxybiphenyl method (Blumenkrantz and
Asboe-Hansen, 1973), total phenol content was obtained using
the Folin—-Ciocalteu method (Chen et al., 2014) with gallic acid as
the standard, and sulfate was obtained using the barijum
chloride-gelatin method (Tabatabai, 1974), and total
flavonoids were obtained by colorimetry (Zhishen et al., 1999)
with rutin as the standard. All indicators were measured 3 times.

2.4 Determination of Molecular Weight

The molecular weight (Mw) of the GaE polysaccharide was
measured using the high-performance gel permeation
chromatography (HPGPC) method in accordance with a
previous report (He et al, 2018). A Shimadzu LC-2010A
HPLC system (Shimadzu Co., Ltd., Japan) was used as the
experimental instrument, the detector was refractive index
detector (RID-10A, Shimadzu Co., Ltd., Japan), and TSK-Gel
G4000 SWXL column (7.8 mm x 300 mm, Tosoh Biosep, Japan)
was adopted as the chromatographic column. The experimental
methods are elucidated below. The sample solution (1.5 mg/ml)
was first filtered with a pore size of 45 um aqueous membrane,
and 25 pL was injected into the chromatographic column each
time, 0.02 mol/L KH,PO, served as the mobile phase, and the
elution process was performed at a flow rate of 0.7 ml/min. The
chromatographic column temperature was maintained at 35°C.
The same method for dextran was employed as a standard
(Macklin Biochemical Technology Co., Ltd., Shanghai, China)
with different molecular weights (10, 40, 70, 100, 150, 270, and
410 kDa).

2.5 Monosaccharide Composition Analysis
First, 10 mg of the GaE polysaccharide sample was dissolved in
4 ml of trifluoroacetic acid solution (4 mol/L), sealed and
hydrolyzed at 120°C for 4h. Subsequently, PMP
derivatization was performed using the method of Nie et al.
(2017). The derivatized samples were investigated through
HPLC with the use of a Shimadzu LC-2010A HPLC system
(Shimadzu Co., Ltd., Japan) and a detector: UV analysis
detector. A Wonda Sil C18-WR (4.6 mm X 150 mmx5 pm,
Shimadzu Co., Ltd., Japan) was used as the chromatographic
column. The specific method is elucidated below: the mobile
phase was a mixture of 80% of 0.06 M phosphate buffer
(pH 6.5) and 20% acetonitrile, at a flow rate of 0.8 ml/min
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with a UV detection wavelength of 250 nm, an injection
volume of 10 uL and at a column temperature of 28°C. The
monosaccharide standards were studied using the same
method.

2.6 Fourier-Transform Infrared

Spectroscopy Analysis

First, 1.5 mg of the dried GaE polysaccharide powder and 150 mg
of the dried potassium bromide powder were mixed, ground, and
pressed into granules. Subsequently, the granules were scanned in
the range of 4000-400 cm ™" through Fourier transform infrared
(FT-IR) spectroscopy (Nicolet iS5, Thermo Fisher Scientific Co.,
Ltd., United States).

2.7 Thermal Analysis

The GaE polysaccharide sample was fixed in a platinum crucible,
and the thermal characteristics were studied with a
thermogravimetric analyzer TGA, DTG-60A (Shimadzu Co.,
Ltd., Japan). The specific experimental operation is elucidated
below. The nitrogen gas was maintained at a flow rate of 50 ml/
min in the measurement. The initial temperature ranged from
30°C to 800°C, and the temperature increased at 10°C/min.

2.8 Measurement of Zeta Potential and

Particle Size

The sample of the GaE polysaccharide was dissolved in distilled
water to prepare the solution (1 mg/ml). A Phase Analysis Light
Scattering analyzer (90 Plus PALS, Brookhaven Instruments Co.,
Ltd., United States) was employed to determine the zeta potential
and particle size of the GaE polysaccharide. The respective sample
was measured 3 times, and the average value was taken.

2.9 Scanning Electron Microscopy Analysis
The dried G. elata polysaccharide samples were sprayed with
gold-palladium alloy and scanned using a scanning electron
microscope (Gemini 300, ZEISS, Germany). Scanning electron
microscopy (SEM) images were captured at a magnification of
300x and 1500x based on a voltage of 2kV acceleration under
high vacuum conditions.

2.10 Determination of Antioxidant Activities
2.10.1 Superoxide Radical Scavenging Activity

The superoxide radical scavenging activity of the GaE
polysaccharide was assessed using a method described
previously (Bi et al., 2013) with slight modifications. The GaE
polysaccharide ~ samples  of  different  concentrations
(0.25-5.00 mg/L) consisted of 100 puL and 100 pL phenazine
methosulfate (PMS) solutions (120 umol/L), nitrotetrazolium
blue chloride (NBT) solution (300 umol/L), and f-
nicotinamide adenine dinucleotide = (NADH) solution
(936 pumol/L). A 100 umol/L phosphate buffer (PBS, pH 7.4)
was added. Subsequently, the mixture was stirred and placed
in the dark environment at 25°C for reaction for 5 min.
Furthermore, PBS (0.1 mol/L, pH 7.4) solution served as a
control, the absorbance value of the mixture was measured at

Gastrodia elata Polysaccharides of Bioactivities

560 nm, and the Vc solution was employed as a positive control.
The scavenging activity is expressed as:

. i, AL - Ay
Scavenging activity (%) = 1 - — x 100,
0

where A, denotes the absorbance value of control (PBS instead of
sample); A; represents the absorbance value of the mixed sample;
and A, expresses the absorbance value of only sample without
NBT (PBS instead of NBT).

2.10.2 DPPH Radical Scavenging Activity

The DPPH radical scavenging activity of the GaE polysaccharide
was measured using the method of Chen et al. with slight
modification (Chen et al, 2019a). DPPH was dissolved in
anhydrous ethanol to prepare 0.4 mmol/L solution. It was used
right after it was ready. One milliliter of sample solutions was
mixed with different concentrations (0.25-5.00 mg/L), and 1 ml
of DPPH (0.4 mmol/L) solution was mixed. The solution was
stirred and then incubated at a dark environment at 25°C for
30 min. The absorbance value of the mixture was measured at
517 nm, and the Vc solution served as a positive control. The
scavenging activity is expressed as

0

. . A - Ay
Scavengingactivity (%) = 1 - yy x 100,

where A, denotes the absorbance value of control (distilled water
instead of sample); A; is the absorbance value of the mixed
sample; and A, is the absorbance value of only sample without
DPPH (anhydrous ethanol instead of DPPH).

2.10.3 Hydroxyl Radical Scavenging Activity

The hydroxyl radical scavenging activity of the GaE
polysaccharide was measured using the method reported by
Qiao et al. with slight modification (Qiao et al., 2009). The
GaE  polysaccharide  solution  (0.5ml) of different
concentrations (0.25-5.00 mg/L) was mixed with 0.5ml of
salicylic acid solution (9 mmol/L), 0.5ml of FeSO, solution
(9 mmol/L), and 0.5ml of H,O, solution (9 mmol/L).
Subsequently, the mixture was stirred and incubated at 37°C
for 40 min. The absorbance value of the mixture was measured at
510 nm, and the Vc solution was employed as a positive control.

The scavenging activity is expressed as
A - Ay
100,
Ao ) 8

where A, denotes the absorbance value of control (distilled water
instead of sample and H,0,); A, is the absorbance value of the
mixed sample; and A, represents the absorbance value of only
sample without H,O, (distilled water instead of H,O, solution).

Scavenging activity (%) = (1 -

2.10.4 ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of the GaE polysaccharide was
measured using the method described by Erel (2004) with minor
modification. In brief, the reaction solution was prepared, 9.9 mg
potassium persulfate was mixed with 15 ml of 5.55 mmol/L ABTS
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aqueous solution, stirred, and then incubated in a dark environment
at 25°C for 15h to form a blue-green solution. Subsequently, the
mixture was diluted with PBS (100 umol/L, pH 7.4) solution, and the
absorbance value was determined at 734 nm. When the absorbance
value of the mixture reached 0.70 + 0.03, it could be employed for the
GaE polysaccharide scavenging ABTS radial scavenging assay in 3 h.
Afterward, the GaE polysaccharide samples of different
concentrations (0.25-5.00 mg/L) were reacted with 0.2 and 8 ml
ABTS solutions for 25 min, and then the absorbance value of the
mixture was measured at 734 nm. The Vc solution served as a
positive control. The scavenging activity is expressed as:

A - A
! 2>x100,
A

0

Scavenging activity (%) = <1 -

where A, denotes the absorbance value of control (distilled water
instead of sample); A; represents the absorbance value of the
mixed sample; and A, is the absorbance value of only sample
without ABTS (distilled water instead of ABTS solution).

2.10.5 Ferrous lon-Chelating Ability

The ferrous ion-chelating activity of the GaE polysaccharide was
measured using the method reported by Wang et al. with some
modifications (Wang et al., 2012). First, 3 ml of distilled water was
mixed with 75 pL of FeCl, solution (2 mmol/L), and then 1.5 ml of
the GaE polysaccharide solution with different concentrations
(0.25-5.00 mg/L) was added. The mixed solution was maintained
at 25°C for 3 min, and then 0.15 ml of ferrozine solution (5 mmol/L)
was added. Subsequently, the mixture was shaken and incubated at
25°C for 10 min. The absorbance value of the mixture was measured
at 562 nm, and the ethylenediaminetetraacetic acid (EDTA) solution
was employed as a positive control. The chelating ability is

expressed as:
A -A
: 2> x 100,
Ao

where A, denotes the absorbance value of control (distilled water
instead of sample); A; represents the absorbance value of the
mixed sample; and A, expresses the absorbance value of only
sample without FeCl, (distilled water instead of FeCl, solution).

Scavenging activity (%) = <1 -

2.10.6 Reducing Power

The reducing power of the GaE polysaccharide was measured
using the reported method of Yuan et al. with slight modified
(Yuan et al.,, 2005). First, 1.2 ml of the GaE polysaccharide of
different concentrations (0.25-5.00 mg/L) was mixed with 3 ml of
phosphate buffer (0.2 mol/L, pH 6.6) and 3 ml of K;Fe(CN)g
solution (1%, w/v), and then it was placed in a 50°C environment
and incubated for 20 min. After the reaction was complete, 1.2 ml
of TCA solution (10%, w/v) was added, and then the mixture was
centrifuged at 3,500 rpm for 10 min. Subsequently, 2ml of
supernatant was mixed with 2 ml of distilled water and 1.2 ml
of FeCl; (0.1%, w/v), and the absorbance of the mixture was
measured at 700 nm after 10 min. The Vc solution served as a
positive control. The reducing power is expressed as:

Reducing power = A; — A,

Gastrodia elata Polysaccharides of Bioactivities

where A, denotes the absorbance value of control (distilled water
instead of FeCl; solution) and A represents the absorbance value
of the mixed sample.

2.11 Hypoglycemic Activity Assay Analysis

2.11.1 a-Glucosidase Inhibitory Activity

The a-glucosidase inhibitory activity of the GaE polysaccharide
was measured using the previous method with slight modification
(Jia et al, 2017). First, 1.2ml of the GaE polysaccharide of
different concentrations (0.25-5.00 mg/L) was mixed with
75 uL of a-glucosidase solution (2 U/mL) and then incubated
at 37°C for 10 min. Subsequently, 75 pL of pNPG (6 mmol/L) was
added, and the mixture was incubated at 37°C for 20 min. After
the reaction time was completed, 100 uL of Na,CO; solution
(1 mol/L) was added, and the reaction was terminated. The
mixture was placed for 10 min, and the absorbance value was
measured at 400 nm. The acarbose solution was employed as a
positive control. The inhibition activity is expressed as:

A=) 100
AO ’

where A, denotes the absorbance value of mixture without
sample (distilled water instead of sample solution); A,
represents the absorbance value of the mixed sample; and A,
expresses the absorbance value of mixture without a-glucosidase
(distilled water instead of a-glucosidase solution)

Inhibitory activity (%) = (1 -

2.11.2 a-Amylase Inhibitory Activity

The a-amylase inhibitory activity of the GaE polysaccharide was
measured using the method of Duan with slight modification
(Duan et al., 2018). First, 0.2 ml of the GaE polysaccharide of
different concentrations (0.25-5.00 mg/L) was mixed with 0.2 ml
of phosphate buffer (0.2 mol/L, pH 6.9) and 0.2 ml of a-amylase
solution (0.5 mg/ml). The mixture was incubated at 37°C for
10 min. Subsequently, 0.2 ml of soluble starch solution (1%, w/v)
was added to the mixture for 10 min. After the reaction, 0.4 ml of
DNS reagent was added to the mixture and kept in a 90°C water
bath for 5min. When the mixture was cooled to an ambient
temperature, the absorbance value of the mixture was measured
at 540 nm. The acarbose solution served as a positive control. The
inhibition activity is expressed as:

A - A,
A ) x 100,

where A, denotes the absorbance value of mixture without
sample (distilled water instead of the polysaccharide sample
solution); A; represents the absorbance value of the mixed
sample; and A, expresses the absorbance value of mixture
without a-amylase (distilled water instead of a-amylase solution).

Inhibitory activity (%) = (1 -

2.12 Statistical Analysis

The three repeated experiments with the respective group of data
are expressed as mean * standard deviation (SD) and were plotted
using origin 2018. Analysis of variance (ANOVA) was conducted
through Dunnett’s multiple-range tests (SPSS Statistics
24 software); p-value < 0.05 was considered statistically
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TABLE 1 | Yield and chemical compositions of four polysaccharides obtained by different varieties of Gastrodia elata.

Varieties GaE-B GaE-R GaE-Hyb GaE-G
Yield (%) 5.67 + 0.31° 4.21 + 0.259 6.63 + 0.22° 7.82 + 0.35°
Chemical composition (W%)'

Total sugar 65.62 + 1.24° 60.21 + 0.96° 67.18 + 1.82° 73.85 + 2.36°
Protein 2.72 + 0.18° 411 + 0.29% 3.21 +0.11° 1.34 + 0.08°
Total polyphenol 0.62 + 0.004° 0.84 + 0.006% 0.53 + 0.003° 0.32 + 0.002¢

"The values are presented as mean + SD (standard deviation).

Values with a different letter of superscripts (a, b, ¢, and d) are significantly different (p < 0.05).

TABLE 2 | Monosaccharide composition of the Gastrodia elata polysaccharide
with four different varieties.

3.2 Monosaccharide Composition of the
GaE Polysaccharide

The composition and content of monosaccharides often had

Monosaccharide GaE-B GaE-R GaE-Hyb GaE-G .. .

compositions (mol%) an effect on the chara'cFerlstlc of polysaccharides. 'The
monosaccharide composition of the GaE polysaccharides

Mannose 5.36 5.07 4.83 3.64 hydrolyzed after PMP derivatives were confirmed through

gramnose 727'6345 731‘1081 737.0528 821.9868 comparison with the retention time of the HPLC

ucose . . . . . .

Galactose 5.33 6.41 476 311 clilromatogram of the standard. As depicted in Table 2 and

Xylose 9.34 14.32 0.81 8.40 Figure 1, the GaE polysaccharides were

significant. To be specific, the ICs, values of radical scavenging
and enzyme inhibitory activities by multiple comparisons of
means were studied through the least significance difference
(LSD) test of differences between the groups.

3 RESULTS AND DISCUSSION

3.1 Chemical Composition of the GaE

Polysaccharide

Table 1 lists the yields and chemical compositions of the GaE
polysaccharides. The yield of GaE-G was found as the highest
(7.82%), the yield of GaE-R was the lowest (4.21%), and GaE-B
and GaE-Hyb were between them, which were 5.67% and 6.63%,
respectively. The total sugar content of GaE-G was significantly
higher than those of the other three groups (p < 0.05), and the
content of GaE-R was found as the lowest (60.21%). Binding
proteins and phenols could affect the functional properties
exhibited by polysaccharides (Peng et al., 2012). Among the
GaE polysaccharides, the content of binding proteins and total
phenol of GaE-R was significantly higher than that of GaE-B,
GaE-Hyb, and GaE-G, so GaE-R might exhibit stronger biological
activity than the other three groups. Moreover, uronic acid,
flavonoids, and sulfate radicals in polysaccharides had an
effect on the biological activity exhibited by polysaccharides
(Sun et al., 2008; Peng et al, 2012), whereas no uronic acid
(detected by Blumenkrantz et al’s method, Farhadi, 2017),
flavonoids (Zhishen et al’s method detection, Oliveira et al.,
2016), and sulfate (Tabatabai’s method detection, Thaipong et al.,
2006) were detected in the GaE polysaccharides. In brief, obvious
differences were found in the chemical composition of the GaE
polysaccharides, which might lead to differences in their
biological activities.

heteropolysaccharides, and the GaE polysaccharides
comprised mannose (Man), rhamnose (Rha), glucose (Glc),
galactose (Gal), and xylose (Xyl). However, the content of
each monosaccharide was different among various varieties.
The GaE polysaccharides are primarily composed of glucose
and xylose. To be specific, the content of glucose was found as
the highest, higher than 50% in the respective group. The
contents of GaE-B and GaE-Hyb glucose were close, and the
content of glucose in GaE-G was found as the highest,
reaching 81.88%, and the content of GaE-R was the lowest,
only 71.01%. Second, the xylose content ranked second in the
monosaccharide composition of the GaE polysaccharides. The
GaE-R achieved the highest content of xylose, reaching
14.32%, and GaE-G achieved the lowest content of 8.4%,
while the xylose contents of GaE-B and GaE were still
close. It was found that the higher the content of Gal in
polysaccharides, the stronger its antioxidant activity would be
(Xing et al, 2005; Fan et al, 2014). Among the GaE
polysaccharides, the Gal content in GaE-R was found as
the highest at 6.41%, followed by GaE-B and GaE-Hyb, and
the lowest was found as GaE-G, with a content of 3.11%.
Accordingly, the content of Gal and Xyl might be one of the
factors affecting the activity of the GaE polysaccharides.

3.3 Molecular Weight of the GaE

Polysaccharide

As depicted in Figure 2, the HPGPC curves suggested that the
GaE polysaccharides showed a wide molecular weight (Mw)
distribution, which revealed that the GaE polysaccharides were
heterogeneous polysaccharides, and they all had four main
peaks. The molecular weights of the respective group
arranged from large to small, and GaE-B was 381.46 KDa
(9.36%, Peakl), 264.51KDa (7.07%, Peak2), 167.36 KDa
(12.78%, Peak3), and 48.63 KDa (70.78%, Peak4); GaE-R was
289.45kDa (16.29%, peakl), 181.32kDa (11.64%, peak2),
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FIGURE 1 | Monosaccharide composition of the polysaccharide with four different varieties of Gastrodia elata. (A) Standard curve; (B) GaE-B; (C) GaE-R; (D) GaE-
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95.61 kDa (22.21%, peak3), and 28.6 kDa (49.87%, peak4); GaE-
Hyb was 354.46 kDa (11.69%, peakl), 222.01 kDa (4.14%,
peak2), 153.45kDa (27.55%, peak3), and 50.67 kDa (56.62%,
peak4); GaE-G was 491.04 kDa (28.67%, peakl), 292.63 kDa
(18.40%, peak2), 129.751 kDa (32.31%, peak3), and 89.65 kDa
(20.62%, peak4). As revealed by the comparison, the molecular
weight of GaE-R was smaller than that of the other three groups,
and the molecular weights of the four peaks were lower than
300 kDa. There was a slight difference in molecular weight
between GaE-B and GaE-Hyb, whereas the content difference

was significant. GaE-B low-molecular-weight polysaccharide
content (70.78%) and GaE-Hyb intermediate-molecular-
weight polysaccharide content were both higher. In
comparison with the first three groups, the maximum
molecular weight of GaE-G (491.04 kDa) was higher than
that of the other three groups, the content was higher
(28.67%), whereas the low-molecular-weight content
(20.62%) was relatively lower. As compared with high-
molecular-weight polysaccharides, the low-molecular-weight
polysaccharides could more easily penetrate via the cell
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FIGURE 2 | Molecular weight of the Gastrodia elata polysaccharide with four varieties. (A) GaE-B; (B) GaE-R; (C) GaE-Hyb; (D) GaE-G; and (E) standard curve.

membrane, thus exhibiting higher physiological activities (Li
et al., 2016; Zhang et al., 2016) (e.g., better ability to scavenge
free radicals) (Cai et al., 2018). Some studies have found that
polysaccharides with a molecular weight of 10-200 kDa usually
showed better water solubility and biological activity (Chen and
Kan, 2018; Chen et al., 2019b). Thus, in the further study, the
biological activities of the GaEs polysaccharides will be assessed
(e.g., antioxidant and hypoglycemic ability).

3.4 FT-IR Spectra of the GaE

Polysaccharide

As depicted in Figure 3, no significant difference was identified in
the FT-IR spectra of polysaccharides extracted from each of the
GaEs, whereas there were typical signal peaks of polysaccharides. As
revealed by the peak vibrating strongly close to 3400cm™, there are
stretching vibrations of O-H and N-H between molecules, or within
the molecule (Zhang et al., 2013). The peak with a vibration close to
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FIGURE 3 | FT-IR spectra of the Gastrodia elata polysaccharides with four different varieties.

2925cm”" suggested the existence of the stretching vibration of C-H
between CH3, CH,, and CH (Yu et al,, 2017), and the vibration peak
close to 1640cm™ was attributed to the asymmetric stretching
vibration of C=0 and C-O=O, which was the characteristic
absorption peak of -CONH- (Zhang et al, 2013); the reason
might be the existence of glycoprotein. The peak close to
1400 cm™ indicated the existence of the C-H bending vibration,
the vibration peak close to 1360 cm™" indicates the existence of the
O-H bending vibration, and the three peaks close to 900-1150 cm ™"
indicated the existence of C-O-C and C-O-H of the pyranose ring
bond asymmetric stretching vibration. To be specific, close to
1020cm™ was the C-O stretching vibration peak of sugar
primary alcohols, and close to 1080 cm™" was the C-O stretching
vibration peak of sugar secondary alcohols (Yan et al,, 2018). The
peak close to 920cm™' indicated the existence of D-type
glucopyranose asymmetric ring stretching vibration characteristic
absorption (Farhadi, 2017), and the peaks close to 850 cm ™ indicate
that the hemiacetal hydroxyl group of the GaE polysaccharides was
largely a-configuration. As revealed by the FT-IR results, no
significant difference was found in the spectra of the GaE
polysaccharides, and they were found to contain similar principal
components and chemical groups.

3.5 Thermal Characteristic of the GaE

Polysaccharide

Thermogravimetric analysis (TGA) can indicate the thermal
stability of a substance in a certain temperature range. The
analysis of the thermal stability of polysaccharides can explore
the correlation between the chemical composition of
polysaccharides and other properties. As depicted in Figure 4,
with the gradual increase of the temperature, the weight of the
GaE polysaccharides tended to decrease, whereas the thermal
decomposition curves of the GaEs were almost identical. The first
weight loss occurred from 30°C to 110°C, primarily caused by the
loss of free water and bound water of the GaE polysaccharides.
When the temperature increased from 110°C to 200°C, the weight
loss of GaE-Hyb was found as the highest and the GaE-G was the
lowest. The second substantial weight loss was reported between

200°C and 600°C, largely due to the thermal melt degradation of
the respective group of polysaccharides. The second degradation
of the respective group’s weight loss exceeded 50%. In the second
degradation temperature range, the weight loss of GaE-R and
GaE-Hyb was higher than that of GaE-B and GaE-G, with GaE-R
achieved the largest loss and GaE-G achieved the smallest loss. At
a temperature of 600°C, the residual amount of the respective
group of polysaccharides from high to low was GaE-G > GaE-B >
GaE-R > GaE-Hyb, thus suggesting that the thermal stability of
GaE-G was higher than that of the other three groups, probably
correlated with the monosaccharide composition and molecular
weight of GaE-G. At a test temperature of 800°C, the weight loss
rate of the GaE polysaccharides continued to decrease, and the
final residual content was 20.55% (GaE-G), 17.07% (GaE-B),
10.98% (GaE-R), and 12.52% (GaE-Hyb). As revealed by the
results of thermogravimetric analysis, there might exist
differences in structure, molecular composition, size, and other
aspects of polysaccharides between the GaEs.

3.6 Particle Sizes and Zeta Potentials of the

GaE Polysaccharide

The stability and solubility of polysaccharides can be assessed by
investigating the particle size and zeta potential. Particle size refers to
the hydrodynamic radius of molecules in the solution, and zeta
potential is a measure strength of mutual repulsion or attraction
between particles. The smaller the particle size, the higher the absolute
value (positive or negative) of zeta potential would be, the larger the
specific surface area of polysaccharide would be, the more uniform
the dispersion in the solution would be, the higher the solubility
would be, and the stability of the solution system would be
(Dickinson, 2009). As depicted in Figure 5, the GaE
polysaccharides were negatively charged, which suggested that the
particles were mutually exclusive and difficult to aggregate into super
molecules. The particle size of the four groups of polysaccharides
showed a positive correlation with the molecular weight of the major
components. GaE-G containing more macromolecules (491.04 kDa,
28.67%; 292.63kDa, 18.40%) achieved the largest particle size
(422,68 + 10.11 nm). In contrast, GaE-R containing more small
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FIGURE 4 | TGA thermogram of Gastrodia elata with four different varieties. (A) GaE-B; (B) GaE-R; (C) GaE-Hyb; (D) GaE-G; and (E) the four varieties of Gastrodia
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molecular weights (95.61 kDa, 22.21%; 28.6 kDa, 49.87%) achieved
the smallest particle size (212.94 + 7.22 nm). The absolute value of
GaE-G zeta potential was found as the largest, which might arise from
the small molecular weight, a considerable number of molecules of
GaE-G, and more charged groups. As revealed by the
abovementioned results, the size and stability of polysaccharide
particles might account for the differences in the properties
exhibited by the GaE polysaccharides in the four groups.

3.7 Scanning Electron Microscopy Images

of G. elata Polysaccharide Microstructures
The bioactivity of polysaccharides is generally correlated with
their three-dimensional (3D) structure. Figure 6. presents the
microstructure of four varieties of G. elata polysaccharides. As
depicted in the images, the 3D structure of each variety of G. elata
showed certain differences. GaE-B, GaE-R, and GaE-Hyb were
primarily sheet-like structures, while GaE-B and GaE-Hyb
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FIGURE 5 | Particle sizes and zeta potentials of the Gastrodia elata polysaccharides with four different varieties.

exhibited more pores and rough surfaces, which suggested that
the 3D structure of the two was more similar. Although GaE-R
also had a sheet-like structure, the surface was relatively smooth
without small pores. GaE-G had a considerable number of
particles and filamentous structures, and the 3D structure was
relatively loose, which suggested that GaE-G polysaccharide
particles might be mutually exclusive. As revealed by the
biological activity of G. elata polysaccharide, the 3D structure
of GaE-R could more significantly contribute to the improvement
of polysaccharide activity.

3.8 Antioxidant Activity of the GaE

Polysaccharide

3.8.1 DPPH Radical Scavenging Activity

DPPH refers to a stable nitrogen-centered free radical. Its
solution has been commonly employed to measure the in vitro
antioxidant capacity of a substance. The antioxidant activity
of the substance can be assessed by measuring the change in
absorbance (Oliveira et al., 2016). As depicted in Figure 7A, as
the polysaccharide concentration increased, the DPPH free
radical scavenging activity of the GaE polysaccharides was
enhanced and dependent on concentration. GaE-R exhibited
the higher scavenging activity than other varieties in the
experimental concentration range, while the scavenging
ability exhibited by GaE-G was always the weakest. Before
the experimental concentration was 4 mg/ml, no significant
difference was identified in the scavenging capacity of GaE-B
and GaE-Hyb (p > 0.05), but the scavenging activity of the
respective group was lower than that of the positive control
group, vitamin C. The ICsq values of the respective group were
obtained by curve fitting and found that the ICs, value of GaE-
R was 3.112 mg/ml, which was the lowest in four varieties but
still significantly higher than the positive control groups,

vitamin C ICsy values (0.031 mg/ml). Through the LSD
analysis, it was found that there were significant differences
in ICsy values between GaE-R, GaE-G, and other groups,
while no significant difference was found between GaE-B
and  GaE-Hyb.  Accordingly, among the GaE
polysaccharides, the DPPH scavenging ability of GaE-R was
higher than other varieties.

3.8.2 ABTS Radical Scavenging Activity

The ABTS radical scavenging method can be assessed for the
antioxidant capacity of the substance by measuring the
hydrophilic or lipophilic substances to scavenging the cationic
free radical ABTs" that cause changes in the absorbance of the
system (Thaipong et al., 2006). As depicted in Figure 7B, with the
increase in concentration, the ability of the GaE polysaccharides
to scavenge ABT" radicals gradually increased and showed
concentration dependence. At the same experimental
concentration, the scavenging ability of GaE-R was higher
than that of the other groups, while the scavenging ability of
GaE-G was the weakest, and no significant difference was
identified between GaE-B and GaE-Hyb. By comparing the
ICs values of the respective group, it was found that GaE-R
ICsy was the lowest (1.486 mg/ml) and GaE-G ICs, was the
highest (2.475mg/ml), while GaE-B and GaE-Hyb were
somewhere in between but were higher than the ICs, values of
vitamin C. Thus, among the four samples, the GaE-R has the
strongest scavenging ability for ABT" radicals, but it was still
lower than that of vitamin C at the same concentration.

3.8.3 Superoxide Radical Scavenging Activity

As a free radical produced in the process of biological
metabolism, superoxide anion free radical can attack biological
macromolecules, which are closely correlated to the body’s aging
and pathological changes (Zhang et al., 2016). Thus, the

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 956724


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Jietal

Gastrodia elata Polysaccharides of Bioactivities

Gak;

4
y

FIGURE 6 | SEM photographs of polysaccharides obtained from different varieties of Gastrodia elata (1 for 300x and 2 for 1500x).

determination of superoxide anion free radical scavenging ability
can reflect the antioxidant activity of substances from another
way. As depicted in Figure 7C, with the increase of
polysaccharide concentration, the ability of the GaE

polysaccharides to scavenge superoxide free radicals also
gradually increased and showed the same concentration
dependence as scavenging DPPH and ABT" radicals. In the
experimental concentration range, the scavenging capacity of

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 956724


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Jietal

GaE-R was always higher than that of other groups, and the
difference was significant. No significant difference was found
between GaE-B and GaE-Hyb but they were higher than that of
GaE-G. When the concentration reached 0.5mg/ml, the
scavenging capacity of ascorbic acid increased sharply, and the
scavenging ability was significantly different from the GaE
polysaccharides. Among the ICs, values of superoxide radical
scavenging by the GaE polysaccharides, GaE-R achieved the
lowest ICsy values (1.026 mg/ml) and GaE-G achieved the
highest ICs, values (1.636 mg/ml). Accordingly, the superoxide
radical scavenging capacity of the GaE polysaccharides was
ranked as GaE-R > (GaE-B and GaE-Hyb) > GaE-G, whereas
the ICsq values of the four groups were higher than that of
ascorbic acid (0.158 mg/ml).

3.8.4 Hydroxyl Radical Scavenging Activity

Hydroxyl radical (OH) refers to a type of free radical with strong
oxidation ability. It is capable of easily oxidizing various
biological macromolecules with a high oxidation efficiency and
fast reaction rate. It is an active oxygen free radical causing tissue
lipid peroxidation, nucleic acid breaking, and protein and
polysaccharide breakdown (Fan et al, 2014). As depicted in
Figure 7D, with the increase in the polysaccharide
concentration, the scavenging capacity of hydroxyl radicals in
the respective group tended to increase, and the concentration
dependence was indicated. At the experimental maximum
concentration of 5mg/ml, the scavenging capacity of GaE-R
was higher than that of other groups, but no significant
difference was identified among GaE-B, GaE-Hyb, and GaE-G.
Comparing the IC5, values of the GaE polysaccharide samples,
GaE-R had the lowest ICs, values (2.08 mg/ml), GaE-G had the
highest ICs, values (2.08 mg/ml), GaE-B and GaE-Hyb have no
significant difference, and no significant difference was found
between GaE-B and GaE-HyB, whereas all of them were higher
than that of ascorbic acid (0.203 mg/ml). As revealed by the
results, among the GaE polysaccharides, GaE-R exhibited the
strongest ability to scavenge hydroxyl free radicals.

3.8.5 Ferrous lon Chelating Capacity

Fe®* refers to the active center of numerous oxidation reaction
catalysts. In the body, Fe** is capable of reacting with O, to
generate superoxide radical and hydroxyl radical. When chelated,
Fe** can reduce the generation of reactive oxygen species, thus
indirectly playing a certain antioxidant role. As depicted in
Figure 7E, the ferrous ion chelating capacity of each of the
GaE polysaccharides tended to be enhanced as the
concentration of the GaE polysaccharides increased in the
experiment. The Fe®" chelating capacity of GaE-R was the
highest, and that of GaE-G was found as the weakest. The
GaE polysaccharides’ chelating Fe** activity (y) was employed
as a quadratic function of concentration (x) (p < 0.05), and the
linear equation was yielded as y = —1.4749x2 + 20.897x + 1.794
(R? = 0.9988) for GaE-B, y = —2.8178x2 + 29.131x+0.3111 (R* =
0.9985) for GaE-R, y = —1.9059x2 + 23.657x + 1.3267 (R* =
0.9985) for GaE-Hyb, and y = -1.1649x2 + 18.25x + 1.7959
(R* = 0.997) for GaE-G. As revealed by the abovementioned
quadratic fitting equations, the Fe** chelating activity of the GaE

Gastrodia elata Polysaccharides of Bioactivities

polysaccharides was dependent on concentration. Existing
studies reported that the C=O functional group in the
polysaccharide could form a cross-bridge with Fe** (Wang C.
C. et al, 2010) to enhance the chelating ability of the
polysaccharide to Fe**. Compared with the other three groups,
GaE-R exhibited a stronger chelating ability of Fe**. The
comprehensive comparison of the zeta potential, particle size,
and molecular weight of the respective group suggested that GaE-
R might contain more C = O functional groups since it formed a
larger specific surface area in the solution and contained more
molecular quantitative. As indicated by the comparison of the
ICsy values of the Fe’* chelating ability of the GaE
polysaccharides, GaE-R achieved the lowest ICs, value
(2.073 mg/ml), and the ICsy value of GaE-G was the highest
(3.306 mg/ml), higher than those of EDTA in the positive control
group. However, the GaE polysaccharides still had high
practicability in chelating Fe®" relative to polysaccharide
macromolecules.

3.8.6 Reducing Power
Iron reducing ability refers to the reaction of removing free
radicals by reducing Fe’* to Fe’*, and Fe’* electrons are
obtained from antioxidants (reducing agents). The reducing
capacity and the antioxidant capacity were stronger, the latter
of which has been commonly employed as an index to assess the
antioxidant activity of polysaccharides. As depicted in Figure 7F,
the reduction capacity of the GaE polysaccharides tended to be
enhanced (the absorbance value gradually increased) as the
experimental concentration of polysaccharides increased,
which suggested that the antioxidant capacity of the GaE
polysaccharides gradually increased as well. At the maximum
experimental concentration of 5 mg/ml, the reducing ability of
GaE-R was found as the strongest, that of GaE-G was the weakest,
and that of GaE-B and GaE-Hyb were between GaE-R and GaE-
G. However, the reducing ability of the GaE polysaccharides was
lower than that of ascorbic acid in the positive control group at
the same concentration. As revealed by the results, the GaE
polysaccharides exhibited an electron-donating ability to
scavenge free radicals and terminate the chain reaction of free
radicals. To be specific, the Fe’* reduction of GaE-R was slightly
stronger than that of the other three groups, whereas there was
slight difference in the Fe’* reducing ability among the groups.
Excessive production of free radicals in the body can damage
biofilms and biological macromolecules, accelerate aging, and
cause diseases. In this study, the antioxidant activity of the GaE
polysaccharides was obtained using a series of methods (e.g.,
DPPH radical scavenging ability, ABTS radical scavenging ability,
superoxide radical scavenging ability, hydroxyl radical
scavenging ability, Fe** chelating ability, and Fe’* reducing
ability). As revealed by the comparison of the antioxidant
activity of the GaE polysaccharides, GaE-R was stronger than
the other three groups in terms of DPPH radical, superoxide
radical, hydroxyl radical, ABTS radical scavenging ability, Fe’*
reducing ability, and Fe*" chelating ability; GaE-G exhibited the
weakest capability relatively. Studies have shown that the
antioxidant activity of polysaccharides was correlated with
numerous factors (e.g, monosaccharide composition,
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FIGURE 7 | Antioxidant activities of the different varieties of Gastrodia elata
polysaccharides at different concentrations in vitro and ICsq values: (A) DPPH
radical scavenging activity and ICs, values; (B) ABTS radical scavenging activity
and ICsg values; (C) superoxide radical scavenging activity and ICsg values;

(D) hydroxyl radical scavenging activity and ICsq values; (E) chelating activity on
ferrous ion and ICsp values; and (F) reducing power. The respective value is
expressed as the means + standard deviation (SD) of triplicate measurements.
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molecular weight, the existence form and content of -C=O
groups, the distribution of charge, and the contents of protein,
sulfate, and phenols). The low quality polysaccharides exhibited
higher free radical scavenging activity (Cai et al., 2018), which was
probably because at the same concentration, low-molecular-
weight polysaccharides contained more terminal hydroxyl and
carbonyl groups, and a larger specific surface area was combined
with free radicals in solution (Zhang et al., 2016). In this study,
GaE-R had a lower molecular weight compared with the other
three groups of the GaE polysaccharides, probably explaining
why its biological activity was higher than the other groups.
Second, the carboxyl and phenolic hydroxyl groups in proteins
and polyphenols exhibited reducibility, which could enhance the
antioxidant capacity of polysaccharides (Liao et al., 2014; Yan
etal., 2018). GaE-R exhibited high free radical scavenging activity
and reducing ability, which might be correlated with the factor
that GaE-R contained more binding proteins and polyphenols. In
addition, the composition and content of monosaccharides had
an effect on the antioxidant activity of polysaccharides. In the
abovementioned monosaccharides, more acidic sugars were
contained, which significantly affected the free radical
scavenging ability of polysaccharides since acidic sugars could
more easily release H" to be combined with reactive oxygen
species (Yuan et al, 2019). Furthermore, existing research
suggested that the lower the glucose content in the
monosaccharides of polysaccharides, the higher the
antioxidant activity of polysaccharides would be (Chen et al,
2010). In this study, the glucose content of GaE-R was found as
the lowest and that of GaE-G was found as the highest, which
might also account for the difference in antioxidant activities.

3.9 Hypoglycemic Activity In Vitro

3.9.1 a-Glucosidase Inhibitory Activity In Vitro

The body-ingested carbohydrates are largely hydrolyzed by a-
amylase and a-glucosidase (Ali et al., 2006). If the activity of
a-amylase and a-glucosidase can be inhibited, the blood sugar
concentration in the body can be effectively reduced.
Commonly used in clinic, a-amylase and a-glycosidase
inhibitors include orlistat, acarbose, and miglitol (Kim
et al.,, 1999), but taking the abovementioned inhibitors may
cause damage to various viscera (Sall et al., 2014). However,
natural macromolecular compounds inhibited enzyme
activity more gently and had less toxic side effects than
synthetic ~ drugs  (Bustanji et al., 2011). Plant
polysaccharides can reduce blood glucose concentration by
inhibiting the activity of related enzymes and promoting the
secretion of insulin (Wang Y. et al., 2010). Thus, studying the
a-amylase and a-glucosidase inhibitory activities of
polysaccharides had practical significance for those patients
suffering from hyperglycemia. As depicted in Figure 8A, with
the increase in the concentration of the GaE polysaccharides,
the inhibitory activity of the respective group to a-glucosidase
also tended to increase and was dependent on concentration.
In the experimental concentration range, the inhibitory
activity of GaE-R was higher than that of other the GaE
groups, and that of GaE-G was found as the lowest, which
might be correlated with their size of molecular weight,
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FIGURE 8 | Hypoglycemic activities of the different varieties of Gastrodia elata polysaccharides at different concentrations in vitro: (A) a-amylase inhibitory activity
and ICsg values and (B) a-glucosidase inhibitory activity and ICsp values. Each value is expressed as means + standard deviation (SD) of triplicate measurements.

whereas the inhibitory activity of the GaEs was significantly
lower than that of the positive control of acarbose. The
calculation of the ICso value of the respective group after
fitting curves suggested that the ICso value of GaE-R was the
lowest (2.281 mg/ml), and the ICs, value of GaE-G was the
highest (4.14 mg/ml). No significant difference was identified
between GaE-B and GaE-Hyb, whereas the ICs, value of the
GaEs was significantly higher than the ICs, value of the
positive control acarbose (0.065mg/ml, p < 0.01).
Nevertheless, the abovementioned natural polysaccharide
macromolecules could still be sufficient to be developed
and employed as hypoglycemic health food. In brief, the
inhibitory activity of GaE-R on a-glucosidase was higher
than that of the other three GaE polysaccharides.

3.9.2 a-Amylase Inhibitory Activity In Vitro

Starch in food is primarily decomposed into glucose by a-
amylase, which enters the blood to increase blood sugar
concentration, inhibit the activity of a-amylase, and reduce
the absorption of glucose by the body; as a result, the increase
of blood sugar concentration in diabetic patients is delayed
(Liu et al.,, 2017). In this study, the inhibitory activity of the
GaE polysaccharides on a-amylase was investigated to explore

the application value of the GaE polysaccharides in
hypoglycemic drugs. As depicted in Figure 8B, the a-
amylase inhibitory activity of the GaE polysaccharides in
the respective group increased as the experimental
concentration increased. In the concentration range of
2-3 mg/ml, the inhibition rates of GaE-R, GaE-B, and GaE-
Hyb were close; in the concentration range of 4-5 mg/ml, the
inhibition rate of GaE-R was higher than that of GaE-B and
GaE-Hyb. The experimental concentration of 0.5-5mg/ml
suggested that the inhibition rate of GaE-G was significantly
lower than that of other groups (p < 0.05), and almost no
significant difference was found between GaE-B and GaE-Hyb.
At the experimental concentration of 5mg/ml, GaE-R
exhibited the inhibitory activity of 52.62% = 0.81%, the
highest among the GaE polysaccharides, and the activity of
GaE-G was found as the lowest at 38.63% + 0.62%. The ICs,
values of the GaE polysaccharides in the four groups were
found as the lowest in GaE-R (4.54 mg/ml) and the highest in
GaE-G (9.47 mg/ml), whereas the values were significantly
higher than those of acarbose in the positive control group
(1.33 mg/ml, p < 0.05). Although the value was lower than the
positive control, relative to the natural biological
macromolecules, it still could serve as a better a-amylase
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inhibitor. The hydroxyl or carboxyl groups in polysaccharides
could be combined with amino acid residues in the active site
of enzyme, thus competitively or non-competitively inhibiting
the catalysis of the enzyme by the substrate (Wang et al., 2010 ;
Wu et al., 2017).

In this study, the inhibitory activities of the GaE
polysaccharides on enzymes were not exactly the same.
Regardless of a-glucosidase or a-amylase, the inhibitory
activity of GaE-R was higher than that of the other three
groups, while no significant difference was found between
GaE-B and GaE-Hyb (p > 0.05). In addition, GaE-G was
always the lowest. It was found that the side-chain group of
polysaccharides could be combined with the active site of enzyme,
so as to reduce the catalytic activity of enzyme (Kim et al., 1999).
Moreover, the charge on the polysaccharide could form a
complex with a-glucosidase, thus reducing the activity of the
enzyme (Jia et al, 2017). Accordingly, the differences in the
activities of the respective group might arise from the different
types and quantities of side-chain groups and charges of each of
the GaE polysaccharide. In addition, the molecular weight and
monosaccharide composition of polysaccharides might account
for the abovementioned result (Zhang et al., 2010; Li et al., 2016;
Chen et al., 2013). This is because the smaller the molecular
weight, the more the side-chain groups would be at the same
molar concentration, the more charges would carry, and the more
binding to the active site of the enzyme would be. As revealed by
the abovementioned results, the higher inhibitory activity of GaE-
R than other groups might arise from the differences in molecular
weight, structure, side-chain groups, and monosaccharide
composition.

4 CONCLUSION

In this study, the characteristics of the GaE polysaccharides
were investigated, which were largely described in accordance
with structural characteristics, biological activity, and
physicochemical properties. As revealed by the results, the
GaE polysaccharides had different yields, chemical
compositions, monosaccharide compositions, molecular
weight distributions, physical properties, and biological
activities, whereas most of the properties between GaE-B
and GaE-Hyb were similar or showed no significant
difference. The GaE polysaccharides were composed of the
same type of monosaccharides, so they were
heteropolysaccharides, and glucose was reported as the
major component. However, differences in monosaccharide
content were found among the varieties, and the GaE-R
glucose content was found as the lowest. In general, GaE-R
exhibited excellent antioxidant and glycosidase inhibitory
activities in vitro, probably due to its lower molecular
weight and glucose content, higher contents of binding
protein, and polyphenols. In addition, the yield and total
sugar content of GaE-R were lower than those of the other
three varieties.

Although the GaE polysaccharides exhibited some
physiological activities, the harvested G. elata polysaccharides

Gastrodia elata Polysaccharides of Bioactivities

would be impossible to extract and utilize, which is unacceptable
in terms of cost. The efficacy of G. elata, a traditional Chinese
medicine, could not be assessed only according to the
physiological activity of polysaccharides, the content of the
major medicinal components of G. elata (e.g., gastrodin,
p-hydroxybenzyl alcohol, and p-hydroxybenzaldehyde) also
directly affected the overall G. elata medicinal properties.
This study only investigated the functions and properties
exhibited by G. elata from the perspective of polysaccharide,
which does not represent the overall medicinal value of G. elata.
However, with the continuous expansion of the G. elata industry
in China, G. elata has also been approved by the National Health
Commission of the People’s Republic of China as a homologous
of medicine and food. Consumers often stew or boil G. elata as a
food supplement with other ingredients, which will disperse G.
elata polysaccharide and other medicinal components into the
soup, as an attempt to achieve a synergistic therapeutic effect
between different types of activity of components. Moreover,
the water extraction method was chosen to extract
polysaccharides in this study because the water extraction
method was closer to the method of obtaining G. elata
polysaccharide in life. In brief, comparing the
physicochemical properties and antioxidant activities of
polysaccharides among different G. elata varieties can lay a
relevant theoretical basis for enterprise processing or consumer
purchase.
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Complanatuside alleviates
Inflammatory cell damage
induced by pro-inflammatory
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Xiao Wang?, Xuetao Xu'?, Panpan Wu'?, Mengshuo Wu?,
Lishe Gan?, Jingwei Jin?, Rihui Wu?, Wenfeng Liu*, Kun Zhang?,
Dongli Li?* and Xi Zheng>**
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Cytokine-mediated inflammatory response is considered a cause of skin lesion
in COVID-19 patients. Complanatuside is a flavonol glycoside isolated from
Astragalus complanatus. Flavonoids from Astragalus complanatus were
reported to have anti-inflammatory and anticancer activities but the
potential protective effect of complanatuside on cytokine-induced
inflammatory damage in skin keratinocytes is not known. The aim of this
study is to explore the inhibitory effect of complanatuside on inflammation
and its underlying mechanisms in skin epithelial HaCaT cells treated with
inflammatory cytokines. The combination of IFN-y, TNF-a, and IL-6
decreased cell viability, increased cell death, and pyroptosis in HaCaT cells.
Treatment with complanatuside alleviated the effects of the cytokine
combination on HaCaT cells. Complanatuside down-regulated pyroptosis
related to NLRP3, GSDMD, and ASC. The effects of complanatuside were
related to vast reductions in the levels of INOS, COX-2, and ROS. Results of
the present study indicate that complanatuside inhibited inflammation and
protected the cells from inflammatory cell damage in HaCaT cells treated
with the combination of IFN-y, TNF-a, and IL-6. Complanatuside may be a
promising candidate for inhibiting COVID-19 related skin inflammatory
damage.

KEYWORDS

HaCaT cells, skin inflammatory damage, complanatuside, pyroptosis, COVID-19

Abbreviations: COVID-19, Coronavirus disease-19; IL, interleukin; TNF, tumor necrosis factor; IFN,
interferon; ROS, reactive oxygen species; DMEM, Dulbecco’s Modified Eagle’s Medium; FBS, Fetal
bovine serum; MTT, 3-(4,5-Dimethythiazol-2-yl)-2,5-diphenyl-tetra-zoliumbromide; iINOS, inducible
nitric oxide synthase; COX-2, cyclooxygenase-2; NLRP3, NOD-like receptors protein 3; ASC,
apoptosis-associated speck-like protein containing a caspase recruitment domain; GSDMD,
gasdermin D; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is the cause of Coronavirus disease-19 (COVID-19), which is a
worldwide epidemic (Huang et al., 2020). The COVID-19 pandemic
has affected many countries and caused an overwhelming of health
care systems and both psychological and economic burdens.
Although COVID-19
pneumonia and respiratory failure (Novak et al, 2021), skin

is best known to cause interstitial
manifestations as extrapulmonary signs associated with COVID-
19 have been increasingly reported (Marzano et al., 2020; Matar et al.,
2020). According to the recent classification, as shown by a study
from Spain, the most typical presentations of skin lesions include
chilblain-like lesions,
varicelliform-like/vesicular eruptions. Vacuolar interface dermatitis
with scattered dead keratinocytes has been found in chilblain-like

lesions. Histopathology of ischemic-livedoid/necrotic lesions related

ischemic-livedoid/necrotic  lesions, and

to COVID-19 is characterized by epidermal necrosis and thrombotic
vascular lesions (Rongioletti et al., 2021). The COVID-19 skin lesions
are plausibly associated with the excessive inflammation response of
the patients characterized by pathological cytokine levels. However,
the pathogenesis of the skin lesions in COVID-19 patients is not
clear. It has been hypothesized that the increase in COVID-19 related
release of interferon and inflammatory cell damage induced by
cytokines may cause the skin lesions (Grimm et al., 2021).
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Coronavirus, especially SARS-CoV-2, can cause a “cytokine
storm” by increasing the production and release of pro-
inflammatory cytokines (Barnes et al, 2020). Studies have
shown that the cytokine storm is directly related to lung
injury, multiple organ failure, and death of COVID-19 (Gao
etal, 2020; Sun etal., 2020). TNF-a, IL-6, IFN-y, IL-18, IL-15, IL-
la, IL-1f, and IL-2 are among the most highly upregulated pro-
inflammatory cytokines in COVID-19 (Lucas et al., 2020; Karki
et al.,, 2021).

Studies indicate that IL-6, TNF-a, and IFN-y has become a
significant feature of COVID-19 patient deterioration (Fara et al.,
2020; Gubernatorova et al,, 2020). Inflammatory cell death may
be a possible mechanistic link between cytokine storm and organ
damage. A recent study showed that among the eight cytokines
tested, TNF-a in combination with IFN-y strongly induced
inflammatory cell death, and administration of this cytokine
combination to mice resulted in lethal cytokine shock which
resembles COVID-19 related tissue damage and inflammation
(Karki et al., 2021).

Results of this study indicated that pathological levels of multiple
cytokines can cause inflammatory cell death and contribute to tissue
damage in COVID-19 patients. It is of great interest to investigate
the effects of multiple cytokines on skin keratinocytes and explore
the possible mechanistic link between cytokine storm and skin
lesions in COVID-19 patients.
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FIGURE 1
Structure of complanatuside.

Complanatuside is a flavonol glycoside (Figure 1) present in
Astragalus complanatus. That is commonly used as a traditional
Chinese medicine in clinics. Flavonoids from Astragalus
complanatus have been reported to exert inhibitory effects on
inflammation and cancer (Ng et al., 2014; Yao et al., 2018). In this
study, IL-6, TNF-a, and IFN-y were used to simulate “cytokine
storm” to induce inflammatory injury in HaCaT cells. We
utilized this model to determine the inhibitory effect of
complanatuside on inflammation and explore the mechanisms
underlying its actions.

Materials and methods
Cell line and cell culture

HaCaT cells were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, United States ). Dulbecco’s
Modified Eagle Medium (DMEM) medium supplemented with
10% fetal bovine serum (FBS), penicillin (100 units/mL), and
streptomycin (100 mg/ml) (all from Gibco, Grand Island, NY,
United States ) was used for the culture of HaCaT cells. The cells
were grown at 37°C in a humidified atmosphere of 5% CO,. [FN-
y was purchased from Beijing T&L Biotechnology Co., Ltd. TNF-
a and IL-6 were obtained from Shanghai Bohu Biotech Co., Ltd.
Complanatuside was obtained from Meilunbio (Dalian, China).
The compounds were dissolved in dimethyl sulfoxide (DMSO,
Sigma-Aldrich, St. Louis, MO, United States ) as a stock solution
and stored at —20°C and the final concentration of DMSO in all
experiments was 0.2%.

Cell viability assay
HaCaT cells were grown in 96-well plates at a cell density of 5 x

10° cells/well and incubated for 24 h to allow the attachment of the
cells to the culture plates. The cells were treated with serum-free
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DMEM medium for 24 h, then treated with various concentrations of
complanatuside and incubated in the absence or presence of cytokine
combinations (80 ng/ml IFN-y, 40 ng/ml TNF-a, and 20 ng/ml IL-6)
for 24 h. At the end, MTT solution (200 ul; 0.5 mg/ml in DMEM
medium without serum) was added to each of the wells. The plate
was incubated at 37°C for 4 h. After carefully removing the medium,
200 pl DMSO was added to each well. The absorbance at 570 nm was
measured by a microplate reader.

Trypan blue exclusion assay

HaCaT cells (5 x10° cells/mL) were grown in 35-mm cell
culture dishes (2 ml/dish) and incubated in DMEM +10% FBS
for 24 h. The cells were treated with serum-free DMEM medium
for 24 h, the media were subsequently changed to different
concentrations of complanatuside with a  cytokine
combination of IFN-y (80 ng/ml), TNF-a (40 ng/ml), and IL-6
(20 ng/ml) alone or in cytokine combination for 24 h. After
treatment, the cells were digested by trypsin to make a single
cell suspension. 10 pl of cell suspension was mixed with 10 pl of
0.4% trypan blue solution for 2 min. The number of viable and
dead cells was counted by the countess automatic cell counter
(Countess’, AMQAX1000, Thermo, United States ).

ROS measurement

ROS were examined using 2! 7'-dichlorfluoroescein diacetate
(DCFH-DA) and ROS ELISA Kit (Shanghai Enzyme-linked Biotech
Co., Ltd, China). HaCaT cells (1 x 10° cells/well) were plated in 35-
mm cell culture dishes for 24 h. After HaCaT cells were treated with
cytokine combinations and complanatuside, the supernatants were
gathered and subjected to the analysis of ROS by using the ROS
ELISA Kit. After washing with PBS buffer, cells were incubated with
10 uM DCFH-DA in the culture medium at 37°C for 30 min in the
dark. After washing, the fluorescent signals (excitation at 488 nm
and emission at 525nm) in the cells were determined by a
fluorescence microplate reader.

IL-1p assay

To determine IL-1p, HaCaT cells (1 x 10° cells/well) were
plated in 6-well plates and incubated for 24 h to allow the
attachment of cells to the culture plates. The cells were treated
with serum-free DMEM medium for 24 h, then treated with
various concentrations of complanatuside and incubated in
the absence or presence of cytokine combination (80 ng/ml
IFN-y, 40 ng/ml TNF-qa, and 20 ng/ml IL-6) for 24 h. After
treatment, the culture supernatants were gathered and
subjected to the analysis of IL-1B by using the IL-13 ELISA
Kit (ab214025).
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Effects of IFN-y, TNF-a, and IL-6 on cell viability, cell death, caspase-1 activation, and IL-1f level of HaCaT cells. HaCaT cells were exposed to
IFN-y, TNF-qa, and IL-6 alone or in combination for 24 h. (A) The MTT assay was used to determine the cell viability. (B) The Trypan blue exclusion
assay was used to determine cell death. (C) Caspase-1 activity was detected by the caspase-1 assay kit. (D) IL-1p level was measured by ELISA. The
data were presented as mean + SD (n = 3), ** = p < 0.01, *** = p < 0.001, and **** = p < 0.0001 as compared with the cells treated with IFN-y,

TNF-a, or IL-6 alone.

Caspase-1 assay

Caspase-1 fluorescence staining was done using the Caspase-
1 (active) Staining Kit-Green Fluorescence (#ab219935, Abcam
Ltd., Waltham, MA). HaCaT cells were treated with various
concentrations of complanatuside in the presence or absence of
cytokine combination (80 ng/ml IFN-y, 40 ng/ml TNF-a, and
20 ng/ml IL-6). After treatment, FAM-YVAD-FMK was added
into the cell solution and incubated for 1h at 37°C. Caspase-1
staining was analyzed in cells by a fluorescence microscope. For
the caspase-1 activity assay, the Caspase-1
(Fluorometric) (#ab39412, Abcam) was used. In brief, cell
lysates were prepared after treatment. Reaction buffer and
YVAD-AFC substrate were mixed with cell lysates and
incubated for 1h at 37°C. Samples were analyzed using a

assay kit

fluorescence microplate reader at an excitation wavelength of
400 nm and an emission wavelength of 505 nm.

Western blot

At the end of the experiment, the cells were lysed to prepare cell
lysates. Proteins were loaded and separated by sodium dodecyl
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sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a nitrocellulose membrane. After blocking
nonspecific binding sites with blocking buffer, the membranes
were incubated overnight at 4°C with primary antibodies. -Actin
(#8457, CST) was used as a loading control. After the removal of the
primary antibodies (COX-2, #12282, CST; iNOS, AF0199, Affinity;
ASC, #13833, CST; GSDMD, AF4012, Affinity; NLRP3, AG-20B-
0014-C100, AdipoGen), the membranes were then washed three
times with TBST buffer (100 mM NaCl, 10 mM Tris-HCI, pH 7.5,
and 0.1% Tween-20) at room temperature and incubated with
secondary antibody. Next, the membrane was washed with TBST
buffer three times. Finally, protein bands were detected using the
Pierce™ ECL Western Blotting Substrate (Thermo Scientific,
United States ).

Statistical analysis

Statistical analyses were done by using the software
Graphpad Prism. All data were presented as mean + SD.
One-way ANOVA was performed to evaluate the difference
between groups. The differences were considered statistically
significant at p < 0.05.
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combination.

Results

Effect of IFN-y, TNF-a and IL-6 on the
viability of HaCaT cells

Initial experiments were carried out by treating HaCaT cells
with cytokines of IFN-y, TNF-a, and IL-6 alone or in
combination. After a 24 h-treatment, the MTT assay was used
to determine cell viability. As shown in Figure 2A, after treatment
with IFN-y, TNF-q, and IL-6 separately or in combination, the
average survival rate of HaCaT cells was 87.1%, 78.1%, 85.6%,
and 65.1%, respectively. The combined effect of IL-6, TNF-a, and
IFN-y on cell viability was more obvious than that of single factor
alone, and the survival rate was obviously lower in the
combination-treated cells than that in the single cytokine-
treated cells. The result of the study described above indicated
that the combination of IFN-y, TNF-a, and IL-6 strongly
decreased the HaCaT cell viability.

IFN-y, TNF-a, and IL-6 induce cell death in
HaCaT cells

We next investigated the effect of the cytokines separately or
in combination on HaCaT cell death using the trypan blue
exclusion assay. As shown in Figure 2B, the combination of
IFN-y, TNF-a, and IL-6 strongly increased the number of dead
cells. The combination of IFN-y, TNF-a, and IL-6 had a more
potent effect on inducing cell death than each cytokine used
alone (p < 0.0001). To further investigate if the cytokine
combination induced pyroptosis, caspase-1 activation and IL-
1B were examined in HaCaT cells after treatment with IFN-y,
TNF-a, and IL-6. Caspase-1 activation contributes to the
maturation of cytokines and membrane pore forming protein
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gasdermine during the process of pyroptosis and can be used as a
marker of pyroptosis. As displayed in Figure 2C, treatment of
HaCaT cells with the cytokine combination strongly increased
the activity of caspase-1. Statistical analysis showed that the cells
treated with the cytokine combination had a significantly higher
level of caspase-1 activity (p < 0.0001) as compared to the cells
treated with a single cytokine.

IL-1p is a proinflammatory cytokine that is released by the
host cells and is involved in the process of pyroptosis. The effects
of IFN-y, TNF-q, and IL-6 alone or in combination on increasing
the levels of IL-1B were determined using the ELISA assay. As
illustrated in Figure 2D, treatment of HaCaT cells with the
cytokine combination strongly increased the level of IL-1p.
The differences in the level of IL-1B between the single
cytokine-treated group and the cytokine combination-treated
group were statistically significant (p < 0.0001). The results of
caspase-1 and IL-1f experiments indicated that the IFN-y, TNF-
a, and IL-6 in combination induced pyroptosis in the HaCaT
cells.

Complanatuside alleviates the effect of
IFN-y, TNF-a, and IL-6 on decreasing cell
viability

Cytotoxicity of complanatuside was evaluated using the MTT
assay before the evaluation of its potential protective effect on
cytokine-induced cell damage in HaCaT cells. In these
HaCaT treated with different
concentrations of complanatuside for 24h, and the cell

experiments, cells  were
viability was measured using the MTT assay. As shown in
Figure 3A, complanatuside did not alter the cell viability
significantly at concentrations up to 20 uM. Statistical analysis

exhibited that the differences in cell viability between the control
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Protective effect of complanatuside on HaCaT cell death induced by the cytokine combination. HaCaT cells were treated with various
concentrations of complanatuside in the absence or presence of cytokine combination and cell death was determined by the Trypan blue exclusion
assay. (A) Percentage of cell death in HaCaT cells treated with the cytokine combination in the presence or absence of complanatuside. The data
were presented as mean + SD (n = 3), #### = p < 0.0001 as compared with the control group, **** = p < 0.0001 as compared with the cytokine
combination-treated group. (B) Images of control cells, cytokine combination-treated cells, cells treated with cytokine combination, and
complanatuside (1 or 10 uM) were taken by the Countess® automatic cell counter. Red color represents dead cells and green represents living cells

(Size bar = 50 pm).

group and different concentrations of complanatuside-treated
groups (1, 5, 10, and 20 uM) were not statistically significant (p >
0.05). Higher concentrations of complanatuside (40, 60, and
80 uM) significantly reduced the cell viability (p < 0.0001).
The results indicated that complanatuside had no toxicity to
the skin keratinocytes at a concentration range of 1-20 uM.
Therefore, all subsequent experiments were conducted using
these non-toxic concentrations.

As shown in Figure 3B, treatment with the combination of
IEN-y, TNF-a, and IL-6 significantly decreased the viability
of HaCaT cells. It was noticed that complanatuside increased
the cell viability of HaCaT cells treated with the cytokine
When HaCaT cells treated with
complanatuside at 1, 5, 10, and 20 uM, the cell survival

combination. were
rates as compared to the cytokine combination-treated
cells were increased by 11.0, 15.3, 18.7, and 28.0%,
respectively. Results study suggested that
complanatuside at non-toxic concentrations protected
HaCaT cells from the cytokine combination-induced

of our

decrease in cell viability.
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Protective effect of complanatuside on
HaCaT cell death induced by TNF-a, IFN-y,
and IL-6

The potential protective effect of complanatuside on
HaCaT cell death induced by the combination of TNF-a,
IFN-y, and IL-6 was examined using the trypan blue
exclusion assay and the result was shown in Figure 4. The
cytokine strongly cell death
HaCaT cells (Figure 4A). Treatment with complanatuside

combination induced in
reduced the number of dead cells. Complanatuside at 1, 5, 10,
and 20 uM decreased the dead cells by 19.2, 21.5, 26.2, and 27.9%,
respectively. Representative graphs of the trypan blue assay by
the Countess II cell counter were shown in Figure 4B. Cells
labeled with green are alive cells, and those labeled red are dead
cells. As illustrated in Figure 4B, the number of red cells increased
in cytokine-induced cells as compared with the negative control.
Treatment with complanatuside markedly decreased the red
cells, indicating that complanatuside could protect
HaCaT cells from cytokine-induced cell death in HaCaT cells.
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combination

We further explored the effect of complanatuside on
cytokine-induced inflammatory cell death, pyroptosis, in
HaCaT cells. Figure 5
HaCaT cells as indicated by the increase in caspase-1 and IL-

showed the results of pyroptosis in

1B. Treatment of the cells with complanatuside decreased the
activation of caspase-1 induced by the cytokine combination.
Representative micrographs of caspase-1 fluorescence
staining in HaCaT cells are shown in Figure 5A. More
caspase-1 positive cells were found in HaCaT cells treated
with the cytokine combination as compared with the
with

caspase-1

control.  Treatment
the of
(Figure 5A). Caspase-1 was also tested using the caspase-1

negative complanatuside

decreased number positive cells
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activity assay kit. As shown in Figure 5B, treatment of the

cells with complanatuside significantly decreased the
caspase-1 activity induced by the cytokine combination
(p < 0.001). ELISA was used to determine the effect of
complanatuside on the levels of IL-1B in HaCaT cells. As
shown in Figure 5C, treatment with complanatuside reduced
the elevated level of IL-1B caused by the cytokine
combination. Treatment with complanatuside at 1, 5, 10,
and 20 uM decreased the levels of IL-1p by 11.7, 14.2, 27.6,
and 32.9%, respectively. The results of these experiments
indicated that complanatuside strongly alleviated pyroptosis
induced by the combination of TNF-a, IFN-y, and IL-6 in

HaCaT cells.
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FIGURE 6

Effects of complanatuside on the levels of NLRP3, ASC, and cleaved GSDMD in HaCaT cells treated with the cytokine combination. HaCaT cells
were treated with various concentrations of complanatuside with or without co-treatment with the cytokine combination for 24 h. The levels of
NLRP3, ASC, and cleaved GSDMD were determined by Western blot analysis.

Effects of complanatuside on
NLRP3 GSDMD ASC

Studies have shown that pyroptosis in COVID-19 may be
associated with activation of the NLRP3 associated pyroptosis
pathway (Song et al., 2020). Therefore, we measured the levels of
NLRP3, ASC, and GSDMD in HaCaT cells. As shown in Figure 6,
the levels of NLRP3, ASC, and cleaved GSDMD markedly increased
in the cells exposed to the cytokine combination. Treatments with
complanatuside strongly inhibited cytokine combination-induced
NLRP3, ASC, and cleaved GSDMD expression, indicating that
complanatuside had a potent inhibitory effect on the activation
of pyroptosis pathway in HaCaT cells exposed to the combination of
TNF-a, IFN-y, and IL-6.

Effects of complanatuside on cytokines
combination-induced iNOS, COX-2
and ROS

To further explore the mechanisms for inhibition of the
NLRP3 pathway by complanatuside, we determined its effect on
iNOS and COX-2, which have been shown to be associated with the
activation of NLRP3 inflammasome (Kundu et al., 2018; Cinelli
et al,, 2020; Liao et al,, 2021). As shown in Figure 7A, the cytokine
combination strongly increased the levels of iNOS and COX-2 in
HaCaT cells. Treatment of the cells with different concentrations of
complanatuside dose-dependently reduced the elevated levels of
iNOS and COX-2 in HaCaT cells induced by the cytokine
combination. The results of these experiments suggested that
inhibition of iINOS and COX-2 was involved in mediating the
effect of complanatuside in cytokine-induced pyroptosis.
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In additional experiments, we investigated the effects of cytokine
combination and complanatuside on the levels of ROS in
HaCaT cells. As shown in Figure 7B, the cytokine combination
induced a distinct increase in the level of ROS, and treatment with
complanatuside dose-dependently decreased the elevated level of
ROS induced by the cytokine combination. The average inhibition
rates in the cells treated with 1, 5, 10, and 20 pM of complanatuside
were 10.1, 20.6, 25.1, and 29.5%, respectively. Representative
micrographs of ROS fluorescence staining in the cells are shown
in Figure 7C. The fluorescence intensity of ROS in HaCaT cells
treated with the cytokine combination was visibly increased as
compared with that in the control group, and treatment with
complanatuside reduced the fluorescence intensity in the cells.
The result of this study indicated that inhibition of inflammatory
cell death by complanatuside in HaCaT cells was associated with
strong suppression of ROS.

Discussion

According to current research, we demonstrated that the
combination of IFN-y, TNF-a, and IL-6 strongly decreased the
viability of HaCaT skin keratinocytes. This cytokine combination
also strongly increased the death of HaCaT cell. Our study further
indicated that the HaCaT cell death induced by the cytokine
combination involved inflammatory cell death and pyroptosis. In
addition, we found that complanatuside effectively alleviated
inflammatory cell death in HaCaT cells induced by the cytokine
combination. As far as we know, this is the first study reporting the
combined effect of IFN-y, TNF-q, and IL-6 on pyroptosis in skin
keratinocytes and the protective effect of complanatuside on
cytokine-induced pyroptosis in HaCaT cells.
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FIGURE 7

Effects of complanatuside on the levels of INOS, COX-2, and ROS in HaCaT cells treated with the cytokine combination. HaCaT cells were
treated with various concentrations of complanatuside with or without co-treatment with the cytokine combination for 24 h. (A) The levels of INOS
and COX-2 were determined by Western blot analysis. (B) ROS was detected using the fluorescence dye DCFH-DA and ELISA. ROS levels in
HaCaT cells treated with complanatuside with or without co-treatment with the cytokine combination. The data were presented as mean + SD
Asterisk indicates comparison between the cytokine combination-treated group and complanatuside-treated groups (* = p < 0.05, *** = p < 0.001,
and **** = p < 0.0001). The number sign # indicates comparison between the cells treated with cytokine combination and the cells in control group
(#### = p < 0.0001). (C) Representative micrographs of ROS fluorescence staining of HaCaT cells treated with complanatuside in the presence or

absence of the cytokine combination (Size bar = 50 um).

Recent studies have indicated that IL-6, TNF-a, and IFN-y were
intensely elevated in COVID-19 patients and had become a significant
feature of COVID-19 diseases deterioration (Diorio et al., 2020; Lucas
etal, 2020; Karki et al,, 2021). A recent study demonstrated that IFN-y
combined with TNF-a had a strong effect on inducing inflammatory
cell death (Karki et al, 2021). Since IL-6 was found elevated in
COVID-19, it is of great interest to explore the combined effect of
IFN-y, TNF-a, with IL-6 on inflammatory cell damage. We found
that the cytokine combination strongly decreased cell viability and
increased cell death in HaCaT cells. Utilizing caspase-1 and IL-1p as
markers, we found that the cytokine combination induced pyroptosis
in HaCaT cells. Caspase-1 activation contributes to the maturation of
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cytokines and membrane pore forming protein gasdermine during
the process of pyroptosis and can be used as a marker of pyroptosis.
The proinflammatory cytokine IL-1 is released by the host cells and
is involved in the process of pyroptosis. Results of our study
demonstrated that the combination of IFN-y, TNF-o, and IL-6
strongly increased caspase-1 activation and elevated the level of IL-
1B, indicating that this cytokine combination induced pyroptosis in
HaCaT cells.

In our continuing search for effective anti-inflammatory agents,
a series of natural compounds were screened for their potential effect
on alleviating cytokine-induced inflammatory response in skin
keratinocytes. We found that complanatuside had protective
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effect on HaCaT cells treated with IFN-y, TNF-a and IL-6.
Complanatuside is a flavonol glycoside isolated from Astragalus
complanatus, which is commonly used in traditional Chinese
medicine clinics. Studies have shown that flavonoids from
Astragalus complanatus exert anti-inflammatory, anticancer, and
immuno-modulating activities (Ng et al,, 2014; Li et al., 2018; Yao
et al, 2018). However, the anti-inflammatory effect and the
protective effect of complanatuside on skin keratinocytes have
not been reported. In our study, we found that complanatuside
alleviated the effect of the cytokine combination on decreasing
HaCaT cell viability. We also found that complanatuside
decreased HaCaT cell pyroptosis induced by the cytokine
combination. These results indicate that complanatuside protect
HaCaT cells from cytokine-induced inflammatory cell damage.

To further investigate the mechanisms underlying the
protective effect of complanatuside, we determined the effects
of complanatuside on the NOD-like receptor, protein 3 (NLRP3),
apoptosis-associated speck-like protein containing a caspase
recruitment domain (ASC), and gasdermin D (GSDMD).
Studies have shown that pyroptosis in COVID-19 may be
associated with activation of NLRP3, ASC, and GSDMD
(Song et al., 2020). The NLRP3 inflammasome is a complex
platform involved in the activation of caspase-1 and the
maturation of IL-1p in pyroptosis. NLRP3 activation elevates
the release of the inflammatory cytokine IL-1$ and induces
pyroptosis (Wang et al., 2019). Downstream of NLRP3, ASC
plays a crucial role in the formation of inflammasomes and the
recruitment of caspase-1 (Satoh et al., 2013). GSDMD is a crucial
component of the NLRP3 inflammasome and is required for IL-
1P secretion and pyroptosis (He et al., 2015). Our study showed
that pyroptosis in HaCaT cells resulted from the treatment with
IFN-y, TNF-q, and IL-6 and was associated with the increase in
NLRP3, ASC, and GSDMD, and treatment with complanatuside
strongly decreased the levels of these proteins. The results of the
present study suggest that the combination of IFN-y, TNF-a, and
IL-6 induces pyroptosis through the NLRP3 inflammasome
pathway, and inhibition of this pathway by complanatuside
can effectively reduce pyroptosis in skin keratinocytes.

The mechanisms for activation of the NLRP3 inflammasome
are not entirely clear. Inducible nitric oxide synthase (iNOS), one
of the important inflammation regulators, has recently been
found to be involved in NLRP3 activation and pyroptosis
(Cinelli et al, 2020; Liao et al, 2021). COX-2
inflammatory mediator factor, which plays an important role

is an

in inducing inflammation-related diseases (Kundu et al., 2018). It
that COX-2 the
NLRP3 inflammasome and pyroptosis (Hua et al, 2015).
Results that with
complanatuside resulted in decreases in the levels of iNOS
and COX-2 in HaCaT cells treated with the combination of
IFN-y, TNF-a, and IL-6. This result supports the notion that the
effect of complanatuside on inhibiting NLRP3 inflammasome is
partly mediated via inhibition of iNOS and COX-2.

was shown enhanced activation of

of our study showed treatment
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ROS is a second messenger that regulates the inflammatory
response. Inflammation can increase the level of ROS, and
overexpression of ROS can also aggravate the inflammatory
response (Forrester et al, 2018). ROS is involved in the
inflammatory response in COVID-19 (Morris et al, 2020) and
activation of NLRP3 (Abais et al., 2015). In our study, we found that
that the elevated level of ROS in HaCaT cells treated with the
combination of IFN-y, TNF-q, and IL-6 was strongly reduced upon
treatment with complanatuside. This result, together with the
inhibitory effect of complanatuside on iNOS and COX-2 as
described above, suggests that multiple mechanisms may
contribute to the protective effect of complanatuside on cytokine-
induced pyroptosis. Simultaneously inhibition of iNOS, COX-2, and
ROS may be an effective strategy for alleviating cytokine storm
induced skin lesion in COVID-19 patients.

Conclusion

To sum up, our results demonstrated that complanatuside
alleviated inflammatory cell damage induced by the IFEN-y, TNF-
a, and TL-6 combination in skin keratinocytes. Complanatuside
protected HaCaT cells from cytokine-induced pyroptosis as
evidenced by decreased caspase-1 and IL-1B. Mechanistic studies
showed that the pyroptosis related NLRP3 pathway was inhibited by
complanatuside. The suppression of NLRP3 activation and
pyroptosis was associated with inhibition of iNOS, COX-2, and
ROS. Complanatuside may be a promising candidate for inhibiting
COVID-19 related skin inflammatory damage.
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Green synthesis, structure
optimization and biological
evalution of Rhopaladins’ analog
2—styryl—-5-oxopyrrolidine-2-
carboxamide RPDPRH on CaSki
cells

Li-Na Ke™?, Ling-Qi Kong'?!, Xiu-Lian Zhu?', Feng-Xu Wu?,
Qin-Hua Chen?, Bin Li?% Yun Dong*?*, Hong-Mei Wang'?* and
Xiao-Hua Zeng'?*
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University of Medicine, Shiyan, China, *Animal Laboratory, The 924th Hospital of the Joint Logistics
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We have synthesized Rhopaladins’ analog (2E,4E)-4-chlorobenzylidene-2-(4-
chlorostyryl)- N-cyclohexyl-1-(4-fluorophenyl)-5-oxopyrrolidine-2-
carboxamide (RPDPRH) via a highly facile, inexpensive and green approach and
verified the structural superiority of compound RPDPRH through molecular
docking. Moreover, we further detected the anti-proliferation, apoptosis and
HPV E6/E7 effects of RPDPRH on CaSki cells. Finally, we confirmed that
compared with the previous compound  (E)-N-(tert-butyl)-2-(4-
chlorobenzoyl)-4-(4-fluorobenzylidene)-1-isopropyl-5-oxopyrrolidine-2-
carboxamide (RPDPB), RPDPRH could better inhibit proliferation, induce
apoptosis, and down-regulate HPV E6/E7 mRNA expression on Caski cells.
And preliminary RT-PCR experiments have demonstrated that RPDPRH also
could affect the expression of Bcl-2, Bax and Caspase-3 mRNA in Caski cells. In
summary, RPDPRH has potential as an effective agent against cervical cancer
and will play an important role in our subsequent research.

KEYWORDS

4-arylidene-5-oxopyrrolidine, green synthesis, molecular docking, anti-tumor activity,
apoptosis

Introduction

Cancer is among the severest diseases threatening human health in the 20th century,
which is considered to be a major cause of death (Roy and Saikia, 2016; Bray et al., 2018).
For women, cervical cancer has become one of the top ten cancers in women, with
morbidity and mortality ranking fourth, posing a serious threat to women’s life and health
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(Canfell, 2019; Wang et al., 2020a). As a classical treatment, drug
therapy plays an important role in different stages of tumor cell
growth (An et al., 2021). But because of the widespread resistance
of anti-tumor drugs, it is necessary to find or synthesize new anti-
cervical cancer drugs.

Marine natural products have novel structures and a variety of

physiological activities, especially the marine alkaloids containing
pyrrolidone structure have unique chemical structure and strong
antifungal and antibacterial biological characteristics (Nijjampatnam
et al,, 2015). Among them, alkaloid Rhopaladins A-D isolated from
marine natural products has obvious anti-tumor activity (Sato et al,,
1998). Hence, Rhopaladins’ analogs (E)-2-aroyl-4-arylidene-5-
oxopyrrolidine (RPDP serial chemicals) have been synthesized by
one-pot method using Ugi condensation and intramolecular Sy
Cyclization (Zeng et al., 2013; Wang et al., 2020b), and (E)-N-(tert-
butyl)-2-(4-chlorobenzoyl)-4-(4-fluorobenzylidene)-1-isopropyl-5-
oxopyrrolidine-2-carboxamide (RPDPB for short) effects on
proliferation, apoptosis and E6/E7 mRNA of cervical cancer
CaSki cells were studied (Zhu et al., 2020). Further, in order to
obtain compounds with better apoptosis inducing activity of tumor
of Rhopaladins (2E4E)-4-arylidene-2-styryl-5-
oxopyrrolidine (RPDPR serial chemicals) were synthesized after
structural optimization (Kong et al., 2021). Among them (2E,4E)-4-
chlorobenzylidene-2-(4-chlorostyryl)-N-cyclohexyl-1-(4-
(RPDPRH  for
short, see Scheme 1) has better anti-hepatoma activity and low
hepatotoxicity (Zeng et al.,, 2020; Zhu et al., 2022). Thus, we further
explored the effect of RPDPRH on CaSki cell apoptosis.

Nowadays, traditional synthetic chemistry has caused a serious

cells, analogs

fluorophenyl)-5-oxopyrrolidine-2-carboxamide

impact on the environment. The use of non-toxic and harmless raw
materials, catalysts and solvents is the development trend of
synthetic the in the
preliminary synthesis step is methanol, which is toxic and not

chemistry. However, solvent used
friendly to the environment. Therefore, in this study, the
experimental conditions were optimized on the basis of previous
studies, and the environment-friendly one-pot method was adopted
to synthesize RPDPRH with ethanol-water as solvent, which was
more green and efficient. Moreover, the structural superiority of
RPDPRH was verified by molecular docking, and in order to better
compare its anti-tumor activity with RPDPB in vitro, we continued
to select cervical cancer cells and further study the anti-proliferation
activity, apoptosis and E6/E7 mRNA expression of RPDPRH on
CaSki cells.

Experimental protocol

Melting points were measured with an X-4 melting point
instrument (uncorrected thermometer) produced by Beijing
Ruili Analytical Instrument Co., Ltd. Mass spectrometry was
performed with a Finnigan trace MS analyzer (direct injection
method). Elemental analysis was determined was performed
using a Vario EL III analyzer. '"H NMR and "*C NMR spectra

Frontiers in Chemistry

173

10.3389/fchem.2022.975559

were measured at 400 MHz using spectrometers. The solvent was
CDCl; with TMS is the internal standard.

Molecular docking experiments

The 2D structure of the compound was drawn in the
ChemOffice Pro 16 suite and converted to 3D structure with
minimal energy in Discovery Studio 2016 Visualizer. The crystal
structure of FKBP12-MTOR (PDB ID: 1FAP) was obtained from
Protein Data Bank (https://www.rcsb.org/). Ligand molecules,
water molecules and residues are removed from the complex
structure, where the active site is identified. Hydrogen atom of
FKBP12-MTOR was performed through Discovery Studio
2016 Visualizer. Molecular docking was performed with
GOLD 3.0. The active site radius is set to 10°A for 300 cycles
using a genetic algorithm (GA). The highest level of confirmation
is chosen as representative. Molecular graphics were generated by
PyMOL.

One-pot synthesis of Rhopaladins’ analog
RPDPRH

The synthesis procedure was based on our previous research
(Zhu et al., 2022). First, a mixture of 4-fluoroaniline 2 (1 mmol)
substituted  (E)-3-(4-chlorophenyl)
(1 mmol) was stirred in ethanol-water (3:1, vol/vol, 8 ml) at
30 min. After precipitation was
produced, Baylis-Hillman acid (Z)-2-(chloromethyl)-3-(4-
acid 1
isocyanide 4 (1 mmol) were added successively, and the

and acrylaldehyde 3

room temperature for

chlorophenyl) acrylic (I mmol) and cyclohexyl
mixture was stirred at room temperature for 2h. Then 2 ml
K,COj5 (0.5 mmol) solution was used to adjust pH value 10 times,
once every 2h, and the reaction was continued for 2 h after
dropping. After the reaction was monitored and completed by
thin layer chromatography (TLC), the mixture was chilled
overnight and the precipitate was filtered, washed by water,
recrystallized from ether, then (2E,4E)-4-chlorobenzylidene-2-
(4-chlorostyryl)-N-cyclohexyl-1-(4-fluorophenyl)-5-

oxopyrrolidine-2-carboxamide (RPDPRH, see Scheme 2) was

obtained.

Cell culture and treatment

Human cervical cancer cell lines of CaSki, HeLa and normal
hepatocyte LO2 were attained from Experiment Center of
Medicine, Sinopharm Dongfeng General Hospital, Hubei
University of Medicine. CaSki and LO2 cells were cultured in
RPMI Medium 1640 basic (1640, Gibco), HeLa cells were
cultured in Dulbecco’s modified Eagle medium (DMEM,
Gibco), 10% fetal bovine (FBS,

meanwhile, serum
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SCHEME 1

The strategies leading to Rhopaladins' analog RPDPRH as target

CORNING). All of cells were fostered in an incubator with a
humidified atmosphere of 5% CO, at 37°C. Cisplatin was
purchased from Shanghai Aladdin, China. The compounds
dissolved by dimethyl (DMSO, MP
Biomedicals). Control group (0 uM) was treated with DMSO
only under the same conditions, and the content of DMSO in

were sulfoxide

each group was less than 0.1%.

Cell viability assay in vitro

Following previous studies (Zhu et al., 2022), cell activity was
by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, MultiSciences) assay. The
logarithmic growth phase cells were digested and inoculated into
96 well cell culture plates with 5 x 10° cells per well. Then, the cells
were treated with different concentrations of RPDPRH (0, 3.125,
6.25, 12.5, 25, 50, 100 uM) for 24 h or 48 h. Control group (0 pM)
was treated with DMSO, while the blank group contained only
culture medium without cells. Cisplatin was used as positive control.
Cells in each well were incubated with MTT 20 uL (5 mg/ml) at 37°C
for 4h. The absorbance value (A) at 490 nm wavelength was
detected by enzyme-labeled meter (Biotek MQX200) after adding
150 uL of DMSO to each hole. Cell viability rate of each compound
on different cells were calculated. Cell viability rate (%) = (A
experimental-A blank)/(A control-A blank) x 100%.

determined

Morphological observation of CaSki cells

CaSki cell suspensions in logarithmic growth phase were
inoculated into 6-well plates at a density of 3x10° cells per well.
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TABLE 1 Primer sequences used in RT-qPCR gene expression analysis.

Primers Primer sequence

5'-GGATGCCTTTGTGGAACTGT-3'
5'-AGCCTGCAGCTTTGTTTCAT-3
5'-TTTGCTTCAGGGTTTCATCC-3'
5'-CAGTTGAAGTTGCCGTCAGA-3’
5" TTTTTCAGAGGGGATCGTTG-3'
5'-CGGCCTCCACTGGTATTTTA-3'

Bcl-2—forward
Bcl-2—reverse
Bax—forward
Bax—reverse
Caspase-3—forward

Caspase-3—reverse

E6—forward 5"-TTGCTTTTCGGGATTTATGC-3'
E6—reverse 5'-CAGGACACAGTGGCTTTTGA-3'
E7—forward 5'-GAACCGGACAGAGCCCATTA-3'
E7—reverse 5'AGAACAGATGGGGCACACAAT-3’

5'-CCATGTTCGTCATGGGTGTGAACCA-3'
5'-GCCAGTAGAGGCAGGGATGATGTTC-3'

GAPDH—forward
GAPDH—reverse

After cell adherence, RPDPRH (0, 5, 10, 15 uM) was added and
treated for 24 h. Morphological changes of CaSki cells were
observed under an inverted microscope.

Cell apoptosis assay

Effect of RPDPRH on apoptosis was evaluated using the
Annexin V-FITC/PI Apoptosis kit (MULTI SCIENCES). CaSki
cells were seeded into 6-well plates, and exposed to different
dosages of RPDPRH (0, 5, 10, 15 uM) for 24 h. After treatment,
cells were collected and washed twice with precooled phosphate
buffered solution (PBS, Gibco), and re-suspended in 500 pL
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SCHEME 2
Synthesis of Rhopaladins’ analog RPDPRH.

Rhopaladins' analog RPDPRH

binding buffer. Annexin V-FITC (5uL) and PI (10 pL) were
added to the cell suspension followed by incubation at room
temperature for 5 min in the dark. Cells were analyzed by flow
cytometry (Agilent NovoCyte).

Reverse transcriptase-polymerase chain
reaction

RT-qPCR analysis was performed as follows. Briefly, CaSki cells
were treated with RPDPRH (0, 5, 10, 15 pM) for 24 h. Total RNA was

transcription of ¢cDNA is carried out according to Fermentas’
reverse transcription kit instructions. The cDNA was synthesized
from 2 pg of RNA using RevertAid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific). Amplifications were using the FastStart
universal SYBR® Green Master (Roche). The amplification
conditions were initial denaturation at 95°C for 5 min, followed
by 40 cycles of denaturation at 94°C for 30 s, annealing at 58°C for
30 s, and extension at 72°C for 30 s 27“T method was used for the
evaluation of the reaction results. GAPDH was an internal reference
gene. The primers were designed using Primer-Blast and Primer
Premier 6.0 software and synthesized by the Shanghai Biotechnology

extracted with TRIzol Reagent (MRC-Holland). Reverse Company. The sequence of primers was shown in Table 1.
B c
Trp59
Phe99
Tyrs2 11es6 i
Trps9 4
His87 %Zj ‘@\k Phed6
pe Tyr26
N
Phe20:. Q Phed

FIGURE 1

Rapamycin, RPDPB and RPDPRH were docked into the complex of FKBP12-mTOR (PDB ID: 1FAP), respectively. Note: (A): Rapamycin docked
into FKBP12-mTOR; (B): RPDPB docked into FKBP12-mTOR; (C): RPDPRH docked into FKBP12-mTOR.
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FIGURE 2

Anti-proliferative activities of Cisplatin, RPDPB and RPDPRH on Hela, LO2 and CasSki cells, respectively. Note: (A—C): Cell activity of LO2, Hela
and CaSki cells treated with Cisplatin for 48 h (D—F): Cell activity of LO2, Hela and CaSki cells treated with RPDPB for 48 h (G, H): Cell activity of
LO2 and Hela cells treated with RPDPRH for 48 h (I): Cell activity of CaSki cells treated with RPDPRH for 24 and 48 h.

Statistical methods

The apoptosis was analyzed by FlowJo 10.6.2 software. All
data were processed and analyzed by GraphPad Prism
8.0.1 software. The significance of differences was evaluated by
one-way variance (ANOVA). p < 0.05, the difference was
statistically significant. All experiments were repeated three
times, and data shown in Mean + SD.

Results

One-pot synthesis of Rhopaladins’ analog
RPDPRH

The (2EAE)-4-chlorobenzylidene-2-(4-chlorostyryl)-
N-cyclohexyl-1-(4-fluorophenyl)-5-oxopyrrolidine-2-carboxamide
(RPDPRH, Melt point 128-130°C) was produced in good yields
about 93%. The structure of RPDPRH was confirmed by
spectroscopic data (Zeng et al., 2020). For instance, the '"H NMR
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spectrum of RPDPRH shows that the signals of the CH, in the
pyrrolidinone core appear at 3.44 and 3.35 ppm as two doulblets.
The signal due to CONH appears at 5.64 ppm as a singlet. The signal
attributable to CHj of the fert-butyl group is found at 1.21 ppm as a
singlet. The signals of the Ar-Hs and vinyl-Hs appear at
7.57-7.27 ppm and 7.02 as mutiplets and doulblets. The "C
NMR spectrum data in RPDPRH showed that the two CON
carbons absorb at 169.9 and 169.0 ppm. The signal of the
quaternary carbon in the pyrrolidinone core absorbs at 69.7 ppm.
The MS spectrum of RPDPRH shows molecular ion peak and M*-
CONHBu-f at m/z 518 and 418 with 5 and 100% abundance.

Molecular docking

As we all know, rapamycin is a kind of cancer chemotherapy drug
with good anti-tumor effect. Thus, we validated the binding mode of
rapamycin and RPDPB with FKBP12-mTOR (PDB ID: 1FAP) by
molecular docking experiments. The result was shown in Figure 1,
there were hydrogen bonds between in the two complexes, but the
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FIGURE 3

Morphological observation of CaSki cells. Note: (A): Control group was treated for 24 h with CaSki cell morphology. (B): 5 uM RPDPRH was
treated for 24 h with CaSki cell morphology. (C): 10 uM RPDPRH was treated for 24 h with CaSki cell morphology. (D): 15 uM RPDPRH was treated for

24 h with CasSki cell morphology. Scale bar: 200 pm.

molecular size of RPDPB was small and the effect of RPDPB with
FKBP12-mTOR was not strong. In order to optimize Rhopaladins’
analog (E)-2-aroyl-4-(4-fluorobenzylidene)-5-oxopyrrolidines, the
Rhopaladins’ analog (2E4E)-4-arylidene-2-styryl-5-oxopyrrolidines
(RPDPR serial chemicals) were designed by using 2-styryl group
instead of 2-benzoyl group, and the longer the length of the aryl group
to the pyrilidinone core, the stronger the -7 effect of the aryl group
with the Phe 2039. At the same time, the fitting degree of RPDPRH
and FKBP12-mTOR complex was calculated. From the docking
experiment result (shown in Figure 1), we may find that
RPDPRH formed a hydrogen bond with Tyr82, which also exists
in the binding mode between rapamycin and FKBP12-mTOR
complex. RPDPRH could also form m-m interactions with
His87 and Phe 2039, as well as hydrophobic interactions with
Phe99, Trp59 and Phe46. However, these interactions were not
observed in the binding of rapamycin to FKBP12-mTOR
complex. According to the analysis, we may infer that RPDPRH
has the potential better ability to inhibit the passageway between
FKBP12-mTOR than rapamycin.
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In vitro anti-proliferative activities assay

MTT assays were carried out to determine the growth
inhibitory effects of Cisplatin, RPDPB and RPDPRH on one
normal hepatocyte cells (LO2 cells) and two types of cervical
cancer cells (Hela and CaSki cells). The results (Figure 2) were
showed that RPDPRH has obvious anti-cervical cancer activities
and low cytotoxicity to normal liver LO2 cells compared with
cisplatin and RPDPB, which also indicated that our structure
optimization has an obvious effect. Therefore, we also studied the
effects of RPDPRH on HPV16 positive CaSki cells proliferation
for 24 and 48 h, and the cells viability was showed in Figure 21.
The survival rate of CaSki cells treated with 12.5 and 25 uM
RPDPRH for 24h was 31.93 + 4.81% and 20.01 + 2.45%,
respectively. When treated with RPDPRH for 48 h, the cell
22.13 + 1.88% and 893 £ 2.36%,
respectively. In conclusion, RPDPRH also has a dose-

survival rate was

dependent and time-dependent inhibitory effect on CaSki cell
proliferation, which is superior to RPDPB.
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FIGURE 4

Effects of RPDPRH on cell-apoptosis progression in CaSki cells. Note: (A): Flow cytometry analyses of apoptosis induction in CaSki
cells after treated by RPDPRH for 24 h (B): the total apoptosis rate. Compared with the DMSO control group, ##p < 0.01, ###p < 0.001, (" x +
s, n = 3). (C): The living cells (LL), early apoptotic cells (LR), late apoptotic (UR), and necrotic cells/fragments (UL) rate of CaSki were

analysed.
A
o 3
2 '.I'.' mm DMSO
>
25 e N 5uM
g%’ 2- = 10 uM
a 15 uM
€%
&R
228"
£T
[}
['4 o
Bcl-2 Bax Caspase-3
FIGURE 5

B
1.57
. = DMSO
.% '§ mn 5uM
T 21.01 = 10 M
5 15 uM
I3
23
m E.O.S-
S0
w
0.0-

The effect of RPRDPRH on the expression of mRNA in CaSki cells. Note: (A): The mRNA expression of Bcl-2, Bax, and Caspase-3. (B): The mRNA
expression of E6/E7. Compared with the DMSO control group, #p < 0.05, ##p < 0.01, (x + s, n = 3).

Effect of RPDPRH on human cervical
cancer CaSki cell morphology

The growth of CaSki cells was observed under inverted
microscope. In the normal control group, cells were round or
oval, adhered to the wall, with complete morphology and tight
connection, as shown in Figure 3. After treatment with different
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concentrations of RPDPRH (5, 10, 15 uM) for 24 h, the growth of
CaSki cells was inhibited, cell morphology changed, light
transmittance and adhesion ability decreased.
Meanwhile, cell density decreased significantly and floating
cells increased. Therefore, the results showed that RPDPRH
could significantly inhibit the proliferation and change the cell
morphology of cervical cancer CaSki cells.

increased,
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RPDPRH could induce apoptosis of
cervical cancer CaSki cells in vitro

Annexin V and PI staining assay was used to detect cells
apoptosis. The result was shown in Figure 4, when CaSki cells
were treated with different concentration of RPDPRH (0, 5, 10,
15 uM) for 24 h, the apoptosis rates were increased. Compared
with the control group, which had 3.78 + 0.57%, at the treatment
groups, the apoptosis rate increased up to 4.66 + 0.64%, 38.20 +
2.62% and 69.30 + 1.78%, respectively. The results indicated that
RPDPRH induced cells apoptosis in a concentration-dependent
manner. In addition, compared with RPDPB (Zhu et al., 2020) in
our previous experiment, the CaSki cell apoptosis induced by
RPDPRH at a lower concentration was better than which
induced by RPDPB at the same treatment for 24 h.

Effects of RPDPRH on the expression of
Bcl-2, Bax, Caspase-3, and HPV E6/

E7 mRNA in human cervical cancer CaSki
cells

Reverse transcription PCR (RT-PCR) assay was used to
analysis gene expression difference in cervical cancer cells.
The mRNA expression of pro-apoptosis and anti-apoptosis
cytokines, such as Bcl-2, Bax and Caspase-3 were different
compared with control (Figure 5A). When CaSki cell treated
with 10 and 15 pM of RPDPRH, the fold changes of Bcl-2 were
0.786 + 0.092 and 0.081 * 0.029, respectively. For the Bax, the
treated with 5 M, the fold change was 1.394 + 0.198. The mRNA
expression of HPV E6 and E7 was decreased in CaSki cells
(Figure 5B), the fold changes of HPV E6 mRNA were 0.710 +
0.102, 0.186 + 0.01765 and 0.176 + 0.036, respectively. And the
HPV E7 mRNA was 0.283 + 0.112, 0.062 + 0.0069 and 0.023 +
0.0126, respectively. These decreases were statistically significant,
p < 0.05. In conclusion, RPDPRH can reduce the expression of
E6/E7 mRNA and affect the expression of related apoptotic
genes.

Discussion and conclusion

Multicomponent reactions, which combine three or more
starting substances into a single product by one pot under very
mild conditions, are important and effective synthetic tools for
the preparation of complex molecules (Cimarelli, 2019; Graebin
etal., 2019). One of the advantages of multicomponent synthesis
is the generation of complex molecules in a few synthesis steps
(Touré and Hall, 2009). Among the multicomponent reactions,
the Passerini and Ugi reactions play an important role in
combinatorial chemistry, high-throughput screening and
assembly of important pharmacological structures (Serafin and

Priest, 2015; Oelmann et al,, 2019). Both two reactions are

Frontiers in Chemistry

179

10.3389/fchem.2022.975559

completely in line with the green chemistry standard,
displaying an excellent atom economy: there is no by-product
in the Passerini reaction, while in the Ugi reaction, water is the
only waste product (Pirali et al., 2019). Marine alkaloids are
widely found in marine organisms and have diverse physiological
activities (Delfourne, 2008; Dyshlovoy et al., 2016; Tanaka et al.,
2016). Thus, a series of Rhopaladins analogs were previously
synthesized by a multi-component tandem one-pot method.
However, the solvent used in the synthesis is methanol, which
is the same as that used in the common four-component Ugi
reaction. As we all know, the four-component Ugi reaction is
most thorough in methanol (Gerokonstantis et al., 2019; Sasaki
et al.,, 2020), but methanol is more toxic and not friendly to
human health and environment. In this study, we substituted
(Z)-2-(chloromethyl)-3-(4-chlorophenyl) acrylic acid for before
(2)-2-(bromomethyl)-3-(4-chlorophenyl) acrylic acid, reducing
the cost of synthesis. Moreover, we use ethanol-water mixed
solution as the reaction solvent, which makes the synthesis
process more beneficial to human health, more friendly to the
environment, and more in line with the development direction of
green chemistry.

Cell apoptosis is a momentous biological process involving a
large number of molecules and pathways, including exogenous
and endogenous pathways linking to death receptors, which are
closely related to the occurrence and development of tumors (Ye
et al., 2017; Obeng, 2021). Consistent evidences indicate that
persistent infection with human papillomavirus (HPV) is the
main cause in triggering the development of cervical cancer
(Arbyn 2020). The modification of E6
E7 oncoproteins can regulate cell cycle and apoptosis, lead to

et al, and
genomic instability and eventually cancer, then E6/E7 play an
important role in the occurrence and development of cervical
cancer (Pal and Kundu, 2019). Hence, in this paper, we evaluated
the anti-proliferative activities of RPDPRH in CaSki cells, Hela
cells and LO2 cells. Moreover, we found that RPDPRH inhibited
CaSKki cell proliferation in a time and dose dependent manner,
induced CaSki cell apoptosis and down-regulated HPV E6/
E7 mRNA expression, all of which were superior to RPDPB.
Meanwhile, we verified the structural advantages of compound
RPDPRH by molecular docking, and continued to explore the
effects of RPDPRH on apoptosis factors, and found that
RPDPRH can down-regulate the expression of anti-apoptotic
factor Bcl-2 mRNA, and up-regulate the expression of pro-
apoptotic factors Bax and caspase-3 mRNA.

In conclusion, we improved the previous synthesis method to
synthesize RPDPRH in a more economical and green way, and
verified that RPDPRH was superior to RPDPB by molecular
docking experiment and in vitro cell experiment. And through
this experiment, we hope to provide some ideas for more
efficient, green and economic compounds in the future, and
provide some help for further expanding and optimizing this
series of compounds to synthesize better anti-tumor compounds.
At the same time, our experiment is still in the very preliminary
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pharmacological research stage, and we will verify its molecular
mechanism at the protein level and further study its potential as
an anti-tumor drug in vivo through animal model experiments.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Author contributions

L-NK: Conceptualization, investigation, methodology, resources,
and writing-review and editing. L-QK: Investigation, software,
validation and writing-original draft. X-LZ: Investigation, data
curation, formal analysis, software, visualization. F-XW: Software,
formal analysis and visualization. Q-HC: Formal analysis, and
validation. BL: Investigation, and funding acquisition. YD:
Conceptualization, funding acquisition, and project administration.
H-MW: Conceptualization, methodology, and resources. X-HZ:
Conceptualization,  investigation,  methodology,

resources,

supervision, and writing-review and editing.

Funding

This work is supported by the National Natural Science
Foundation of China (81872509), Sanming Project of
Medicine in Shenzhen (SZZYSM202106004), Baoan TCM
Development Foundation (2020KJCX-KTY]J-200), the Internal
research project of Shenzhen Baoan Authentic TCM Therapy

References

An, L, Wang, C,, Zheng, Y. G, Liu, J. D., and Huang, T. H. (2021). Design,
synthesis and evaluation of calix[4]arene-based carbonyl amide derivatives with
antitumor activities. Eur. J. Med. Chem. 210, 112984. doi:10.1016/j.ejmech.2020.
112984

Arbyn, M., Weiderpass, E., Bruni, L., de Sanjosé, S., Saraiya, M., Ferlay, J., et al.
(2020). Estimates of incidence and mortality of cervical cancer in 2018: A worldwide
analysis. Lancet Glob. Health 8, e191-e203. doi:10.1016/s2214-109x(19)30482-6

Bray, F., Ferlay, J., Soerjomataram, I, Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 68,
394-424. do0i:10.3322/caac.21492

Canfell, K. (2019). Towards the global elimination of cervical cancer.
Papillomavirus Res. 8, 100170. doi:10.1016/j.pvr.2019.100170

Cimarelli, C. (2019). Multicomponent reactions. Molecules 24 (13), 2372. doi:10.
3390/molecules24132372

Delfourne, E. (2008). Analogues of marine pyrroloiminoquinone alkaloids:
Synthesis and antitumor properties. Anticancer. Agents Med. Chem. 8, 910-916.
doi:10.2174/187152008786847710

Dyshlovoy, S. A., Tabakmakher, K. M., Hauschild, J., Shchekaleva, R. K., Otte, K.,
Guzii, A. G, etal. (2016). Guanidine alkaloids from the marine sponge monanchora
pulchra show cytotoxic properties and prevent EGF-induced neoplastic
transformation in vitro. Mar. Drugs 14, 133. doi:10.3390/md14070133

Frontiers in Chemistry

10.3389/fchem.2022.975559

Hospital (BCZY2021003 and BCZY2021007), Baoan District
Medical and Health Basic Research Project (2020JD281), the
Chinese Medicine Research Fund of Health Commission of
Hubei Province (ZY2021MO051), the Scientific Research Project
of the Educational Commission of Hubei Province of China
(B2021167), and the Advantages Discipline Group(Biology and
Medicine) Project in Higher Education of Hubei Province (2021-
2025) (No. 2022BMXKQY8).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2022.975559/full#supplementary-material

Gerokonstantis, D. T., Nikolaou, A., Magkrioti, C., Afantitis, A., Aidinis,
V., Kokotos, G., et al. (2019). Synthesis of novel 2-pyrrolidinone and
pyrrolidine derivatives and study of their inhibitory activity against
autotaxin enzyme. Bioorg. Med. Chem. 28 (2), 115216. doi:10.1016/j.bmc.
2019.115216

Graebin, C. S., Ribeiro, F. V., Rogério, K. R, and Kiimmerle, A. E. (2019).
Multicomponent reactions for the synthesis of bioactive compounds: A
review.  Curr.  Org.  Synth. 16  (6), 855-899.  doi:10.2174/
1570179416666190718153703

Kong, L. Q., Zhu, X. L., Chen, Q. H., Wu, L., Wang, H. M., Ke, L. N, et al. (2021).
One-pot synthesis and biological evaluation of (2E, 4E)-4-arylidene-2-styryl-5-
oxopyrrolidine derivatives. J. Chem. Res. 45 (11-12), 1042-1046. doi:10.1177/
17475198211051910

Nijampatnam, B., Dutta, S., and Velu, S. E. (2015). Velu, Recent advances in
isolation, synthesis, and evaluation of bioactivities of bispyrroloquinone alkaloids of
marine origin. Chin. J. Nat. Med. 13, 561-577.

Obeng, E. (2021). Apoptosis (programmed cell death) and its signals- A review.
Braz. J. Biol. 81 (4), 1133-1143. doi:10.1590/1519-6984.228437

Oelmann, S., Travanut, A., Barther, D., Romero, M., Howdle, S. M,
Alexander, C., et al. (2019). Biocompatible unimolecular micelles obtained
via the Passerini reaction as Versatile nanocarriers for potential medical
applications. Biomacromolecules 20 (1), 90-101. doi:10.1021/acs.biomac.
8b00592

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2022.975559/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.975559/full#supplementary-material
https://doi.org/10.1016/j.ejmech.2020.112984
https://doi.org/10.1016/j.ejmech.2020.112984
https://doi.org/10.1016/s2214-109x(19)30482-6
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.pvr.2019.100170
https://doi.org/10.3390/molecules24132372
https://doi.org/10.3390/molecules24132372
https://doi.org/10.2174/187152008786847710
https://doi.org/10.3390/md14070133
https://doi.org/10.1016/j.bmc.2019.115216
https://doi.org/10.1016/j.bmc.2019.115216
https://doi.org/10.2174/1570179416666190718153703
https://doi.org/10.2174/1570179416666190718153703
https://doi.org/10.1177/17475198211051910
https://doi.org/10.1177/17475198211051910
https://doi.org/10.1590/1519-6984.228437
https://doi.org/10.1021/acs.biomac.8b00592
https://doi.org/10.1021/acs.biomac.8b00592
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.975559

Ke et al.

Pal, A., and Kundu, R. (2019). Human papillomavirus E6 and E7: The cervical
cancer hallmarks and targets for therapy. Front. Microbiol. 10, 3116. doi:10.3389/
fmicb.2019.03116

Pirali, T., Galli, U,, Serafini, M., Griglio, A., Genazzani, A. A., and Tron, G. C.
(2019). Drug Discovery for soft drugs on TRPV1 and TRPMS8 channels using the
Passerini reaction. Methods Mol. Biol. 1987, 207-221. doi:10.1007/978-1-4939-
9446-5_13

Roy, P. S., and Saikia, B. J. (2016). Cancer and cure: A critical analysis. Indian
J. Cancer 53, 441-442. doi:10.4103/0019-509X.200658

Sasaki, Y., Tokuhara, H., Ohba, Y., Okabe, A., Nakayama, M., Nakagawa, H., et al.
(2020). Efficient synthesis of tert-butyl 3-cyano-3-cyclopropyl-2-oxopyrrolidine-4-
carboxylates: Highly functionalized 2-pyrrolidinone enabling access to novel
macrocyclic Tyk2 inhibitors. Bioorg. Med. Chem. Lett. 30 (5), 126963. doi:10.
1016/j.bmcl.2020.126963

Sato, H., Tsuda, M., Watanabe, K., and Kobayashi, J. (1998). Rhopaladins A ~ D,
new indole alkaloids from marine tunicate Rhopalaea sp. Tetrahedron 54,
8687-8690. doi:10.1016/s0040-4020(98)00470-0

Serafin, M., and Priest, O. P. (2015). Identifying Passerini products using a green,
guided-inquiry, collaborative approach combined with spectroscopic lab
techniques. J. Chem. Educ. 92, 579-581. doi:10.1021/ed5007184

Tanaka, N., Kusama, T., Kashiwada, Y., and Kobayashi, J. (2016). Bromopyrrole
alkaloids from okinawan marine sponges agelas spp. Chem. Pharm. Bull. 64,
691-694. doi:10.1248/cpb.c16-00245

Touré, B. B, and Hall, D. G. (2009). Natural product synthesis using
multicomponent reaction strategies. Chem. Rev. 109 (9), 4439-4486. doi:10.
1021/cr800296p

Frontiers in Chemistry

181

10.3389/fchem.2022.975559

Wang, H., Zhu, X,, Deng, S., Chen, Q., and Zeng, X. (2020). Synthesis and
cytotoxic effects on HeLa cervical cancer cells of (E)-2-aroyl-4-(4-
fluorobenzylidene)-5-oxopyrrolidine. J. Chem. Res. 44, 576-579. doi:10.1177/
1747519820911849

Wang, R., Pan, W, Jin, L., Huang, W,, Li, Y., Wu, D,, et al. (2020). Human
papillomavirus vaccine against cervical cancer: Opportunity and challenge. Cancer
Lett. 471, 88-102. doi:10.1016/j.canlet.2019.11.039

Ye, K, Wei, Q.,, Gong, Z., Huang, Y., Liu, H, Li, Y., et al. (2017). Effect of
norcantharidin on the proliferation, apoptosis, and cell cycle of human mesangial
cells. Ren. Fail. 39, 458-464. doi:10.1080/0886022x.2017.1308257

Zeng, X. H., Zhu, X. L, M Wang, H, and Chen, Q. H. (2020).
Cyclopolypeptide 2-styrene-5-pyrrolidone 2-amide derivatives, preparation
method and application. China Patent CN 110885307A. Shiyan,Hubei:
Hubei university of medicine

Zeng, X., Wang, H., Wu, L., and Ding, M. (2013). One-pot synthesis of 5-
Oxopyrrolidine-2-carboxamides via a tandem Ugi 4CC/Sy cyclization starting from
baylis-hillman bromides. Tetrahedron 69, 3823-3828. doi:10.1016/j.tet.2013.03.058

Zhu, J., Kong, L. Q., Chen, Q. H,, Li, B, Wu, L, Ran, F. Y, et al. (2022). Design,
synthesis, and apoptosis-promoting effect evaluation of Rhopaladins’ analog 4-
arylidene-5-oxopyrrolidine derivatives. Front. Chem. 10, 898436. doi:10.3389/
fchem.2022.898436

Zhu, X. L., Tian, X. Q,, Xu, H. H., Wang, H. M., Chen, Q. H., and Zeng, X. H.
(2020). Rhopaladins’ analogue (E)-2-aroyl-4-(4-fluorobenzylidene)-5-
oxopyrrolidines inhibit proliferation, promote apoptosis and down-regulation of
E6/E7 mRNA in cervical cancer. Bioorg. Med. Chem. Lett. 30, 127554. doi:10.1016/j.
bmcl.2020.127554

frontiersin.org


https://doi.org/10.3389/fmicb.2019.03116
https://doi.org/10.3389/fmicb.2019.03116
https://doi.org/10.1007/978-1-4939-9446-5_13
https://doi.org/10.1007/978-1-4939-9446-5_13
https://doi.org/10.4103/0019-509X.200658
https://doi.org/10.1016/j.bmcl.2020.126963
https://doi.org/10.1016/j.bmcl.2020.126963
https://doi.org/10.1016/s0040-4020(98)00470-0
https://doi.org/10.1021/ed5007184
https://doi.org/10.1248/cpb.c16-00245
https://doi.org/10.1021/cr800296p
https://doi.org/10.1021/cr800296p
https://doi.org/10.1177/1747519820911849
https://doi.org/10.1177/1747519820911849
https://doi.org/10.1016/j.canlet.2019.11.039
https://doi.org/10.1080/0886022x.2017.1308257
https://doi.org/10.1016/j.tet.2013.03.058
https://doi.org/10.3389/fchem.2022.898436
https://doi.org/10.3389/fchem.2022.898436
https://doi.org/10.1016/j.bmcl.2020.127554
https://doi.org/10.1016/j.bmcl.2020.127554
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.975559

:' frontiers | Frontiers in Chemistry

‘ @ Check for updates

OPEN ACCESS

Xuetao Xu,
Wuyi University, China

Wei Zhou,

Guangdong University of Technology,
China

Zhang Xingyu,

South China University of Technology,
China

Rongling Yan,
yanrongling809214@163.com
Yang Liao,
liaoyangl127@163.com

These authors have contributed equally
to this work

This article was submitted to Organic
Chemistry,

a section of the journal

Frontiers in Chemistry

02 July 2022
04 August 2022
07 September 2022

Huang Z, Yuan T, Chen J, Jiang M, Yan R,
Yang W, Wang L, Liao Y and Huang G
(2022), Neuroprotective and antioxidant
activities of different polarity parts of the
extracts of the Ginkgo biloba leaf and
Zingiber officinale rhizome

from Yongzhou.

Front. Chem. 10:984495.

doi: 10.3389/fchem.2022.984495

© 2022 Huang, Yuan, Chen, Jiang, Yan,
Yang, Wang, Liao and Huang. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Chemistry

Original Research
07 September 2022
10.3389/fchem.2022.984495

Neuroprotective and antioxidant
activities of different polarity
parts of the extracts of the
Ginkgo biloba leaf and Zingiber
officinale rhizome from
Yongzhou

Zuoying Huang®**', Tingting Yuan®%?', Jiayi Chen*??,
Mihan Jiang®??, Rongling Yan*??**, Wencai Yang'??,
Ligian Wang*??3, Yang Liao¥?** and Guowen Huang’??

College of Life Sciences and Chemistry Engineering, Hunan University of Science and Engineering,
Yongzhou, Hunan, China, ?Key Laboratory of Comprehensive Utilization of Dominant Plant Resources
in Southern Hunan, Yongzhou, Hunan, China, *Hunan Provincial Engineering Research Center for
Ginkgo Biloba, Yongzhou, Hunan, China

In order to make better use of the two local dominant plant resources of Ginkgo
biloba and Zingiber officinale from Yongzhou in Hunan province, the in vitro
neuroprotective and antioxidant activities of extracts from the G. biloba leaf and
Z. officinale rhizome, and the correlation between these two kinds of activities,
were analyzed. The in vivo effects of these two plant extracts on aged mice
blood physiology and central neuron cell activity were then determined after
continuous gavage with the best polarity part at different concentrations (2, 4,
8 mg/ml). The results showed that the cell survival rate and superoxide
dismutase (SOD) activity of the induced injury central neurons increased,
although the malondialdehyde (MDA) content decreased gradually with the
extract concentrations increasing in a certain range. Different polarity parts
performed differently, even though they had the same concentration, with G.
biloba always performing better than the Z officinale rhizome at the same
concentration and polarity. The order of G. biloba extract from superior to
inferior was ethanol, ethyl acetate, n-butanol, chloroform, water, and
petroleum ether (except that the petroleum ether part performed slightly
better than the water part at 0.4 and 0.5mg/ml), while the order of Z
officinale rhizome extract from superior to inferior was ethanol, chloroform,
n-butanol, ethyl acetate, water, and petroleum ether. These two plant extracts
demonstrated good in vitro effect against oxygen free radicals; the scavenging
rate of superoxide free radicals had a significant positive correlation with the cell
survival rate. The in vivo central nerve cell activity and SOD, glutathione
peroxidase (GSH-PX) activity in aged mice blood serum increased while the
MDA content decreased with treatment with these two extracts (p < 0.05).
There were no significant changes in the number of leukocytes, lymphocytes,
red blood cells, hemoglobin content, blood urine nitrogen, uric acid, creatinine,
and the enzyme activity of glutamic oxaloacetic transaminase (GOT) and
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glutamic pyruvic transaminase (GPT) (p > 0.05). G. biloba had a better in vivo
effect than Z officinale rhizome even though their concentration and polarity
part were same. These results could provide some references for better
development of these two plant extracts from Yongzhou in the field of

neuroprotection.

KEYWORDS

neuroprotective activity, antioxidant activity, correlation, Ginkgo biloba, Zingiber
officinale, blood physiology

1 Introduction

Aging and central nervous system diseases all exhibit
pathological processes such as neuron injury and cell
apoptosis, so improving and repairing neuronal injury is an
important strategy for preventing aging and treating central
nervous system diseases (Zhou et al., 2010). Plant extracts are
playing an increasingly important role in neuroprotection and
neurological disease treatment. Many plant extracts such as
glossy ganoderma, pine bark, and purslane have been found
to have excellent neuroprotective bioactivity—free radical
scavenging and oxidative stress alleviation are considered
important reasons for the neuroprotective functions of these
plant extracts (Lu et al., 2014; Guo et al.,, 2016; Li, 2018).

Ginkgo biloba and Zingiber officinale are two dominant plant
resources in Yongzhou, Hunan Province. Extract of G. biloba leaf
is widely used in treatment of cardiovascular and cerebrovascular
diseases for containing flavonoids, esters, and other active
components. Research in recent years has found that it also
demonstrates activities of free radical scavenging, cerebral blood
flow improvement, apoptosis process inhibition, and cell survival
rate improvement for injured neurons, and shows significant
potential for development in treating Alzheimer’s disease and
acute cerebral infarction (Rojas et al., 2012; Liu et al., 2016; Vellas
et al., 2012; El-Borm et al., 2021). Z. officinale rhizome also
contains volatile oil, gingerol, and other active components; it has
a series of medicinal and health care functions—antibacterial,
antioxidant, anti-aging, and decreasing blood pressure—and has
a protective effect on central neurons injured by cerebral
ischemia and ischemia-reperfusion. It significantly improved
the learning and memory ability of Alzheimer’s disease model
rats (Zeng et al., 2013; Pannangrong et al., 2020).

Climate and environment factors affect the composition and
content of the active components in plants organs, and the
activity of different polarity parts of a certain plant extract
may be different. Therefore, comparing the activity of
different polarity parts of plant extracts from specific
producing areas and analyzing their physiological impact
could provide a basis for precise clarification of medication
and pharmacological mechanisms (Luo et al., 2018; Xu et al,,
2018; Ren et al., 2017). Until now, there have been few reports on
neuroprotective and antioxidant activity and their correlation
between the two kinds of bioactivity regarding the extracts of G.
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biloba leaf and Z. officinale rhizome from Yongzhou, as well as
whether their activities are polarity part and concentration
dependent. Therefore, this study focused on these issues in
order to provide some references for the development of these
two plant extracts in the field of neuroprotection.

2 Materials and methods

2.1 Materials

G. biloba leaves were collected in Yongzhou base in August
2019, and fresh Z. officinale rhizomes were purchased from the
local market. These leaves and rhizomes were brought back to
laboratory in an ice box, dried to constant weight at 60°C after
washing, then powdered and screened at 80 mesh. The two kinds
of plant were identified by Dr. Huang Guowen in the School of
Chemistry and Bioengineering.

2.2 Main instruments

Ultraviolet visible spectrophotometer (Shanghai spectrum
instrument Co., Ltd., SP-756P); cell incubator (Shengke
Instrument Equipment Co., Ltd.); microplate reader (Type
1510, Thermofisher); high-speed tissue grinder (KZ-II, Wuhan
Servicebio Co., Ltd.); automatic biochemical analyzer (Chemray
800, Redu Life Technology Co., Ltd.); automatic blood cell
analyzer (BC-2800vet, Mindray Medical Instrument Co., Ltd.).

2.3 Main reagent
N-methyl-D-aspartic acid (NMDA, Shanghai Yuanye

DMEM (Sigma-Aldrich
company); trypsin (Amresco company); D-Hank’s solution

Biology = company); medium
(Sigma-Aldrich company); cytarabine (Ara-C, Sigma-Aldrich
company); CCK-8 Kit (Shanghai Bogu Biotechnology Co.,
Ltd.); malondialdehyde kit (Nanjing Jiancheng Bioengineering
Research Institute); superoxide dismutase kit (SOD, Nanjing
GSH-PH Kit

Bioengineering Institute); DMEM/F-12 medium (Hyclone

Jiancheng  Biology); (Nanjing  Jiancheng

company); PBS solution (1x, Solarbio company); trypan blue
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(Solarbio company); collagenase 1 (Solarbio company);
cytarabine  (Solarbio company); L-glutamine (Solarbio
company).

2.4 Methods

2.4.1 Extraction

Powder of G. biloba leaf or Z. officinale rhizome was put into
ten beakers (100 g each beaker), 500 ml 75% ethanol was added,
then continuously treated in a 400 W microwave for
5min.0 Stand for 24 h, suction filtration, concentrate with
reduced pressure to get the extraction paste, then bake it to a
constant weight at 60°C.

2.4.2 Preparation of different polarity part of the
extracts

Dry the extract to constant weight and dissolve in an
appropriate amount of distilled water to make a suspension.
Five different polar reagents—petroleum ether, chloroform, ethyl
acetate, n-butanol, and ethanol—are successively added to the
suspension at a 1:1 volume ratio. Repeat three times for each
reagent and then add the next reagent to obtain the
correspondingly different polarity parts of petroleum ether,
the
remaining part after all the above organic solvents extraction

chloroform, ethyl acetate, n-butanol, and ethanol;
is the water part. Each extraction solution is evaporated and dried

in water bath, then baked to a constant weight at 60°C.

2.4.3 Preparation and in vitro neuronal cells
culture

The thalamus of mice born less than 24 h was separated
under sterile conditions with the aid of anatomical microscope,
cut into about 0.5 mm?®, washed twice with D-Hank’s solution,
digested in 0.125% trypsin, incubated at 37°C for 10 min; add the
culture medium containing 10% fetal bovine serum to terminate
trypsin digestion, centrifuge to remove the supernatant, and then
add the buffer and gently blow to make the cell suspension.
Dilute the cell suspension with DMEM culture medium to the
appropriate concentration, then inoculate into the culture plate,
place it in the CO, incubator at 37°C, replace the solution in half
amount after 24 h and add 10 uMol/L Ara-C to inhibit glial cells.
Replace whole solution 48 h later, and then half solution replaced
every three days; observe cell growth dynamically. Newborn mice
are produced by adult mice fed in the laboratory which were
purchased from Hunan Silaike Jingda Laboratory Animal Co.,
Ltd. Animal experiments were carried out after being approved
by the ethics committee of the college.

2.4.4 In vitro neuron injury and neuroprotective
activity and antioxidant activity test

The cell suspension was inoculated into 96 well culture plates
at 0.2 ml per well after five days’ culture. Except for a part of the
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cell culture wells left as the blank control group without NMDA
added, NMDA is added to other culture wells at 50 u Mol/L final
concentration for induced neuronal injury. After NMDA
treatment for the hypoxia injury group (no extract added),
different concentrations of extract treatment groups of G.
biloba leaf and Z. officinale rhizome in each polarity part were
set. Added to each treatment group 0.2ml were different
with  02ml of 1%
carboxymethyl cellulose added to the blank control group and

concentration  extracts, sodium
hypoxia injury group. The cell survival rate (CCK8 method),
malondialdehyde (MDA) content, and superoxide dismutase
(SOD) activity were then tested 24 h later (Xu et al, 2015;
Yuan et al., 2016).

Take Tris-HCI buffer 8.0 ml (PHS8.2) in a water bath at 25°C
for 20 min, add 1.0 ml extract solution of each polarity part with
different concentrations, and 0.5ml 25nmol/L pyrogallol
hydrochloric acid solution preheated to 25°C; shake quickly,
terminate reaction accurately with 0.5 ml concentrated HCI
4min later, then determine the absorption value A; at
320 nm. The absorption value (A,) was measured following
the same steps except for replacing the extract solution with
the same volume of distilled water; the absorption value A, was
measured following the some steps except for replacing
pyrogallol hydrochloric acid solution with the same volume of
distilled water. Each determination was repeated thrice to
calculate the average value. The O, scavenging capacity (%)
of the extract solution can then be calculated with the formula
[Ag — (A; — Ay)] * 100/A, (Kong et al., 2015).

2.4.5 Effect of the best polarity part on blood
physiology and neuron cell activity of aged mice

Dissolve 0.2, 0.4 and 0.8 g of the best polarity part determined
by in vitro experiment of the two extracts with normal saline and
fix the volume to 100 ml to achieve three different concentration
levels of 2 mg/ml (low), 4 mg/ml (medium), and 8 mg/ml (high). A
total of 70 aged mice (20 months) were randomly divided into
seven groups (ten mice each group) after five days adaptive
feeding. The seven groups, including control group, were
treated in groups with low, medium, and high concentrations
of G. biloba and Z. officinale extract. Each mouse was fed with same
amount every day, maintained a 25°C feeding environment
temperature and 60% relative humidity. Extract solutions of
5 ml with low, medium, and high concentration were gavaged
at 9 am. every day. The control group was fed with the same
amount of normal saline. On the 20th day of gavage treatment,
blood was collected from the tail after anesthesia, and blood
physiological and biochemical indexes were determined by
automatic biochemical analyzer and automatic blood cell
analyzer (Chen et al, 2019). MDA content, SOD, and GSH-Px
activity were determined according to the kit instructions.

After anesthesia and blood collection, the necks were broken
and brain tissue was extracted and immediately immersed in the
precooled DMEM/F,, serum-free medium. The hippocampus
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Survival rate of nerve cells in different polarity parts of extract of G. biloba leaf (A) and Z. officinale rhizome (B) at different concentration.

was then separated into the PBS buffer under an ice bath on an
ultra-clean workbench. After washing with PBS five times, cut the
hippocampus into small blocks, and then digest with 0.25%
trypsin + 0.1% type I collagenase at 37°C for 40 min.
Terminate digestion with FBS, mix gently, filter with 100 um
membrane, centrifuge the filtrate at 1,500 rpm for 5 min to
remove the supernatant, then re-suspend with the complete
medium (89% DMEM/F,, + 10% fetal bovine serum + 1%
cyanine/streptomycin) and culture in an incubator. Update
the solution by a half amount every two days, then add 8
cytarabine three days later to inhibit the proliferation of non-
neural cells and primary glia. After that, add 10 ul CCK-8
solution per well on the fifth day, determine absorption value
at 450 nm with the microplate reader after 2 h incubation, and
then calculate the cell activity (%) (Wang et al., 2021).

3 Results and analysis

3.1 In vitro neuroprotective activity of
different polarity parts of two kinds of
extract

The cell survival rate of the treatment groups was higher than
the injury group (32%) although still lower than the control
group (94%). The cell survival rate of each treatment group
increased with the rising extract concentration within a certain
range and then kept stable (Figure 1). The order of the cell
survival rate of the different polarity part of the extract of G.
biloba leaf from high to low was ethanol, ethyl acetate, n-butanol,
chloroform, water, and petroleum ether (petroleum ether part
performed slightly better than water part at 0.4 mg/ml and
0.5mg/ml), while the order of Z. officinale extract was
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ethanol, chloroform, n-butanol, ethyl acetate, water, and
petroleum ether. Both kinds of extract performed best in
ethanol part, and G. biloba always performed better than Z.
officinale in all polarity parts except the chloroform part.

3.2 In vitro effect of the two extracts on
the SOD activity and MDA content of the
neuron cells

The SOD activity of the control group (161.20 £ 30.34) was
higher than the injury group (103.36 + 24.12), while MDA
content (9.76 + 0.35) was lower than the injury group (15.23 +
1.16). Like the cell survival rate, SOD activity and MDA
content increased or decreased with a rising extract
then stable the
concentration reached a certain value (Figures 2, 3). The

concentration, remained when
best performance concentration in ethanol part of the two
extracts was different from other polarity parts, while all
different polarity parts showed a similar overall law of
change with increasing concentration. Both kinds of extract
performed best in the polarity part of ethanol, and the
performed order from superior to inferior of different

polarity parts was consistent with the cell survival rate.

3.3 In vitro antioxidant activity of different
polarity parts of the two extracts

All polarity parts of the two plant extracts displayed different
antagonistic effects on superoxide free radicals. The scavenging
rate to free radicals increased with the rise in extract
concentration in a certain range, and the order of different
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polar segments performing from superior to inferior was also
consistent with the resulting cell survival rate (Figure 4). G. biloba
performed better than Z. officinale if they had a same
concentration and polarity part. As shown in Figure 5, there
was a significant positive relationship between cell survival rate
and superoxide radical scavenging rate under treatment with
both G. biloba and Z. officinale extracts (p < 0.01).

3.4 In vivo effect of the best polarity part of
the two extracts on the central neuron cell
activity and blood physiology of aged mice

After continuous gavage with ethanol polarity part of
extracts of G. biloba leaf or Z. officinale rhizome, the
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activity of thalamic neurons (Figure 6A), SOD (Figure 6C),
and GSH-Px (Figure 6D) in the serum of aged mice were
higher than the control group (p < 0.05), while the MDA
content decreased compared with the control group
(Figure 6B). G. biloba performed better than Z. officinale
when they had the same concentration level.

There were no significant differences in the number of white
blood cells (WBC), lymphocytes, red blood cells (RBC), and
hemoglobin content between the control and treatment groups
(p > 0.05, Table 1), as well as the activities of glutamic
(GOT),
transaminase (GPT), and the contents of blood wurine
nitrogen (BUN), uric acid (UA), and creatinine (CEEA),
which were closely related to liver and renal functioning
(p > 0.05, Table 1).

oxaloacetic  transaminase glutamic  pyruvic
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Correlation between cell survival rate and superoxide radical
scavenging rate under treatment by the two plant extracts.

3 Discussion

Neurodegenerative diseases such as Parkinson’s and
Alzheimer’s diseases are closely related to neuron damage in
specific central neuron parts, and clinical symptoms will appear
when the number of injured neuron cells reaches a certain
proportion (dopamine neuron numbers in the substantia nigra
of Alzheimer’s disease patients reduces more than half). It is,
therefore, of great importance to screen the natural active
with effects
neurodegenerative treat

ingredients neuroprotective to prevent

processes and corresponding

diseases. Local dominant and characteristic plant resources
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survival and showed excellent neuroprotective activity. However,
the composition and content difference of these active
components in each polarity part led to a different
presentation of protective effect, so it is necessary to separate,
purify, and identify the components of the high activity polarity
part of the two plant extracts. Coincidentally, both the extracts
show the best activity in ethanol polarity part—the non-toxicity,
low boiling point, and easy removal of ethanol are beneficial for
its large-scale extraction and application.

Antagonizing oxidative stress and oxidative damage are
considered important reasons for the neuroprotective activity of
plant extracts. If oxidation and antioxidation are out of balance in
cells, the predomination of oxidation could lead to free radicals
enrichment which would damage cell membrane structures and
cause a series of adverse consequences, including metabolic disorder,
abnormal protein expression and mitochondrial function, and the
failure of physiological activities (Rhein et al., 2010; Jia et al,, 2011;
Yan et al,, 2014). In this study, the in vitro changes of SOD activity
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Effect of G. biloba leaf (GBL) and Z. officinale rhizome extracts (ZOR) from Yongzhou on central neuron cell viability (A) and serum antioxidant

indexes (B—D) in aged mice.

TABLE 1 Effects of extracts of G. biloba leaves (GBL) and Z. officinale
rhizome (ZOR) on aged mice’ blood physiology.

Indexes GBL (mg/ml) ZOR (mg/ml) Con
8 4 2 8 4 2

WBC (10°/L) 10.0 10.3 10.6 10.4 10.4 10.2 10.3
Lymphocyte (10°/L) 6.6 6.7 6.8 6.9 6.8 6.8 6.8
RBC (10°/L) 72 72 72 72 7.1 7.1 72
Hemoglobin (10'/L) 142 140 140 140 140 141 140
GOT (U/L) 47.6 47.1 46.5 47.3 47.3 46.8 46.8
GPT (U/L) 167.8 1604 161.8 165.8 165.6 161.7 166.5
BUN (mmol/L) 8.6 8.4 8.3 8.3 8.3 8.2 8.2
UA (umol/L) 2.7 2.6 2.6 2.6 2.6 2.5 2.5
CREA (umol/L) 75.6 74.1 74.5 75.1 73.6 72.8 72.3

and MDA content with the concentration and scavenging ability to
super-oxidize the free radicals of the two plant extracts indicate their
excellent antioxidant activity. The positive correlation between cell
survival rate and free radical clear rate indicate that antioxidant
activity is an important underlying mechanism for the
neuroprotective function of the two plant extracts.

Frontiers in Chemistry

Oxidative stress is considered an important cause of aging,
while effective anti-oxidation can delay the aging process. G.
biloba extract can inhibit the intracellular oxidative stress level
of central neurons; Z. officinale extract can reduce lipid
peroxidation in the brain tissue of Alzheimer’s model rats
(Xia et al., 2014; Song et al., 2015). The ethanol polarity part
improves body antioxidant function by affecting the MDA
content and the activity of SOD, GSH-Px in blood serum.
This indicates that the two
neuroprotective efficacy and can slow the central nervous

plant extracts have
degeneration process by improving elderly individuals’
antioxidant capacity. There is no significant change in the
aged mice blood cells numbers, the content of hemoglobin,
uric acid and creatinine, and the activities of GOT and GPT in
serum (p > 0.05). This indicates that the two extracts are very
safe and will not cause a stress response to or damage the body’s
immune system and the organ functions of the liver and kidney.
G. biloba always performs better than Z. officinale when they
have same concentration and polarity part; the activity of the
two plant extracts shows an obvious concentration dependence
within a certain range, providing important references for

future neuroprotection formulation development based on
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these two plant extracts from Yongzhou (Rojas et al., 2012; Xin
et al., 2015; Ren et al., 2017).
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A comparative study of three
chemometrics methods
combined with
excitation—emission matrix
fluorescence for quantification
of the bioactive compounds
aesculin and aesculetin in Cortex
Fraxini
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Qing-Lin Li%? and Bao Qiong Li*

School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, China, ?Agricultural
Science Research Institute of Yiyang, Yiyang, China

Cortex Fraxini is an important traditional Chinese herbal medicine with various
medical functions. Aesculin and aesculetin are the main effective components
of Cortex Fraxini. The fluorescence signals of the two compounds have a high
degree of overlap with each other, making quantitative analysis difficult with
conventional analytical methods. In the present study, different chemometrics
methods, including lasso regression (LAR), interval partial least squares (iPLS),
and multidimensional partial least squares (N-PLS) methods, were employed
and combined with excitation—emission matrix (EEM) fluorescence for the
purpose of accurate quantification of aesculin and aesculetin in Cortex
Fraxini samples. The most satisfactory results were obtained by using the
N-PLS method based on the EEM spectra without scatterings, with
correlation coefficient of calibration and prediction values higher than
0.9972 and 0.9962, respectively, root mean squared errors for calibration
and prediction values lower than 0.0304 and 0.1165, respectively, and
recovery values in the range of 83.32%-104.62%. The obtained credible
models indicated that the N-PLS method combined with EEM spectra has
the advantages of being green, low cost, and accurate and it is a good strategy
for the determination of active compounds in complex samples. To further
confirm the accuracy of the obtained results, the same samples were analyzed
by the recognized ultra-performance liquid chromatography method.

KEYWORDS

Cortex Fraxini, excitation-emission matrix fluorescence, second-order calibration,
machine learning, quantitative analysis, UPLC
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1 Introduction

Chinese herbal medicine is a natural resource with abundant
sources. It is widely used in the treatment of diseases in China
and neighboring countries. Compared with western medicine,
Chinese herbal medicine is popular with people because of its low
toxicity and few side effects. Cortex Fraxini (Chinese name Qin-
pi) is an important traditional Chinese herbal medicine that has
been used to treat gout, arthritis, hyperuricemia, and other
diseases (Wang et al., 2016a) for over 2000 years. Coumarin
compounds are the main chemical active ingredients in Cortex
Fraxini medicinal materials, which have obvious effect in the
treatment of primary hyperuricemia (Zhou et al., 2018).

Nowadays, numerous methods exist for the quantitative
analysis of target ingredients of Chinese herbal medicines or

their ~ formulas, including  high-performance  liquid
chromatography (HPLC), ultra-performance liquid
chromatography  (UPLC), liquid chromatography-mass
spectrometry (LC-MS), gas chromatography-mass

spectrometry (GC-MS), ultra-high-performance supercritical
fluid chromatography (UHPSEC), Fourier-transform infrared
(FTIR) (EEM)
fluorescence spectroscopy, terahertz (THz) spectroscopy, and

spectroscopy, —excitation-emission matrix
proton nuclear magnetic resonance ("H NMR) spectroscopy.
Among these methods, EEM spectroscopy has the advantages
of rapidity, simplicity, low cost, high sensitivity, and non-
destructiveness. At present, a large number of reports on the
analysis of ingredients in foods and medicines by fluorescence
spectroscopy combined with chemometrics methods have been
reported, and a few examples include those of Bai et al. (2018),
Liu et al. (2019), Wang et al. (2017), and Li et al. (2021). These
that
spectroscopy combined with chemometrics methods can be

successful ~ examples  demonstrated fluorescence
regarded as an effective way to quantitatively analyze target
components in complex systems.

Aesculin and aesculetin are the main effective components of
Cortex Fraxini. At present, many analytical methods have been
applied to analyze one or both components of aesculin and
aesculetin, including HPLC (Wang et al, 2019), LC-MS (Li
et al, 2013), capillary electrophoresis (CE) (Li et al., 2005),
GC-MS (Wang et al, 2016b), and electrochemical analysis
(Sheng et al, 2020).

quantitatively analyze these two components based on EEM

In our research, we intend to
spectra because of its advantages of simplicity, low cost, and
high sensitivity. Owing to the complexity of the Cortex Fraxini
samples, unknown interferences may be present in the measured
data, and the fluorescence signals of aesculin and aesculetin have
a high degree of overlap with each other, making simultaneous
quantitative analysis difficult by using conventional fluorescence
methods. To realize the accurate quantitative analysis purposes,
appropriate algorithms should be explored and employed.

The aim of this work was to explore different chemometrics
strategies, such as lasso regression (LAR), interval partial least
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squares (iPLS), and multidimensional partial least squares
(N-PLS) methods, in combination with EEM spectra for the
quantitative determination of aesculin and aesculetin in Cortex
Fraxini samples. Among these three methods, LAR is an
important machine learning technique that can be applied for
analyzing data suffering from multicollinearity (Gao et al., 2022),
iPLS is a feature interval extraction method on the basis of PLS
that aims to minimize multicollinearity problems to improve the
accuracy of the PLS model (Abreu et al., 2015), and N-PLS is a
second-order multivariate calibration algorithm that can be used
for three-way data modeling even in the presence of
multicollinearity problems (Lopez-Fornieles et al., 2022). To
the best of our knowledge, there exist no published reports of
the analysis of the aesculin and aesculetin in Cortex Fraxini
samples by using the above-mentioned methods. The obtained
results of each method were fully validated by statistical
parameters, and the potentials of the methods were evaluated
and compared. The comparison results showed that the N-PLS
method gave the most satisfactory quantitative analysis results.
Furthermore, we compared the most satisfactory results achieved
from the N-PLS method with those obtained by the UPLC
method, which further proved the reliability and accuracy of
the explored method.

2 Theory
2.1 Chemometrics methods

In the following subsections, a brief introduction is given to
the three employed methods, LAR, iPLS, and N-PLS.

2.1.1 Lasso regression (LAR)

The LAR method is an important machine learning
technique for analyzing data suffering from multilinearity
(Yang and Wen, 2018). The basic idea of LAR is to minimize
the sum of squared residuals under the constraint that the sum of
the absolute values of the regression coefficients is less than a
constant, so that some regression coefficients strictly equal to
zero can be generated and an interpretable model can be obtained
(Tkachenko et al., 2021) when the regression coefficients are zero
and the corresponding variables are not selected, thus
eliminating irrelevant information variables and improving the
predictive accuracy of the model and its interpretability.

2.1.2 Interval partial least squares (iPLS)
algorithm

The iPLS algorithm can be used to extract the feature
bands and remove a large amount of useless information and
noisy variables. It divides the entire spectral region into
several subintervals of equal width. For each interval, a
local PLS is established. If a subinterval contains more

information and less noise, the performance of the
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corresponding model will be better (Wu et al, 2015).
Therefore, in each subinterval, the root mean squared
errors for cross-validation (RMSECV) are calculated, and
the subinterval with the minimum RMSECV value is taken
as the characteristic band and selected for further use. For
cross-validation, an individual sample is taken from the
calibration set and a model is established by the remaining
samples. Then, the model is applied to predict the removed
sample. The calculation formula of RMSECYV is as follows
(Zhang et al., 2021):

RMSECV = (1)

where m is the sample numbers of the calibration set, y; is the
reference value of sample 4, and y, is the calculated value of the
removed sample i.

2.1.3 Multidimensional partial least squares
(N-PLS)

N-PLS (Bro, 1996) is an extension of partial least squares
(PLS) regression to higher-order arrays; it has been used in
many quantitative analysis studies (Bro, 1996; Luo et al,
2016). During the construction of the N-PLS models, it is
important to choose the proper number of latent variables
(LVs). Some necessary and useful information may be missed
if the number of LVs is too small, whereas some useless
information or even interferences will be involved in the
model if the number of LVs is more than required (Yang
et al., 2018). Therefore, the proper number of LVs should be
determined carefully. In this study, the proper number of LVs
was chosen on the basis of the minimum predicted residual
error sum of squares (PRESS) for each model (Thomas, 2003).
The calculation formula of PRESS is as follows (Khajehsharifi
and Eskandari, 2011):

m

PRESS = Y (3 - 3,)’,

i=1

2

where m is the sample numbers of the calibration set and y; and
y; are the reference and calculated values, respectively, of sample
i in the calibration samples.

2.2 Validation of model performance

The performance of the established models should be
validated by statistical parameters. For the above purpose,
the following parameters have been employed: the correlation
coefficient for calibration (Rc) and prediction (Rp) and the
root mean squared errors for calibration (RMSEC) and
(RMSEP).
measure of the linearity between the calculated and actual

prediction The correlation coefficient is a
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values of the model, and the root mean squared error is a
commonly used index to measure the error in quantitative
models. A successful calibration model should have higher
values of Rc and Rp and lower values of RMSEC and RMSEP.

3 Experimental
3.1 Reagents and solutions

Aesculin and aesculetin were purchased from Chengdu
MUST BIO-TECHNOLOGY CO., LTD. (purity higher than
98%). The molecular structures of the two compounds are
illustrated in Figure 1. Ultra-pure water was purchased from
Watsons. Methanol was of HPLC grade and other chemicals were
of analytical grade.

Six Cortex Fraxini samples were purchased from local drug
stores (Jiangmen, Guangdong, China) and then pulverized with a
traditional Chinese medicine grinder.

3.2 Apparatus

Fluorescence data of all samples were measured by a fully
automatic and integrated FluoroMax-4 instrument with a 150 w
ozone-free xenon light source, excitation monochromator,
reference detector, sample cell, emission monochromator, and
signal detector. The spectral data were obtained by scanning the
samples at excitation wavelengths ranging from 200 nm to
600 nm and emission wavelengths ranging from 200 nm to
600 nm with steps of 10 nm.

The multifunctional ultrasonic cleaner (GS-060A) was
purchased from Shenzhen Keneng Cleaning Equipment
Co., Ltd.

The UPLC chromatograms were carried out on Waters
UPLC H-class instrument coupled with a PAD e A detector, a
sample manager, a quaternary solvent manager, and a BEH
C18 column (2.1 x 100 mm, 1.7 um). The gradient elution
program used 0.1% v/v formic acid in water (A) and
acetonitrile (B) as the eluents, and the program was as
follows: 0-1.00 min, 13%-15% B; 1.00-5.00 min, 15%-20%
B; 6.00-9.00 min 100% B; 9.00-10.00 min 100%-13.00% B;
10.00-12.00 min 13% B. The column temperature was at room
temperature, the scan wavelength ranged from 210 to 400 nm,
the flow rate was set at 0.5 ml/min, and the injection volume
was 10 pl (Preeti Chandra et al., 2016).

The implementation of the N-PLS and iPLS algorithms
was on the eclipse platform, and the version number was
4.19.0; the jdk version was 1.7.0_13-b20, the tomcat version
was 7.0, and the computer language was java. The
implementation of the LAR algorithm was on the pycharm
platform, and the computer language was python.
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FIGURE 1

Molecular structures of aesculin and aesculetin.

3.3 Sample preparation

Stock solutions of aesculin (745 ug/ml) and aesculetin
(1,060 pug/ml) were prepared by dissolving the standards in
methanol, and they were stored at 4°C in the freezer. Working
solutions were prepared by appropriate dilution of the stock
solutions with methanol. Britton-Robinson buffer solution
(BR buffer) (0.2 mol/L, pH = 9) was used to stabilize the
fluorescence intensity of aesculin and aesculetin.

A series of 21 mixed standard solution samples was
prepared. The concentrations of aesculin and aesculetin
were in the range of 0.002-1.020 pg/ml and 0.009-4.000 pg/
ml, respectively, and the detailed concentrations of the
aesculin and aesculetin are shown in Supplementary Tables
S1, S2, respectively (in the Supporting information).

The purchased Cortex Fraxini samples were crushed into
powder by a pulverizer for better extraction of aesculin and
aesculetin. We referred to some Chinese literature and found
that the active substances in Cortex Fraxini can be better
extracted by soaking the sample in methanol for 24 h and then
extracting by ultrasonication for 30 min. Thus, in this study,
the powdered Cortex Fraxini samples were soaked in
methanol for 24 h at room temperature and then treated
with ultrasonication for 30 min. They were then filtered
and transferred to a 50.0 ml volumetric flask, left at room
temperature, and appropriately diluted with methanol
during use.

For the recovery test, the six actual samples were all spiked
with a certain amount of aesculin and aesculetin, respectively.
The recovery values were calculated as (Con; — Cong)/Cons,
where Con; was the calculated concentration of spiked
samples, Cong was the calculated concentration of unspiked
samples, and Con, was the concentration of the target
compounds added to real samples.

For all of the above samples, 2 ml of BR buffer was added
and then the samples were diluted to the mark in 10.0 ml
volumetric flasks with ultra-pure water. Each mixed
standard sample was measured once, and each spiked and
actual sample was measured three times to obtain the average
value.
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4 Results and discussion
4.1 Spectral characters

In EEM spectra, Raman and Rayleigh scatterings are
unrelated to the chemical sample composition (Andersen and
Bro, 2003), and the existence of Raman and Rayleigh scatterings
may have some influence on the final analytical results. The EEM
spectra of aesculin and aesculetin are presented in Figure 2;
Figure 2A is with Raman and Rayleigh scatterings, and Figure 2B
is without scatterings. Moreover, one can see that there is a high
degree of overlap between the two signals. Therefore, it is difficult
to determine the concentration of the two components by the
ordinary fluorescence method. In the present study, the
scatterings are first removed and then the missing data is
filled by interpolation by using new data consistent with the
rest of the EEM spectrum (Bahram et al., 2006). As can be seen
from Figure 2B, the scatterings have been removed successfully.
In order to obtain satisfactory analytical results, in the present
study, three well-known chemometrics methods, namely LAR,
iPLS, and N-PLS, were employed, and the results obtained are
compared and discussed herein.

The EEM spectra matrices without scatterings were arranged in
a three-way array with the dimensions of 41 (emission wavelength
points) x 41 (excitation wavelength points) x sample numbers. To
explore the main characteristics of the employed methods, the mixed
standard samples were divided into calibration and prediction sets;
three quarters of the samples were selected as the calibration set and
used to establish the calibration model, and the remaining ones were
selected as the prediction set and applied to validate the performance
of the established model. For the calibration set, the matrix size was
41 x 41 x 16, and for the prediction set the matrix size was
41 x 41 x 5.

4.2 Results and discussion
A suitable method was the vital factor for model

establishment. Three algorithms, namely LAR, iPLS, and
N-PLS, were applied individually to build calibration models.
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The EEM spectra of aesculin (0.16 pg/ml) and aesculetin (1 yg/ml). (A): Scatterings are not eliminated; (B): Scatterings are eliminated.

The performances of the established models were compared with
each other by evaluation of Rc, Rp, RMSEC, and RMSEP.

4.2.1 LAR models

The first method explored was the LAR method. The
existence of multicollinearity may cause the model to shift
greatly and cannot simulate the overall view of data. LAR is
an important machine learning technique for analyzing data that
suffer from multilinearity. Before the LAR model establishment,
the contour values (Li et al., 2015) of the EEM spectra of all
samples were extracted for dimensionality reduction purposes.
The process of extracting the contour values is equivalent to the
process of extracting the emission wavelength values by fixing the
excitation wavelength. A plot of the contour values of the EEM
spectrum of a sample is presented in Supplementary Figure S2.
After extraction of the contour values, the data matrix of the
calibration set had a size of 16 (sample number) x 41 (emission
wavelength points). For the prediction set, the matrix had a size
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of 5 (sample number) x 41 (emission wavelength points). By
application of this method, the irrelevant information variables
was eliminated and a regression model was obtained for each
target compound. In this case, the LAR model for each target
compound was described as follows:

The LAR model for aesculin:

Cpescutim= —2.89 X 1072 +8.10 x 1072 X V00 +3.00 x 107 x V15 = 8.00 x 107 x Vi
+3.90 X 107° X V50 +5.20 X 107 X Vg0 +2.00 X 107 X Vo + 1.10 X 107 X V50
—3.29 % 107 X Viyzo + 1.34 X 107 X Vg9 +6.00 X 107 X Vg +8.70 X 107 X Vizp *
—3.57 x 107 X Vg0 +3.80 x 107 x V50

(3)
The LAR model for aesculetin:

Caescutetin = —4.02 + 1.50 X 107 X Vg0 +4.60 X 107° X Vypg +4.19 x 107 x V3o
+9.29 x 107 x V9o '
(4)
In the above models, Caeseutin and Caesculerin Were the

concentrations of aesculin and aesculetin, respectively, Vo
was the contour value at an emission wavelength of 200 nm,
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The relationship between the actual concentrations and calculated concentrations by using different methods for aesculin (A) and aesculetin
(B) in the calibration set and aesculin (C) and aesculetin (D) in the prediction set.

TABLE 1 Statistical parameters related to the calibration and prediction models of aesculin and aesceletin established by different methods.

Analytical method Analyte Calibration set Prediction set
Rc RMSEC Rp RMSEP

LAR Aesculin 1.0000 0.0023 0.9921 0.0680
iPLS 0.9958 0.0307 0.9962 0.0544
N-PLS 0.9972 0.0243 0.9998 0.0392
LAR Aesculetin 0.9967 0.1174 0.9767 02507
iPLS 0.9875 0.1969 0.9940 0.1386
N-PLS 09997 0.0304 0.9962 0.1165

LAR: lasso regression.
iPLS: interval partial least squares.
N-PLS: multidimensional partial least squares.
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TABLE 2 Recovery values obtained by different methods.

Samples Analyte Spike (ug/ml)
Cortex Fraxini 1 Aesculin 0.48
Cortex Fraxini 2 0.50
Cortex Fraxini 3 0.48
Cortex Fraxini 4 0.48
Cortex Fraxini 5 0.25
Cortex Fraxini 6 0.40
Cortex Fraxini 1 Aesculetin 2.00
Cortex Fraxini 2 2.30
Cortex Fraxini 3 2.00
Cortex Fraxini 4 2.00
Cortex Fraxini 5 1.00
Cortex Fraxini 6 1.50

and the remaining parameters followed the same pattern in their
definitions.

To assess the prediction ability of the established models,
they were estimated by prediction sets; the statistical results are
shown in Table 1. As can be seen, the values of Rc were
1.0000 and 0.9967 and of RMSEC were 0.0023 and 0.1174 for
aesculin and aesculetin, respectively, demonstrating that the
established models have good linearity and can be applied to
the prediction set. For prediction purposes, Rp values of
0.9921 and 0.9767 3) and RMSEP values of
0.0680 and 0.2507 were obtained for aesculin and aesculetin,
respectively.

(Figure

In addition, as can be seen from Table 2, the recovery values
were in the range of 80.04%-103.36%, and 76.65%-106.03% for
aesculin and aesculetin, respectively. One can conclude that not
all recovery results were satisfactory, such as the recovery of
aesculetin (76.65%) obtained from Cortex Fraxini 4. We suspect
the possible reason is that the unknown interference and useless
information in the spectra has an impact on the final analysis
results. Therefore, as described in the following section, a method
that can be used to extract characteristic variables to improve the
accuracy of the analytical results was explored.

4.2.2 iPLS models

The iPLS method can be used to extract the characteristic
intervals from the given spectral data to obtain more accurate
analytical results. In the present study, the iPLS method was also
performed on the contour values, and 8 intervals were
determined for further analysis. Then, one optimum interval
and corresponding PLS component was determined according to
the minimum RMSECYV value. In the present study, the interval
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Recovery (%)

LAR iPLS N-PLS UPLC
103.36 96.68 90.53 102.35
96.80 99.52 99.56 92.14
102.13 100.17 99.95 81.96
80.04 82.36 88.16 96.96
99.57 105.45 103.99 86.43
89.12 90.60 87.22 89.42
89.35 87.9 90.25 86.59
93.74 84.57 89.84 99.55
103.47 92.13 83.32 95.31
76.65 74.88 104.62 89.14
106.03 99.87 92.55 84.88
95.32 91.53 101.53 89.62

in the emission wavelength range of 310-350 nm is determined
for both aesculin and aesculetin, and the optimization numbers
of the PLS component are 2 and 1, respectively. The
corresponding statistical parameters of the established iPLS
models are summarized in Table 1.

As can be seen from Table 1, the iPLS models have higher Rp
values and lower RMSEP values than that of LAR models,
demonstrating that the iPLS method has good feature
extraction ability and can be applied to improve the accuracy
of the established models.

After model evaluation, the recovery values were also
calculated; as can be seen from Table 2, the recovery values
were in the range of 82.36%-105.45%, and 74.88%-99.87% for
aesculin and aesculetin, respectively. The same phenomenon
occurred as with the LAR method in that the recovery of
aesculetin (74.88%) in Cortex Fraxini 4 was not satisfactory.
From this perspective, we suspect that one possible reason was
that some important information from the contour values might
be lost, so a high-order chemometrics method was considered to
deal with the EEM spectral data.

4.2.3 N-PLS models

The calibration set with the size of 41 x 41 x 16 was applied to
establish the calibration model, and the performance of the
established models was evaluated by using the prediction set.
In the process of establishing the N-PLS models, the optimal
number of LVs should first be determined. In the present study,
the optimum number of LV for the N-PLS models was indicated
by the minimum PRESS value versus the number of LVs
(Supplementary Figure S1). For aesculin (Supplementary
Figure S1A), the minimum PRESS value can be determined
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TABLE 3 Analytical results related to the calibration and prediction
results for aesculin and aesculetin based on the UPLC method.

Analyte Calibration set Prediction set
R, RMSEC Equation R, RMSEP

Aesculin 09923 0.0274 y = 36228x-797.31  0.9957  0.0816

Aesculetin  0.9858  0.1414 y = 53779x-6536.4 09965  0.0222

y: peak area.

x: concentration (pg/ml).

with 2 LVs, and for aesculetin (Supplementary Figure S1B), the
local minimum PRESS value can be determined with 5 LVs. The
statistical parameters of the N-PLS models are summarized in
Table 1.

As can be seen from Table 1, the results from the calibration
set show that the N-PLS method yielded satisfactory Rc values of
0.9972 and 0.9997 and RMSEC values of 0.0243 and 0.0304 for
aesculin and aesculetin, respectively, demonstrating that the
established models have the ability to accurately calculate the
prediction set. The established models were then applied to the
prediction set, and values were obtained for Rp of 0.9998 and
0.9962, and RMSEP of 0.0392 and 0.1165 for aesculin and
aesculetin, respectively, which proved that good predictions
were obtained.

Next, the spike recovery experiment was performed. As
can be seen from Table 2, the recovery values were in the range
of 87.22%-103.99% for aesculin, and 83.32%-104.62% for
aesculetin. Compared with the results of the previous LAR
and iPLS methods, the linearity, predictive ability, and
accuracy of the N-PLS models were improved. However,
owing to the same phenomenon that occurred with the
LAR and iPLS methods, the recovery values of aesculetin in
Cortex Fraxini 4 were nearly the same and not satisfactory, so
we decided that it was necessary to further verify which
method gives the most reliable recovery values.

4.3 UPLC method for validation

A UPLC method was developed to further confirm the
accuracy and reliability of the presented strategies. The two
analytes and the backgrounds can be separated properly and
completely under the chromatographic conditions mentioned
above, and thus they can be quantified accurately based on
peak areas. The chromatograms of aesculin, aesculetin, and a
Cortex Fraxini sample are shown in Supplementary Figure S3.
For a comprehensive comparison, the concentrations of
aesculin and aesculetin used for UPLC and fluorescence
were the same. In the measurement process, the samples
with detected
(Supplementary Tables calibration

not
the

concentrations
S1, S2);

lower were

thus,
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equations of aesculin and aesculetin were established from
samples 1 to 14 in the calibration set. The statistical parameters
of the calibration equations are summarized in Table 3; the low
RMSEC and RMSEP values and high R. and R, values illustrate
the accuracy of the UPLC method. The recoveries of aesculin
and aesculetin by UPLC are shown in Table 2. First, we can see
that the recovery rates of aesculin (81.96%-102.35%) and
aesculetin (84.88%-99.55%) were satisfactory. One can then
conclude that the accuracy of the UPLC and N-PLS methods is
comparable. The separation of complex samples with UPLC
requires some effort to find suitable conditions. A comparison
of the comprehensive results of the N-PLS and UPLC methods
shows that EEM fluorescence coupled with the chemometrics
method can be regarded as a reliable and accurate approach to
determine the two components in Cortex Fraxini samples
simultaneously.

4.4 Further discussion

The above comparisons show that the analytical results of
the N-PLS method on the EEM spectra are more accurate and
reliable than the LAR and iPLS methods on the contour values.
The reason may be that the higher-order N-PLS algorithm is
less disturbed by the noise of the analysis system, so the
quantitative analysis results obtained are more accurate
(Pierce et al., 2011). Although the LAR and iPLS methods
have not yielded satisfactory results, these strategies still have
application values in proper analytical systems.

5 Conclusion

The present study reported a comparative study of three
different algorithm (LAR, iPLS, and N-PLS) methods in
combination with EEM spectroscopy for the determination
of aesculin and aesculetin in traditional Chinese medicine.
Satisfactory results were obtained with the N-PLS method on
the basis of the EEM spectra despite the strong overlaps of the
two analytes. The results presented herein show that the
methodology proposed has the advantages of being simple,
sensitive, and low cost. Consequently, EEM with the aid of
proper chemometrics methods is a useful tool in processing
the serious problem of overlapping and can be extended to
other complex systems in the fields of food and the
environment, such as body fluids.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Materials; further

inquiries can be directed to the corresponding author.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984010

Li et al.

Author contributions

Z-Y L: Investigation, visualization, writing-original draft,
writing-review and editing; X-K L: Investigation, visualization;
YL: Visualization; NF: Supervision, review and editing, funding
acquisition; X-Z Z: Supervision, review and editing, funding
acquisition; Q-L L: Visualization; B-Q L: Investigation, resources,
supervision, review and editing, funding acquisition, project
administration.

Acknowledgments

The authors gratefully acknowledge the financial support
from the Project of Young Innovative Talents in Colleges and
Universities in Guangdong Province (2021KQNCX101), the
Jiangmen City Science and Technology Basic Research Project
(2020030102060005412), the team project of Wuyi University
(2019td09), the High-level Talents for Scientific Research
(2018AL003, 2018AL007), and the Department of
Education of Guangdong Province (2020KCXTD036).

References

Abreu, R.E. L, Paz, J. E. M,, Silva, A. C., Pontes, M. J. C., and Lemos, S. G. (2015).
Ethanol fuel adulteration with methanol assessed by cyclic voltammetry and
multivariate calibration. Fuel 156, 20-25. doi:10.1016/j.fuel.2015.04.024

Andersen, C. M., and Bro, R. (2003). Practical aspects of PARAFAC modeling of
fluorescence excitation-emission data. J. Chemom. 17 (4), 200-215. doi:10.1002/
cem.790

Bahram, M., Bro, R., Stedmon, C., and Afkhami, A. (2006). Handling of Rayleigh
and Raman scatter for PARAFAC modeling of fluorescence data using
interpolation. J. Chemom. 20 (3-4), 99-105. doi:10.1002/cem.978

Bai, X. M., Liu, T., Liu, D. L., and Wei, Y. J. (2018). Simultaneous determination of
alpha-asarone and beta-asarone in Acorus tatarinowii using excitation-emission
matrix fluorescence coupled with chemometrics methods. Spectrochimica Acta Part
A Mol. Biomol. Spectrosc. 191, 195-202. doi:10.1016/j.saa.2017.10.011

Bro, R. (1996). Multiway calibration. Multilinear PLS. J. Chemom. 10, 47-61.
d0i:10.1002/(sici)1099-128x(199601)10:1<47::aid-cem400>3.0.c0;2-c

Gao, W., Shu, T, Guan, Y., Ling, S,, Liu, S., and Zhou, L. (2022). Novel strategy for
establishment of an FT-Raman spectroscopy based quantitative model for poplar
holocellulose content determination. Carbohydr. Polym. 277, 118793. doi:10.1016/j.
carbpol.2021.118793

Khajehsharifi, H., and Eskandari, Z. (2011). Potentiality of partial least-squares
multivariate calibration in the spectrophotometric analysis of binary mixtures of
purine bases. Monatsh. Chem. 142 (8), 773-778. doi:10.1007/s00706-011-0513-7

Li, B. Q,, Chen, J,, Li, J. J., Wang, X, Zhai, H. L., and Zhang, X. Y. (2015). High-
performance liquid chromatography with photodiode array detection and
chemometrics method for the analysis of multiple components in the traditional
Chinese medicine Shuanghuanglian oral liquid. J. Sep. Sci. 38 (24), 4187-4195.
doi:10.1002/jssc.201500712

Li, C, Chen, A,, Chen, X., Ma, X,, Chen, X,, and Hu, Z. (2005). Non-aqueous
capillary electrophoresis for separation and simultaneous determination of fraxin,
esculin and esculetin in Cortex fraxini and its medicinal preparations. Biomed.
Chromatogr. 19 (9), 696-702. doi:10.1002/bmc.497

Li, M.-X,, Li, Y.-Z,, Chen, Y., Wang, T., Yang, J., Fu, H.-Y,, et al. (2021).
Excitation-emission ~ matrix  fluorescence  spectroscopy combined  with
chemometrics methods for rapid identification and quantification of
adulteration in Atractylodes macrocephala Koidz. Microchem. J. 171, 106884.
doi:10.1016/j.microc.2021.106884

Li, Y., Guo, H,, Wu, Y,, Geng, Q., Dong, D., Wu, H,, et al. (2013). A sensitive and
selective method for determination of aesculin in Cortex fraxini by liquid

Frontiers in Chemistry

10.3389/fchem.2022.984010

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2022.984010/full#supplementary-material

chromatography quadrupole time-of-flight tandem mass spectrometry and
application in pharmacokinetic study. J. Anal. Methods Chem. 2013, 1-6. doi:10.
1155/2013/432465

Liu, T, Li, X. G., Wang, J. Y,, Liu, D. L., and Wei, Y. J. (2019). Time-resolved
fluorescence and chemometrics-assisted excitation-emission fluorescence for
qualitative and quantitative analysis of scopoletin and scopolin in Erycibe
obtusifolia Benth. Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 219,
96-103. doi:10.1016/j.5aa.2019.04.019

Lopez-Fornieles, E., Brunel, G., Rancon, F., Gaci, B., Metz, M., Devaux, N,, et al.
(2022). Potential of multiway PLS (N-PLS) regression method to analyse time-series
of multispectral images: A case study in agriculture. Remote Sens. 14 (1), 216. doi:10.
3390/rs14010216

Luo, L., Bao, S., Mao, ., and Tang, D. (2016). Quality prediction and quality-
relevant monitoring with multilinear PLS for batch processes. Chemom. Intell. Lab.
Syst. 150, 9-22. doi:10.1016/j.chemolab.2015.11.004

Pierce, K. M., Schale, S. P., Le, T., and Larson, J. C. (2011). An advanced analytical
Chemistry experiment using gas ChromatographyMass spectrometry, MATLAB,
and chemometrics to predict biodiesel blend percent composition. J. Chem. Educ.
88, 806-810. doi:10.1021/ed100917x

Preeti Chandra, R. K., Saxena, A., Srivastava, M., Bahadur, L., Pal, M., Pratap
Singh, B, et al. (2016). Quantitative determination of multi markers in five varieties
of Withania somnifera using ultra-high performance liquid chromatography with
hybrid triple quadrupole linear ion trap mass spectrometer combined with
multivariate analysis: Application to pharmaceutical dosage forms. J. Pharm.
Biomed. Anal. 129 (10), 419-426. doi:10.1016/j.jpba.2016.07.032

Sheng, K., Li, L., Zhang, Q., and Wang, Y. (2020). A highly sensitive sensor based
on electropolymerization for electrochemical detection of esculetin. Microchem. J.
159, 105368. doi:10.1016/j.microc.2020.105368

Thomas, E. V. (2003). Non-parametric statistical methods for multivariate
calibration model selection and comparison. J. Chemom. 17 (12), 653-659.
doi:10.1002/cem.833

Tkachenko, S. N., Tkachenko, I. A., Shpilevaya, S. G., and Dedkov, V. P. (2021).
Modelling the production process of Roman snail using RIDGE and LASSO
regression. J. Phys. Conf. Ser. 1902, 012134. doi:10.1088/1742-6596/1902/1/012134

Wang, L., Wu, H. L, Yin, X. L, Hu, Y,, Gu, H. W,, and Yu, R. Q. (2017).
Simultaneous determination of umbelliferone and scopoletin in Tibetan medicine

Saussurea laniceps and traditional Chinese medicine Radix angelicae pubescentis
using  excitation-emission matrix fluorescence coupled with second-order

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fchem.2022.984010/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.984010/full#supplementary-material
https://doi.org/10.1016/j.fuel.2015.04.024
https://doi.org/10.1002/cem.790
https://doi.org/10.1002/cem.790
https://doi.org/10.1002/cem.978
https://doi.org/10.1016/j.saa.2017.10.011
https://doi.org/10.1002/(sici)1099-128x(199601)10:1<47::aid-cem400>3.0.co;2-c
https://doi.org/10.1016/j.carbpol.2021.118793
https://doi.org/10.1016/j.carbpol.2021.118793
https://doi.org/10.1007/s00706-011-0513-7
https://doi.org/10.1002/jssc.201500712
https://doi.org/10.1002/bmc.497
https://doi.org/10.1016/j.microc.2021.106884
https://doi.org/10.1155/2013/432465
https://doi.org/10.1155/2013/432465
https://doi.org/10.1016/j.saa.2019.04.019
https://doi.org/10.3390/rs14010216
https://doi.org/10.3390/rs14010216
https://doi.org/10.1016/j.chemolab.2015.11.004
https://doi.org/10.1021/ed100917x
https://doi.org/10.1016/j.jpba.2016.07.032
https://doi.org/10.1016/j.microc.2020.105368
https://doi.org/10.1002/cem.833
https://doi.org/10.1088/1742-6596/1902/1/012134
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984010

Li et al.

calibration method. Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 170,
104-110. doi:10.1016/j.saa.2016.07.018

Wang, Y., Han, F,, Song, A., Wang, M., Zhao, M., and Zhao, C. (2016b). Rapid
characterization of the chemical constituents of Cortex Fraxini by homogenate
extraction followed by UHPLC coupled with Fourier transform ion cyclotron
resonance mass spectrometry and GC-MS. J. Sep. Sci. 39 (22), 4325-4334.
doi:10.1002/jss¢.201600851

Wang, Y., Xu, Q,, Shen, Z., Wang, Y., Dong, L., Fu, S., et al. (2019). Simultaneous
determination of eight active compounds in baitouweng decotion and its single
herbs. J. Chromatogr. Sci. 57 (6), 502-510. doi:10.1093/chromsci/bmz022

Wang, Y., Zhao, M., Xin, Y., Liu, J., Wang, M., and Zhao, C. (2016a). 'HNMR and
MS based metabolomics study of the therapeutic effect of Cortex Fraxini on
hyperuricemic rats. J. Ethnopharmacol. 185, 272-281. doi:10.1016/j.jep.2016.03.043

Wu, X, Yang, Z,, Ji, G., Chen, X, and Yuan, M. (2015). Using consensus interval

partial least square in near infrared spectra analysis. Chemom. Intell. Lab. Syst. 144
(15), 56-62. doi:10.1016/j.chemolab.2015.03.008

Frontiers in Chemistry

200

10.3389/fchem.2022.984010

Yang, R, Dong, G., Sun, X, Yang, Y., Yu, Y., Liu, H., et al. (2018). Feasibility
of the simultaneous determination of polycyclic aromatic hydrocarbons based
on two-dimensional fluorescence correlation spectroscopy. Spectrochimica
Acta Part A Mol. Biomol. Spectrosc. 190, 342-346. doi:10.1016/j.saa.2017.
09.061

Yang, X., and Wen, W. (2018). Ridge and lasso regression models for cross-
version defect prediction. IEEE Trans. Reliab. 67, 885-896. doi:10.1109/tr.2018.
2847353

Zhang, L.-p., Li, Z.-y., Geng, X., Zhang, Y.-f,, Tie, D., Chen, X,, et al. (2021).
Analysis of Chinese herbal compound preparations by ballpoint connector
supported  solvent  microextraction  and  high-performance  liquid
chromatography with ultraviolet detection. Instrum. Sci. Technol. 50 (1), 69-82.
doi:10.1080/10739149.2021.1955708

Zhou, Y., Zhang, X., Li, C,, Yuan, X,, Han, L., Li, Z,, et al. (2018). Research on the
pharmacodynamics and mechanism of Fraxini Cortex on hyperuricemia based on
the regulation of URAT1 and GLUTY. Biomed. Pharmacother. 106, 434-442. doi:10.
1016/j.biopha.2018.06.163

frontiersin.org


https://doi.org/10.1016/j.saa.2016.07.018
https://doi.org/10.1002/jssc.201600851
https://doi.org/10.1093/chromsci/bmz022
https://doi.org/10.1016/j.jep.2016.03.043
https://doi.org/10.1016/j.chemolab.2015.03.008
https://doi.org/10.1016/j.saa.2017.09.061
https://doi.org/10.1016/j.saa.2017.09.061
https://doi.org/10.1109/tr.2018.2847353
https://doi.org/10.1109/tr.2018.2847353
https://doi.org/10.1080/10739149.2021.1955708
https://doi.org/10.1016/j.biopha.2018.06.163
https://doi.org/10.1016/j.biopha.2018.06.163
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.984010

:' frontiers | Frontiers in Chemistry

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Xuetao Xu,
Wuyi University, China

REVIEWED BY

Long Wang,

China Three Gorges University, China
Jie Zhang,

Xi'an Jiaotong University, China

*CORRESPONDENCE
Xiao-Hua Zeng,
zengken@126.com
Li-Na Ke,
kelinacyk@126.com
Hong-Mei Wang,
meirwang@126.com

"These authors share first authorship

SPECIALTY SECTION

This article was submitted to Organic
Chemistry,

a section of the journal

Frontiers in Chemistry

RECEIVED 18 July 2022
ACCEPTED 23 August 2022
PUBLISHED 09 September 2022

CITATION

Dong Y, Kong L-Q, Chen Q-H, Li B,
Zeng X-H, Ke L-N and Wang H-M
(2022), Green synthesis, crystal
structure, and antifungal activities of (E)-
4-arylidene-5-oxotetrahydrofuran.
Front. Chem. 10:997095.

doi: 10.3389/fchem.2022.997095

COPYRIGHT

© 2022 Dong, Kong, Chen, Li, Zeng, Ke
and Wang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Chemistry

TyPE Original Research
PUBLISHED 09 September 2022
pol 10.3389/fchem.2022.997095

Green synthesis, crystal
structure, and antifungal
activities of (E)-4-arylidene-
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University of Medicine, Shiyan, China, *Shenzhen Baoan Authentic TCM Therapy Hospital, Shenzhen,
China

A series of y-lactone derivatives (E)-4-arylidene-5-oxotetrahydrofuran
derivatives were synthesized via a tandem Passerini 3CC/Sy cyclization
microwave-assisted one-pot method efficiently starting from Baylis Hillman
acids, aryl glyoxals and isocyanides, and using ionic liquid as reaction medium.
The products were characterized by hydrogen nuclear magnetic resonance
spectroscopy (*H-NMR), carbon nuclear magnetic resonance spectroscopy
(BC-NMR). Single crystal X-ray analysis of the compound RPDFB clearly
confirmed its assigned chemical structures. Meanwhile, the effects of four
compounds (RPDFB, RPDFC, RPDFI, RPDFJ) on the growth inhibition activity
of Gibberella zeae were detected, and found that the compound RPDFB has
significant growth inhibition activity to Gibberella zeae.

KEYWORDS

(E)-4-arylidene-5-oxotetrahydrofuran, green synthesis, ionic liquid, microwave-
assisted one-pot, antifungal activity

1 Introduction

The synthesis of heterocyclic compounds plays an important role in organic synthesis,
because heterocyclic compounds have a large number and are widely used in pesticide,
medicine and industry (El-Sayed and Althagafi, 2016). Among heterocyclic compounds,
especially those containing pyrrole ring, pyridine ring, furan ring and p-lactam ring have
attracted the attention of organic synthesis scientists because of their high efficiency, low
toxicity and broad spectrum of physiological activities (Butin et al., 2010; Hafez and El-
Gazzar, 2020; Shiri, 2021; Zhang et al., 2022). At present, numerous anti-inflammatory,
antitumor, antiviral, antibacterial, insecticide, and herbicide containing these heterocyclic
rings have been developed by synthetic methods (Burriss et al., 2018; Bari et al., 2019;
Jiang et al., 2021; Manaithiya et al., 2021). Therefore, the structural modification and
synthesis method optimization of heterocyclic compounds are very important for more
efficient and green synthesis of new agents.
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SCHEME 1

The strategy for the choice of (E)-2-aroyl-4-arylidene-5-oxotetrahydrofurans as targets.

The development prospect of pharmaceutical and pesticide
products is to synthesize agents which are environmentally
friendly, safe and harmless to human beings, with high
selectivity and ultra-low dosage by using green synthesis
process (Sharma et al,, 2020; Zhang et al,, 2020). Therefore,
green synthesis method will also be a mandatory requirement of
green pesticides. Following this concept, we applied the efficient
multi-component tandem one-pot method to synthesize
heterocyclic compounds with potential biological activity, such
as pyrrole, pyridine, furan, and p-lactam.

Studies have shown that rhopaladins A-D alkaloids (Janosik
et al,, 2002; Méndez et al., 2018) (Scheme 1) present in marine cysts
have significantly biological activities. We have previously
synthesized several different series of rhopaladins’ analogs, such
as (E)-2-aroyl-4-arylidene-5-oxopyrrolidines (Scheme 1), and (2E,
4E)-2-styryl-4-arylidene-5-oxopyrrolidines, via multi-component
one-pot method starting from Baylis-Hillman acid, and found
that these compounds showed good anti-proliferation and
apoptosis-inducing effects on cervical cancer cells and liver
cancer cells, respectively (Zeng et al, 2013; Zhu et al, 2020;
Wang et al, 2021; Wang et al, 2021; Kong et al, 2021; Zhu
et al,, 2022). Baylis Hillman (B-H) reaction is a coupling reaction
between active alkenes and electrophiles under catalyst, which can be
used to synthesize compounds with polyfunctional groups under
mild reaction conditions (Huang and Cui, 2018). Moreover, B-H
reaction is also an important synthetic transition reaction in the
formation of carbon-carbon bond, which can provide highly
substituted allyl alcohol and amine in one step reaction (Nelson
et al,, 2018). y-Lactone is a common chemical skeleton in many
synthetic and natural products, mainly composed of five-member
lactone heterocycles, which possess many biological properties and
are key intermediates in the synthesis of major antiviral and
anticancer nucleoside analogs (Julien et al, 2018). Therefore, by
combining Passerini reaction with Baylis Hillman reaction, y-
of  (E)-4-arylidene-5-oxotetrahydrofuran
derivatives (RPDF serial chemicals, which are other analogs of

lactone  derivatives

rhopaladins, Scheme 1) were synthesized via a tandem Passerini
3CC/Sy cyclization one pot method (Wang et al., 2021).
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Herein, we optimized the synthesis method, using ionic
liquid as a green medium and microwave radiation as a
method (E)-N-tert-butyl-4-(4-
chlorobenzylidene)-2-(4-nitrobenzoyl)-5-oxotetrahydrofuran-2

heating to  synthesize
-carboxamide (RPDFB) and other three new compounds
(RPDEC, RPDFI, RPDF]). Next, the single crystal of RPDFB
was cultured and analyzed. Meanwhile, the effects of the four
compounds (RPDFB, RPDFEC, RPDFI, RPDFJ) on the growth

inhibition activity of Gibberella zeae were detected.

2 Results and discussion

2.1 Chemistry

The realization of environmentally friendly organic synthesis has
become an important topic of organic synthesis. Such as solvent-free
reaction, or reaction with water as the medium and using room
temperature ionic liquid as the reaction solvent (Welton, 1999). Ionic
liquid has the advantages of low vapor pressure, non-flammable,
good thermal stability, recyclable, compared with other organic
solvents (Sowmiah et al, 2009; Cmar et al,, 2016; Bystrzanowska
etal, 2019). On the other hand, assisted by microwave radiation, the
rate of organic reaction is also greatly improved, and simple
operation, high yield, simple post-treatment characteristics
(Santagada et al, 2009; Sharma et al, 2012). Meanwhile, study
has shown that ionic liquid [BMIM][PF4] has a good role in the
one-pot synthesis of tetrahydropyran ring in series Barbier-Prins
reaction (Batista et al, 2019). Therefore, we tried to synthesize
RPDFB RPDFC, RPDFI, RPDF] in ionic liquid [BMIM][PF4] and
microwave-assisted as the continuation of previous research.

The results showed that using Baylis-Hillmanic acid 1, aryl
glyoxals 2, and isocyanide 3 as starting materials and ionic liquid
[BMIM][PF¢] as reaction medium, a series of y-lactone
derivatives (E)-2-aroyl-4-arylidene-5-oxotetrahydrofuran
derivatives (see Scheme 2) were synthesized via a tandem
Passerini 3CC/Sy  cyclization microwave-assisted one-pot
method efficiently, which provided a new green synthesis

frontiersin.org
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Yield: 78% Yield: 68% Yield: 78% Yield: 83%
SCHEME 2
Synthesis of (E)-2-aroyl-4-arylidene-5-oxotetrahydrofuran derivatives
strategy  for  the  synthesis of  (E)-4-arylidene-5- system and the space group were P-1,a = 8.155 (3)A, b =9.732 (3)A,
oxotetrahydrofuran derivatives. c=14.809 (5)A, « = 97.446 (5)°, B = 98.874 (5)°, y = 101.753 (5)", V =

L121.1 (6)A% Z = 2, Dc = 1.353 Mg/m®, u(MoKa) = 0.212 mm™", F
(000) = 476. The crystal structure was solved by the direct method

2.2 Crystal structure description of (E)-N- (SHELXL-97), and all the non hydrogen atoms were obtained by
tert-butyl-4-(4-chlorobenzylidene)-2-(4- multi round Fourier synthesis. The hydrogen atoms were acquired
nitrobenzoyl)-5-oxotetrahydrofuran-2- by direct hydrogenation after theoretical calculation. The
carboxamide (RPDFB) coordinates of all non hydrogen atoms and heterogeneous

thermal parameters were corrected to convergence by the full
In order to determine the structure of RPDFB, the single crystal matrix least square method. The final deviation factor was R =
of compound RPDFB was cultured. The crystal belongs to triclinic 0.0298, wR = 0.1444. On the final difference Fourier diagram, the
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FIGURE 1

Crystal structure diagram of compound RPDFB (CCDC 2179210). Note: black, carbon; white, hydrogen; red, oxygen; purple, nitrogen; green,

chlorine.

heights of the maximum and minimum electron density peaks were
0.392, -0.392 e/ A%, respectively. The single crystal diffraction pattern
and the crystal packing pattern of compound RPDFB were showed
in Figure 1 and Figure 2, respectively.

2.3 Antifungal effect of (E)-2-aroyl-4-
arylidene-5-oxotetrahydrofuran
derivatives RPDFB, RPDFC, RPDFI, RPDFJ

The growth inhibition activity of the target compounds RPDFB,
RPDFC, RPDFI, RPDFJ against Gibberella zeae were tested by toxic
medium method. The results (Figure 3) showed that at the
concentration of 50 pg/ml, the four compounds showed certain
inhibitory effects on Gibberella zeae, but the inhibitory activities
were significantly different. Among them, the inhibition rate of
RPDFB was as high as 98%, while the inhibitory effect of other
compounds was close to 50%. Under the same control conditions, the
growth inhibition rate of diniconazole on Gibberella zeae was 96%.

Then, the compound RPDFB with better inhibitory activity
was selected for concentration gradient control experiment with
diniconazole. The results (Figure 4) showed that when the
concentration of diniconazole was 30 pg/ml, the growth
inhibition rate was as high as 96%, and with the increase of
the concentration, the inhibition rate was almost unchanged,
even if the concentration decreased to 15 ug/ml, the growth
inhibition rate was still up to 90%. When the concentration of
RPDEFB was 50 pg/ml, the inhibition rate was higher than that of
diniconazole. However, when the concentration decreased, the
inhibition rate decreased to 58% at 40 ug/ml, and the inhibition
activity was not obvious at 30 pg/ml. Our results showed that the
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compound RPDFB showed a good inhibitory effect on Gibberella
zeae at 50 pg/ml, and its inhibitory effect was better than that of
diniconazole with the concentration more than 50 pg/ml, which
is worth further exploration.

3 Materials and methods
3.1 General information

The melting point was measured by X-4 melting point
instrument (uncorrected thermometer) produced by Beijing
Rayleigh Analytical Instrument Company. MS was determined
by Finnigan-trace-MS analyzer (direct injection method).
Elemental analysis was performed by vario-EL-III analyzer. 'H
NMR and “C NMR were determined by a 600 MHz high
resolution nuclear magnetic resonance spectrometer (Varian-
Mercury-Plus 600) or 150 MHz high resolution nuclear magnetic
resonance spectrometer (Varian-Mercury-Plus 150). The solvent
was deuterium chloroform (CDCl;) with TMS internal standard.
Single crystal diffraction was determined by Bruker-Smart-AXS-
CCD X-ray single crystal diffractometer. The reagent used is
sinopharm group (or imported) analytical pure.

3.2 One-pot synthesis of (E)-2-aroyl-4-
arylidene-5-oxotetrahydrofuran
derivatives RPDFB, RPDFC, RPDFI, RPDFJ

Dry Baylis-Hillmanic acid (1 mmol) and 2 ml [BMIM][PF]
were added to a 25 ml round-bottom flask. After stirring, aryl
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FIGURE 2

Packing of the crystal structure of compound RPDFB. Note: black, carbon; white, hydrogen; red, oxygen; purple, nitrogen; green, chlorine.

glyoxals (1 mmol) and isocyanide (1 mmol) were added
successively. After shaking, the flask was placed into a
microwave reactor with a power of 300 w. Magnetic stirring
and interval heating, heating every 8s, stop 8 s. Repeat several
times, and the reaction time is 16 min. Then 2 ml K,CO;
(0.5 mmol) aqueous solution was divided into 10 parts, and
the pH value of the system was adjusted 10 times. Each
reaction time is 96 s (heating for 8, stopping for 8s, a total
of 6 times). After the reaction was complete (TLC detection), the
mixture was chilled overnight and the precipitate was filtered,
washed by water, recrystallized from ethanol, then (E)-4-
arylidene-5-oxotetrahydrofuran  derivatives (RPDF  serial
chemicals) was obtained.

-

[2)]

o
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bacteriostatic rate/%
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FIGURE 3

3.2.1 (E)-N-tert-butyl-4-(4-chlorobenzylidene)-
2-(4-nitrobenzoyl)-5-oxotetrahydrofuran-2-
carboxamide (RPDFB) (Wang et al., 2021)

White crystals (0.35 g, yield 78%), mp 143-144°C; '"H NMR
(CDCl3, 600 MHz) § (ppm) 8.31 (d, J = 8.4 Hz, 2H, Ar-H), 8.22
(d, J=7.8 Hz, 2H, Ar-H), 7.58-7.46 ((m, 5H, Ar-H and = CH),
6.55 (s, 1H, NH), 4.40 (d, J = 18.6 Hz, 1H, CH,"), 3.40 (d, ] =
18.0 Hz, 1H, CH,"), 1.36 (s, 9H, 3CH,); *C NMR (CDCls,
150 MHz) § (ppm) 189.2, 169.0, 167.0, 150.5, 138.7, 138.2,
137.1, 132.0, 131.7, 130.6, 129.4,123.6, 120.5, 85.7, 52.6, 29.0,
28.4. MS (m/z, %) 456 (M*, 4), 356 (66), 306 (95), 250 (100), 150
(66), 57 (74). Anal. Calcd for C,3H,,CIN,Oq: C, 60.46; H, 4.63; N,
6.13. Found: C, 60.21; H, 4.68; N, 6.19.

RPDFB
RPDFC
RPDFI
RPDFJ
Diniconazole

Antifungal activity of (E)-2-aroyl-4-arylidene-5-oxotetrahydrofuran derivatives, against-Gibberella zeae.
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Comparison of inhibitory activities of RPDFB and diniconazole against-Gibberella zeae.

3.2.2 (E)-N-tert-butyl-4-(4-
methoxybenzylidene)-2-(4-nitrobenzoyl)-5-
oxotetrahydrofuran-2-carboxamide (RPDFC)

White crystals (0.30 g, yield 68%), mp 222-223°C; '"H NMR
(CDCl3, 600 MHz) § (ppm) 8.30 (d, ] = 8.4 Hz, 2H, Ar-H), 8.23
(d,J=9.0 Hz, 2H, Ar-H), 7.57 (s, 1H, =CH), 7.52 (d, ] = 8.4 Hz,
2H, Ar-H),6.99 (d, ] = 8.4 Hz, 2H, Ar-H), 6.64 (s, 1H, NH), 4.41
(d,J = 18.0 Hz, 1H, CH,", 3.88 (s, 3H, CH;),3.33 (d, J = 18.0 Hz,
1H, CH,"), 1.36 (s, 9H, 3CH,); *C NMR (CDCl;, 150 MHz) §
(ppm) 189.4, 169.7,167.3, 161.7, 150.4, 140.0, 138.4, 132.5, 132.5,
131.3,123.5,116.7, 114.5, 85.7, 55.6, 52.4, 33.7, 28.4. MS (m/z, %)
452 (M*, 4), 352 (24), 302 (100), 246 (86), 150 (25), 57 (23). Anal.
Calcd for C,4H,4N,0-:C, 63.71; H, 5.35; N, 6.19. Found: C, 63.94;
H, 5.38; N, 6.04.

3.2.3 (E)-N-tert-butyl-2-(4-chlorobenzoyl)-4-
(4-fluorobenzylidene)-5-oxotetrahydrofuran-2-
carboxamide (RPDFI)

White crystals (0.33 g, yield 78%), mp 180-181°C; '"H NMR
(CDCls, 600 MHz) & (ppm) 8.04 (d, ] = 8.4 Hz, 2H, Ar-H),
7.53-7.12 (m, 7H, Ar-H and = CH), 6.69 (s, 1H, NH), 4.39 (d, ] =
18.0 Hz, 1H, CH,?%), 3.37 (d, ] = 18.0 Hz, 1H, CH,"), 1.35 (s, 9H,
3CHs); *C NMR (CDCls, 150 MHz) 8§ (ppm) 189.2,169.4, 167.2,
163.7 (d, J = 250 Hz), 140.4, 138.0, 1324, 131.5, 130.9, 129.9,
128.7,120.2, 116.2, 86.0,52.2, 33.8, 28.2. MS (m/z, %) 429 (M", 3),
329 (47), 290 (51), 234 (56), 139 (100), 57 (26). Anal. Calcd for
Ca3H,, CIFNOy: C, 64.26; H, 4.92; N, 3.26. Found: C, 64.16; H,
4.94; N, 3.42.

3.2.4 (E)-N-tert-butyl-4-(4-fluorobenzylidene)-
2-(4-nitrobenzoyl)-5-oxotetrahydrofuran-2-
carboxamide (RPDFJ)

White crystals (0.36 g, yield 83%), mp 226-227°C; '"H NMR
(CDCls, 600 MHz) § (ppm) 8.31 (d, ] = 8.4 Hz, 2H, Ar-H), 8.23
(d, J = 8.4 Hz, 2H, Ar-H), 7.59-7.18 (m, 5H, Ar-H and = CH),
6.61 (s, 1H, NH), 4.41 (d, J = 18.6 Hz, 1H, CH,"), 3.35 (d,

Frontiers in Chemistry

206

J = 18.0 Hz, 1H, CH,), 1.36 (s, 9H, 3CH;); *C NMR (CDCls,
150 MHz) & (ppm) 189.3, 169.2, 167.0, 163.9 (d, J = 250 Hz),
150.4, 138.9, 138.2, 132.5,130.5, 129.9, 123.5, 119.5, 116.3, 85.7,
52.5, 33.6, 28.5. MS (m/z, %) 440 (M*, 3), 340 (47), 290 (89), 234
(100), 123 (46), 57 (59). Anal. Calcd for C,3H,;FN,Oq: C, 62.72;
H, 4.81; N, 6.36. Found: C, 62.69; H, 4.93; N, 6.13.

3.3 Single crystal structure detection

A crystal with an external size of 0.10 mm® x 0.10 mm® x
0.10 mm® was selected for X-ray single crystal diffraction
experiment and placed on a BRUKER SMART APEX-CCD
diffractometer for detection. MoKa rays (wavelength A =
0.71073A) monochromatized by a graphite monochromator
are used as incident radiation. In the range 2.00<6 < 26.55°, a
total of 8,168 reflection points were collected by w-20 scanning at
298 (2) K, of which 5,150 were independent observable
reflections [I > 20(I)], R (int) = 0.0247. All the intensity data
were corrected by SADABS software.

3.4 Antifungal assay

The antifungal activity of the compound RPDFB, RPDEC,
RPDFI, RPDFJ at 50 pug/ml was determined against Gibberella
Zeae by the poison plate technique. The medium was prepared by
dissolving 43 g of potato dextrose agar powder (PAD. BR,
Solarbio) in 1 L of distilled water and sterilized in autoclave at
125°C for 0.5 h. Next, the 2.0 mg drug was dissolved with 0.2 ml
DMSO (AR, Sinopharm) and emulsified with a drop of tween-80
(AR, Sinopharm), then diluted to 2.0 ml with distilled water to
Add 500 uL
intermediate solution, while hot, to a Petri dish containing

obtain intermediate solutions of 1 mg/ml
9.5ml PDA medium. After evenly mixing, a working

solutions with a concentration of 50 ug/ml is obtained. As in
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the above method, enazole and enazolone were added as positive
control group, and no drug was added as blank control
group. Then a blank PDA with a diameter of about 5mm
containing Gibberella Zeae was selected by the inoculation
ring, and the mycelium was placed in the middle of the PDA
containing the above-mentioned drugs. The lid of the Petri dish
was immediately covered. The Petri dish was placed in a constant
temperature incubator and cultured at 25°C for 3 days. The
inhibition effect on the growth of Gibberella Zeae was
observed and the diameter of plaque was measured. Three
parallel experiments were performed. Inhibition rate (%) =
(control colony diameter - treatment colony diameter)/
(control colony diameter - initial plaque diameter).

4 Conclusion

We improved the synthesis method of (E)-N-tert-butyl-4-(4-
chlorobenzylidene)-2-(4-nitrobenzoyl)-5-oxotetrahydrofuran-2-
carboxamide (RPDFB) by using ionic liquid as medium and
microwave assisted method, which made the synthesis process
more green and efficient. Meanwhile, three new compounds were
synthesized by this method, and the chemical structures of four
compounds were verified by spectroscopic method. The single crystal
structure of RPDFB was also cultured and analyzed. Moreover, all the
four compounds had inhibitory effects on Gibberella Zeae, and
RPDFB had better anti-fungal effect. However, compared with
enazole, the antibacterial effect of RPDFB still lags behind, which
is worthy of further structural optimization. In conclusion, we
synthesized a series of y-lactone derivatives with a new synthesis
strategy that is more environmentally friendly and efficient, hoping to
provide a little help for the “greening” of organic synthesis.
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Bronsted acid catalyzed remote
C6 functionalization of
2,5-disubstituted indoles with
B.y-unsaturated a-ketoester

You-Ya Zhang, Lin Li, Xiang-Zhi Zhang and Jin-Bao Peng*

School of Biotechnology and Health Sciences, Wuyi University, Jiangmen, China

A metal-free catalytic approach for the remote C6-functionalization of 2,3-
disubstituted indoles has been developed. In the presence of catalytic amounts
of Brensted acid, the ,y-unsaturated a-ketoesters react with 2,3-disubstituted
indoles at the C6 position selectively. Under mild reaction conditions, a range of
C6-functionalized indoles were prepared with good yields and excellent
regioselectivity. This methodology provides a concise and efficient route for
the synthesis of C6-functionalized indole derivatives.

KEYWORDS

remote C6 functionalization of indoles, p,y-unsaturated a-ketoester, brgnsted acid,
metal-free, 2,3-disubstituted indoles

Introduction

Indole and its homologues and derivatives widely exist in nature, mainly in natural
flower oils, such as jasmine, bitter orange flower, daffodil, vanilla, etc. This structure also
ubiquitously exists as key structural framework in numerous natural products, functional
materials, and medicines (Ishikura et al., 2015; Sherer and Snape, 2015; Zhang et al., 2015;
Sravanthi and Manju, 2016; Gao et al., 2020) (Scheme 1A). For example, tryptophan is an
essential amino acid of animals. Trikentrins, which have a fused cyclopenta[g]indole
structures, were isolated from sponges and showed antimicrobial activity and cytotoxicity
against KB cells (Capon et al., 1986; Herb et al., 1990). ABT-299 is a prodrug that is highly
potent and specific platelet activating factor (PAF) antagonist (Vaden et al.,, 1996).
Nintedanib is an oral tyrosine kinase inhibitor approved for the treatment of idiopathic
pulmonary fibrosis (Wind et al.,, 2019).

Due to their important biological activities, the synthesis of functionalized indoles
has received continuous attention. Although traditional methods for the indole
synthesis can lead to indoles with different functionalizations (Fischer and
Jourdan, 1883; Sugasawa et al., 1979; Gassman et al., 1984; Street et al., 1993;
Fukukyama et al., 1994; Furstner and Ernst, 1995) these methods require multi-
step substrate synthesis and the introduction of functional groups in many cases are
less efficient. An alternative approach to access functionalized indoles is the direct
C-H functionalization of indoles, (Wang et al., 2016; Fan et al., 2017; Gandeepan et al.,
2019; Rej et al., 2020), which allows for the rapid and efficient introduction of specific
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GRAPHICAL ABSTRACT

groups into the indole backbone, thus providing a most
straightforward and atom-economical access to the target
indoles. Numerous efforts have been made in recent years
to achieve selective functionalization of indoles. One of the
major challenges of this area is the controlling of the site-
selectivity of indole (Cacchi and Fabrizi, 2005; Humphrey and
Kuethe, 2006; Sandtorv, 2015; Yang and Shi, 2018). Due to its
inherent nucleophilic characteristics, the reaction of indoles

O Mild conditions

usually take place at their very reactive NI, C3 and
C2 positions. (Scheme 1B) various methods have been
developed for the C3, C2, and Nl-functionalization of
indoles via organo- and transition-metal-catalysis.

the the
C4-C7 position of indoles has been less reported, most of

Comparatively, functionalization  at
them were based on transition metal catalysis using directing

groups to achieve C-H bond activation (Poulsen et al., 2015;

A Selected bioactive molecules and natural products

ABT299

Iz

Meln.

Me

trans-Trikentrin A

B Selective C-H functionalization of indoles

.................................

C6 (This work):Only a few
examples and hard to react. !

SCHEME 1

-

N1,C1 and C2
Have fruitful and
important progress

C2

Selected bioactive molecules and natural products containing indole skeleton and selective C-H functionalization of indoles.
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Rostoll-Berenguer et al., 2018; Xiao et al., 2018; Huang et al.,
2019; Wen and Shi, 2021). Among them, the C6 position of
indole is far away from the possible directing group, which
makes the C6 functionalization of indole even more difficult
(Liu et al., 2014; Zhou et al., 2014; Wu et al,, 2019; Ling et al.,
2019; Yan et al., 2020). In 2014, Yu and co-workers developed a
removable “U-shaped” template to enable the orientation of
indole C6-H to carry out alkenylation reactions (Yang et al.,
2014) (Scheme 2A). In 2016, Larrosa developed a new strategy
for indole C7 carboxyl group as a guiding group, causing indole
C6 to undergo arylation (Scheme 2B). Simonetti et al. (2017)
Frost’s group used C3 ester groups with auxiliary coordination
orientation and strong coordination orientation of pyrimidine
groups on N atoms as the reaction substrate, and achieved
selective C-H bond alkylation of indole C6 in Ru catalysis
(Scheme 2C). (Leitch et al. (2017) Recently, the groups of
Zhang (Zhou et al., 2019) (Scheme 2D) and Zhou (Huang et al.,
2021) (Scheme 2E) have independently developed C6-

TABLE 1 Optimization of the reaction conditions?®.

0}
A\ . A o
N o
1a 2a
Entry Catalyst Sol
1 BSA Toluene
2 PTS Toluene
3 diphenyl phosphite Toluene
4 PPTS Toluene
5 4-CI-BSA Toluene
6 FeCl; Toluene
7 Sc(OTf)3 Toluene
8 PTS DCM
9 PTS DCE
10 PTS THF
11 PTS DMSO
12 PTS MeCN
13 PTS MeOH
14 PTS MeCN
15 PTS MeCN
16 PTS MeCN
17 PTS MeCN
18 PTS MeCN
19 PTS MeCN
20 PTS MeCN

10.3389/fchem.2022.992398

enantioselective C—H functionalization of 2,3-disubstituted
indoles via chiral phosphoric acid catalysis. However, the
development of efficient methods for the facile access to
metal-free and highly selective C6 functionalization of
indole in a sustainable fashion under mild conditions is still
highly desirable. Herein, we developed a Bronsted acid
catalyzed remote C6 functionalization of 2,3-disubstituted
indoles with f3,y-unsaturated a-ketoester (Scheme 2F).
Initially, we examined this indole C6 functionalization
reaction using f3,y-unsaturated a-ketoester la and 2,3-dimethyl-
1H-indole 2a as model substrates. To our delight, when a mixture
of 1a and 2a in toluene were treated with benzenesulfonic acid
(BSA) at 30°C, the expected reaction proceeds smoothly and
produced the desired C6 functionalized product 3aa in 42%
yield (Table 1, entry 1). Inspired by this exciting result, we
studied different reaction parameters for this reaction. Firstly,
we screened the acid catalysts, including both Brensted acids
and Lewis acids (Table 1, entries 2-7). When p-toluenesulfonic

conditions

Temp. ('C) la:2a Yield (%)
30 1.2:1 42
30 1.2:1 54
30 1.2:1 13
30 1.2:1 47
30 1.2:1 37
30 1.2:1 40
30 1.2:1 41
30 1.2:1 30
30 1.2:1 39
30 1.2:1 trace
30 1.2:1 10
30 1.2:1 85
30 1.2:1 16
0 1.2:1 69
40 1.2:1 65
50 1.2:1 33
30 1:1.2 74
30 1:1.5 92
30 1:1 34
30 1.5:1 83

“*Reaction conditions: 1a (0.2 mmol), 2a, Catalyst (20 mol%), solvent (2 ml), 24 h, "Isolated yields. BSA: benzenesulfonic acid. PTS: p-toluenesulfonic acid. PPTS: pyridinium

p-toluenesulfonate. 4-Cl-BSA: 4-chlorobenzenesulfonic acid.
The optimized reaction conditions.

Frontiers in Chemistry

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.992398

Zhang et al. 10.3389/fchem.2022.992398
olefination of indoles via the use of a "U-shaped" template (Yu,
A C6 olefination of indoles via th f a "U-shaped"” late (Yu)
R2 i
R? :
Pd(OAC), { 1 0\\8/,0 N
-Gly- 10 /
@[\&W + ZCO,R? Ac-Gly-OH N R ‘ 7
© PG= i
N AgOAG, HFIP, 55 °C \ b | Bu
PG 3 ‘ Bu
R°0,C '
' OMe
B Ru-Catalyzed C-H Arylation via guiding group (Larrosa) '
N . | [Ru(fBucN )6l(BF 4)2 N\
N R N
M K2C03 KOC(CF3)3
COpH Me 'BUCN, 140 °C CO,H
u-Catalyzed C- ylation Derivatives via o-Activation (Frost,
C  Ru-Catalyzed C-H Alkylation Derivati ja o-Activation (Frost)
OEt OEt
O O
A Br. OEt [RuCly(p-cynene)], A\
" -
N Mo KOAc, AcOH g\
H 0
N)\[;j dioxane, 120 °C o Yo NG l:l
<) <)
D Remote C6-Enantioselective C-H Functionalization (Zhang)
N-Boc
N /
R® R o
=
N
H N CPA
E Chiral Phosphoric Acid-Catalyzed C6 Functionalization (Zhou)
,PG
—PG
MeS|terne 40 C O O 2—R!
F Brg¢nsted acid catalysis (This work)
R® R3
o R?0,C.__O
PTS (20 mol%) 2
A~ ) Ve
N P R
R COR N MeCN, rt, 24h N
H H
R!
SCHEME 2

Transition-Metal Catalyzed C6 selective C—H Functionalization of Indoles

acid (PTS) was used as the catalyst, the product 3aa could be
obtained in a yield of 54% (Table 1, entry 2). Subsequently,
different solvents were examined. DCM and DCE provided the
desired product 3aa in moderate yields (Table 1, entries ht and 9).
Other solvents such as THF and DMSO were ineffective for this
reaction and only trace amounts of product were detected (Table 1,
entries 10 and 11). MeCN was found to be the optimal solvent and
the product 3aa was obtained in 85% yield (Table 1, entry 12).
Then,
transformation was investigated. When the reaction was

the influence of the reaction temperature to this

performed at 0°C, the yield of 3aa was decreased to 69%
(Tablel, entry 14). However, higher temperature also led to
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decreased yields (Table 1, entries 15 and 16). Finally, the ratio
of the starting materials was screened (Table 1, entries 16-20).
When 1.5 equivalent of 2,3-dimethyl indole was used, the desired
product was obtained in an excellent yield of 92% (Table I,
entry 18).

With the optimal reaction conditions in hand, we turned
our attention to examining the generality of that reaction.
Firstly, as shown in Scheme 3, under optimal reaction
conditions, various substituted f,y-unsaturated a-ketoesters
reacted with 2,3-dimethyl indole 2a and produced the
corresponding products in good to excellent yields. Both

and group

electron-donating electron-withdrawing
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PTS (20 mol%)

- > O

MeCN, 30 °C, 24h

3la (83%)

30a (72%)

Substrate scope of B,y-unsaturated a-ketoesters. *Reaction conditions: p,y-unsaturated a-ketoester 1 (0.2 mmol), Indoles 2a (0.3 mmol), PTS

(20 mol%), 30°C, 24 h, isolated yields. °1a (3 mmol), Indoles 2a (4.5 mmol).

substituted f3,y-unsaturated a-ketoesters were tolerated in this
reaction. The electronic properties of the substituents affect the
efficiency of this reaction. Generally, f,y-unsaturated «-
ketoesters with electron-donating groups (3ba-3ea) gave
higher yields than that with electron-withdrawing groups
(3fa-3ka). The steric effect of the substituents has little
influence to the yield of this reaction (3ba vs. 3da, 3ha vs.
3ja). Notably, halides including fluoro-, chloro- and bromo-
groups were compatible in this reaction. Furthermore,
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heteroarenes such as 2-naphthyl (3la) and thienyl (3ma)
substituted enoneates were also compatible in this reaction
and produced the corresponding products in 83% and 98%
yields, respectively. In addition, the reaction also gave good
yields when ethyl and isopropyl esters were used (3na, 30a).

Then, we examined the scope of indoles for this reaction.
As shown in Scheme 4, a range of 2,3-disubstituted indoles
were successfully applied in this reaction, providing the
corresponding C6 functionalized products in moderate to
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https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.992398

Zhang et al.

3af (40%)?

3ag (38%)°

SCHEME 4

PTS (20 mol%)

=

MeCN, 30 °C, 24h

10.3389/fchem.2022.992398

3ad (72%)
OMe

3ah (42%)?
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Substrate Scope of Indoles. Reaction conditions: ,y-unsaturated a-ketoester 1a (0.2 mmol), Indoles 2 (0.3 mmol), PTS (20 mol%), 30°C, 24 h,

isolated yields. *60°C.
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SCHEME 5
Proposed Reaction Modela.

good yields. When tetrahydro-1H-carbazole was subjected to
the optimized conditions, the desired product 3 ab was
obtained in 71% yield. Other analogues with six-, seven-
and five-membered fused rings were also tolerated in this
(3ac-3ae).
including halides (3ae-3ag), ester (3ah) and ketone (3ai)

reaction Besides, several functional groups

were compatible in this reaction. It should be noted that
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the substitution at both C2 and C3 positions of indole were
essential for this reaction. When 2-methyl-1H-indole was
used in this reaction, a mixture of isomers were obtained,
while 3-methyl-1H-indole led to the formation of 9H-pyrrolo
[1,2-a]indole (Sun et al.,, 2016). Other heterocycles such as
benzofuran, benzothiophene, carbazole and quinoline were
failed in this reaction.

On the basis of these results and the previous literatures,
we proposed a plausible reaction model to illustrate the
regioselectivity of this reaction. The Bronsted acid served as
a bifunctional catalyst to activate both the indole and the j3,y-
unsaturated a-ketoesters (Scheme 5).

In summary, we have developed a metal-free catalytic
approach for the remote C6-functionalization of 2,3-
disubstituted indoles. In the presence of catalytic amounts
of Bronsted acid, the f3,y-unsaturated a-ketoesters react with
2,3-disubstituted indoles at the C6 position selectively. Under
mild reaction conditions, a range of C6-functionalized indoles
were prepared with good yields and excellent regioselectivity.
This
efficient route for the synthesis of C6-functionalized indole

methodology provides a concise and

derivatives.
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spiroaspertrione A

Zhong-Hui Shen, Si-Yuan Lu, Jing-Yun Zheng, Xiang-Zhi Zhang,
Jin-Bao Peng and Ai-Jun Ma*
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Bioassay-guided isolation of spiroaspertrione A from cultures of Aspergillus sp.
TJ23 in 2017 demonstrated potent resensitization of oxacillin against
methicillin-resistant Staphylococcus aureus by lowering the oxacillin minimal
inhibitory concentration up to 32-fold. To construct this unique spiro[bicyclo
[3.2.2]nonane-2,1'-cyclohexane] system, a protocol for ceric ammonium
nitrate-induced intramolecular cross-coupling of silyl enolate is disclosed.

KEYWORDS

studies, synthesis, core skeleton, spiroaspertrione A, natural product

Introduction

The expansion of multidrug-resistant pathogens is a threat to human health that can
effectively take us back to the pre-antibiotic era for many infectious diseases (Walsh et al.,
2011). Considering its grave roles in hospital and community-acquired infections,
methicillin-resistant Staphylococcus aureus (MRSA) is a “superbug” with an extreme
array of resistance and virulence factors (Gonzales, et al., 2015). Drug-resistance gene
mutations of MRSA are exemplified by mecA, the disruption of which can produce
inducible resistance to S-lactam antibiotics because it encodes penicillin-binding protein
2a (Fuda et al., 2005). With the rapid acquisition of resistance restricting therapeutic
options for MRSA, many scientists have explored treatment methods combining the use
of small molecules to render MRSA sensitive to the effects of conventional S-lactam
antibiotics (Van Hal et al,, 2011; Long et al,, 2014; Bush, 2015; Gonzales et al., 2015).

In 2017, Zhang group used a bioassay-guided approach to isolate a novel terpene-
polyketide hybrid spiromero-terpenoid from a culture of Aspergillus sp. TJ23,
spiroaspertrione A (1), which bears a unique spiro[bicyclo[3.2.2]nonane-2,1’-
cyclohexane] carbocyclic skeleton (Figure 1) (He et al, 2017). Spiroaspertrione A
demonstrated potent resensitization of oxacillin against MRSA by lowering the
oxacillin minimal inhibitory concentration (MIC) up to 32-fold from 32 ug/mL to
1 pg/mL (He et al,, 2017). This promising bioactivity together with a unique spiro
[bicyclo[3.2.2]nonane-2,1-cyclohexane] carbocyclic skeleton renders spiroaspertrione A
an interesting and challenging target for total synthesis. To date, no synthesis method for
spiroaspertrione A has been reported.

Here, we analyzed and constructed the core skeleton of this spiromeroterpenoid,
culminating in a strategy of intramolecular enol oxidative coupling (Figure 2). When
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spiroaspertrione A (1)

FIGURE 1
Structure of spiroaspertrione A (1).

designing this synthetic strategy for spiroaspertrione A, we
noticed that the E lactone ring can be obtained by simple
lactonization during later synthesis. Construction of the spiro
[bicyclo[3.2.2]nonane] system of the ABCD rings exhibits a high
degree of ring tension and rigidity-the most interesting and
challenging feature of spiroaspertrione A synthesis. The core
skeleton of spiroaspertrione A could be constructed through
Birch reduction followed by methylation of the naphthene
compound 2. This synthetically significant and more tractable
spiro-ring system can then be built by an intramolecular enol
oxidative coupling (EOC) reaction of precursor 3, which can then

10.3389/fchem.2022.1022533

be traced back to a 1,4-conjugate addition of western fragment
5 and eastern fragment 4.

As an efficient synthetic method to directly construct C-C
bonds, the oxidative coupling reaction of enol derivatives has
been applied in the syntheses of polyketides, alkaloids, and other
natural products. (Murarka and Antonchick 2018). Although the
first oxidative coupling reaction of enol derivatives dates back to
1935, it did not receive widespread attention from chemists until
the 1970s because the efficiency and practicality of this reaction
were less than satisfactory (Fujii et al., 1992; Kohno and Narasaka
1995; Ryter and Livinghouse 1998; Ekebergh et al., 2011; Rathke
and Lindert 1971; Dessau and Heiba 1974; Xie and Huang 2010;
Renaud and Fox 1998). In 2005, Baran group began to conduct
in-depth research on the oxidative coupling reaction of enolates
and successfully applied their findings to the total synthesis of
multiple complex natural products (Baran et al., 2005; Richter
et al,, 2007; DeMartino et al., 2008). To date, the oxidative
coupling reaction of enol derivates remains under constant
development and optimization. The EOC reaction can be
broadly divided into two categories: direct oxidation, involving
the construction of C-C bonds under single-electron oxidants
(e.g., ketones, carboxylic acids, esters, and amides) bound to the
corresponding enols or enolates; and indirect oxidation, in which
single-electron oxidants are converted to the corresponding enol
(e.g., silanes and enamines) prior to construction of the C-C
bonds (Figure 3). The EOC reaction has been reviewed by Plumet
(Cséky and Plumet 2001), Baran (Baran 2006), Dong (Yeung
Dong 2011), Thomson (Guo et al., 2012), Ma (Nagaraju and Ma
2018), Chen (Chen and Liu 2021), and others.

In recent years, intermolecular and intramolecular EOC
reactions have been applied to many natural products as an
efficient method of constructing C-C bonds (Figure 4). Baran

O
(@] . .
Birch reduction
& methylation
—> p—
0 MeO
Spiroaspertrione A (1) core skeleton 2, R: EWG
Enol oxidative
coupling
o o)
Micheal addition
+
R e ———————
MeO
5 4 3

FIGURE 2
Retrosynthetic analysis.
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FIGURE 3

Types of enol oxidative coupling reaction.
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0" o

maoecrystal V
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Intramolecular Oxidative Coupling

(*)-actinophyllic acid
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Overman group Ma gro

FIGURE 4
Application of EOC reaction in the synthesis of natural products.

group completed the construction of the core skeleton of the
natural product maoecrystal V using intermolecular EOC
reactions (Krawczuk et al., 2009). Furthermore, Yang group
(You et al,, 2015) used enol silyl ethers substrates to realize
the enantioselective synthesis of propindilactone G from the
reaction.

Schisandra family by cross-oxidative coupling

Moreover, Thomson groups disclosed a method of self-
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intermolecular EOC reactions applied to the synthesis of
dimerized natural product bis-murrayaquinone A (Konkol
et al., 2011).

Using intramolecular EOC reactions, Overman group
(Martin et al., 2008; Martin et al., 2010) made important
progress toward the total synthesis of the indole alkaloids
(x)-actinophyllic acid. From 2010 to 2014, Ma group (Zuo
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MeO
5 K,CO4
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RO
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4c: R = jPr, 4d: R = tBu
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4a to 4f

FIGURE 5
Synthesis of precursor 3.

TABLE 1 Optimization of the reaction conditions®.

MeO l I

10.3389/fchem.2022.1022533

O RO__O
O  3a:R=Me, 3b: R=FEt

3c: R=jPr, 3d: R = {Bu
3e: R =/Bu, 3f: R=Bn

3ato 3f

X-ray of 3¢

\' o

e

o _O OO
O ‘ conditions
- @
0
MeO ‘ THF, -78 °C MeO
3a

2a
Entry Conditions
1 LHMDS, CuCl,
2 LHMDS, FeCl,
3 LDA, CuCl,
4 KHMDS, CuCl,
5 NaHMDS, CuCl,
6° NaHMDS, CuCl,, O,
74 NaHMDS, CuCl,, air
8 NaHMDS, Cu(acac),
9 NaHMDS, FeCl,
10 NaHMDS, I,
11¢ Ph

O—QPh Cu(acac),

N OTMS
H

(¢}
O
o
* O‘
MeO
2a'

X-ray of 2a"

Yield (2a+2a’)

<5%, 60% (brsm)"
<5%, 53% (brsm)®
complex mixture
9%

11%

“Reactions were carried out with 3a (30 mg, 0.081 mmol), metal base (0.243 mmol), and single-electricity oxidant (0.162 mmol) in THF (2.0 ml) under N,.

"Brsm = based on the recovered starting material.

“Reactions were carried out with CuCl, (20% mmol) under O,.

9Reactions were carried out with CuCl, (20% mmol) under air.

“Reactions were carried out with 10 mol% catalyst and Cu(acac), (20 mol%).

et al., 2010; Zuo and Ma 2011; Zi et al., 2012; Wei et al., 2013;
Teng et al., 2014) realized the efficient construction of the core
skeleton of indole alkaloids and synthesized several indole
alkaloids such as (+)-communesins A. In 2018, Thomson
group (Guo et al, 2012; Jones et al,, 2014; Robinson and
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Thomson, 2018) reported the strategy of intra-EOC reaction
using enol di-silyl ether to realize the formal synthesis of
natural products (+)-7,20-diisocyanoadociane and other
derived products.
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TABLE 2 Optimization of silyl bis-enol etherification conditions?.

|
TBSO 0O._0O

l l conditions OTBS
MeO . MeO ‘ i 0

dr 1 .1 A
Entry Conditions Yield %

Bis-silyl Mono-silyl

1 LDA, TBSOTf, THF complex mixture
2 LHMDS, TBSOTf, THF 21 75
3b LHMDS, HMPA, TBSCI, THF 24 74
4 KHMDS, TBSOTf, THF 35 60
5 NaHMDS, TBSOTf, THF 58 30
6° Et;N, TBSOTf, DCM 0 90

“Reactions were carried out with 3a (30 mg, 0.081 mmol), base (0.243 mmol), and TBSOTS (0.162 mmol) in THF (2.0 ml) at -78°C under N,
Reactions were carried out with 3a (30 mg, 0.081 mmol), LHMDS (0.243 mmol), TBSCI (0.162 mmol) and HMPA (0.162 mmol) in THF (2.0 ml) at -78°C under N,
“Reactions were carried out with 3a (30 mg, 0.081 mmol), Et;N (0.243 mmol), TBSOTT (0.162 mmol) in DCM (2.0 ml) at room temperature under N,

TABLE 3 Optimization of intramolecular EOC reaction conditions®.

o]
RO
MO RO O O
OX|dant 16)
O‘ solvent T. .)
MeO 0.5~1h, N,
MeO
2
undesired desired
Entry R M Oxidant Solvent T (°C) dr® Yield*
1 Me TBS CAN CH;CN/THF 0 8.7:1 77%
2 Et TBS CAN CH;CN/THF 0 8:1 74%
3 iPr TBS CAN CH;CN/THF 0 4.9:1 69%
4 Bu TBS CAN CH;CN/THF 0 12:1 68%
5 iBu TBS CAN CH;CN/THF 0 6.4:1 62%
6 iPr TES CAN CH;CN/THF 0 5.8:1 64%
7 iPr TIPS CAN CH;CN/THF 0 6.8:1 64%
8 iPr TBS CuCl, CH;CN/THF -78 to rt - 21% (50%)*
9 iPr TBS Cu(acac), CH;CN/THF -78 to rt -- -
10 iPr TBS FeCl; CH;CN/THF -78 to rt - 23% (54%)*
11 iPr TBS AgF, PhBr CH;CN Rt - no reaction
12 iPr TBS PhI(OH)OTs DCM -78 12:1 61%
“Reactions were carried out with 6 (0.08 mmol), CAN (0.24 mmol), and NaHCO3 (0.48 mmol) in CH3;CN/THF (0.1 M, 4:1) at 0°C under N,
"Determined ratio of 2’ and 2 by 'H NMR.
“Isolated yields of 2 and 2' after purification by column chromatography.
“Isolated yields of 3 after purification by column chromatography.
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Materials and methods

Unless otherwise noted, all reactions were carried out
under N, atmosphere. All reagents were from commercial
sources and used as received without further purification. All
solvents were dried by standard techniques and distilled prior
to use. Column chromatography was performed on silica gel
(200-300 meshes) using petrol etherand ethyl acetate as
eluent. NMR spectra were recorded on a Bruker Avance
operating at for 'H NMR at 500 MHz, “C NMR at
126 MHz and spectral data were reported in ppm relative to
tetramethylsilane (TMS) as internal standard and CDCl; (‘"H
NMR § 7.26, >*C NMR § 77.0) as solvent. All high-resolution
mass spectra (HRMS) were obtained by Thermo Scientific’s
UltiMate 3,000 Series liquid system and Thermo Scientific
Q-Exactive Orbitrap
spectrometer.

combined  quadrupole mass

According to our retrosynthetic analysis, we chose known
compound 5 (Li et al., 2019) and 4 self-prepared from 3-
methylcyclohept-2-en-1-one as substrates to form the
important precursor 3. Following screening of various
conditions, we obtained compound 3 as a minor product
with a yield of 30% under NaH and MeOH, and compound
5’s  O-1,4-addition byproduct the product.
Subsequent screening of several Lewis acids, such as
BF;-OEt and TiCly, yielded substrate 5s O-DA reaction

byproduct as the major product. To our delight, conducting

as major

the reaction in acetone at 55°C in the presence of K,CO5(2 eq)
afforded the desired 1,4-addition product 3 with 60%-68%
yield (Figure 5).

With precursor 3a in hand, we intended to construct the
desired C-C bond by single-electron oxidation under
conditions including a metal base (Table 1). In the presence
of LHMDS and cupric chloride (CuCl,) or ferric chloride
(FeCl3), we obtained a very small amount of the EOC
product 2a and 2a’, although the recovery yield was 60%
(Table 1, entries 1 and 2). We assumed that LHMDS
conditions were not conducive to the formation of stable
enolates, thus, screened various metal bases. When using
LDA as the base, the reaction only provided a complex
mixture and trace amount of product with the oxidant
CuCl, (Table 1, entry 3). The substrate was completely
consumed under conditions including KHMDS or NaHMDS
(Table 1, entries 4 and 5). Although we tried numerous
oxidative conditions, the yield of oxidative coupling products
was not significantly improved (Table 1, entries 6 to 11).

Results and discussion

According to the unsatisfactory experimental results
described above, we assumed that substrate 3a may form
more stable metal complexes with Cu(II) or Fe(III) ions
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under the alkaline system, thereby inhibiting the process of
oxidative coupling. Therefore, we envisaged the replacement
of this stable complex by enol silyl ether (Table 2). We chose
compound 3a as a substrate to first optimize the silyl bis-enol
etherification condition. The desired silyl bis-enol ether
product 6a was obtained with 21% yield in THF (2.0 ml) at
-78°C under N, in the presence of LHMDS (0.243 mmol) and
TBSOTf (0.162 mmol) (Table 2, entry 2). As previously
mentioned, it was not conducive to obtain silyl enol ethers
and could be broken down using LDA as the base (Table 2,
entry 1). Encouraged by this result, we surveyed other bases
including NaHMDS, KHMDS and Et;N, and found that
NaHMDS generated the best yield (58%) while Et;N only
generated monosilyl product (Table 2, entries 3-6).

With the enol bis-silyl ether 6a in hand, we intended to
optimize the intramolecular enol oxidative coupling reaction
(Table 3). Conducting the reaction in CH;CN/THF at 0°C in
the presence of CAN (0.24 mmol) and NaHCOj; (0.48 mmol)
exclusively afforded the coupling products in 77% isolated
yield after 0.5 h (Table 3, entry 1). However, the main product
4a’ identified by
stereoisomer. We intended to optimize the diastereomeric

X-ray analyses was an undesired
ratio (dr) by changing the ester group of 6 (Table 3,
entries 2-5) and found that the isopropyl dr of ester
substrate (3¢c) reached 4.9:1. We also explored the effect of
different (Table 3, 6-7).
Unfortunately, the silicon groups did not
decisively progress the EOC reaction. Finally, we evaluated
different oxidants to optimize the dr of products
(Table 3, entries 8-12). Cu(II) chloride and Fe(III) chloride

produced the coupling products with 21% and 23% yields,

silicon  groups entries

changing

but even more of the desilylation product 3 (Table 3,
8 and 10). Other metal
Cu(acac), and AgF, provided a complex mixture of product

entries oxidants, including

and raw product 6¢ (Table 3, entries 9 and 11), and the result of

Koser’s reagent (PhI(OH)OTs) was also unsatisfactory
(Table 3, entry 12).

Conclusion

In conclusion, we developed an efficient method of

constructing the spiro[bicyclo[3.2.2]nonane] system by
intramolecular ~ enol  oxidative  coupling  reaction.
Although the diastereomeric ratio of products is

embarrassing, the high yield of this remote oxidative
build spiro[bicyclo[3.2.2]
structures is encouraging. Our findings once

coupling reaction to rigid
nonane]
again confirm the practicality of enol oxidative coupling
reactions in natural products and provide a new strategy
for the synthesis of spiroaspertrione A. Further study for
the total synthesis of spiroaspertrione A is underway in our

laboratory.
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Lichens are important sources of versatile bioactive compounds. Two new
dibenzofurans (1-2), a multi-substituted single benzene ring (3), and two organic
acid compounds (4-5) along with 25 known compounds (6—30) were isolated from
the lichen Usnea diffracta Vain. Their structures were identified by physicochemical
properties and spectral analyses. Compounds 1-30 were tested for inhibitory
activities against Staphylococcus aureus, Escherichia coli, and Candida albicans
by the disk diffusion method and microdilution assay respectively. Compound 3
showed moderate inhibitory activities against S. aureus and E. coli with the inhibition
zone (IZ) of 6.2 mm and 6.3 mm, respectively. Depside 10 exhibited good activity
against S.aureus and C. albicans with 6.6 mm and 32 pug/ml, respectively. The
acetylcholinesterase inhibitory activities of compounds 1, 2, and 6—8 with the
characteristic dibenzofuran scaffold were evaluated var anti-AChE assay and a
molecular docking study. Compound 2 could better inhibit AChE at the
concentration of 0.3 pmol/ml with a value of 61.07 + 0.85%. The molecular
docking study also demonstrated that compound 2 had the strongest binding
affinity among the five dibenzofurans, and the "-CDOCKER Energy” value was
14.4513 kcal/mol.

KEYWORDS

Usnea diffracta Vain, phenols, dibenzofurans, usnic acid, antimicrobial activities,
acetylcholinesterase inhibition

1 Introduction

Lichens are autotrophic symbionts which are composed of mycobiontic fungi (mainly
Ascomycetes) and one or more photosynthetic organisms (algae or cyanobacteria). Lichens
have a remarkable ability to survive in extreme environmental conditions ranging from deserts
to polar areas. Their specific secondary metabolites can protect them from physical and
biological attacks (Reddy et al., 2019; Popovici et al,, 2022). Lichens are not only ecologically
important but also significant medicinal natural product resources, especially phenolic
secondary metabolites, including phenols (orinol), dibenzofurans (usnic acid and its
derivatives), depsidones (norstictic acid), depsides (diffractaic acid), depsones (picrolichenic
acid), and pulvinic acid derivatives (vulpinic acid). There are about 26,000 species of lichens
belonging to 500 genera in the world, among which more than 360 Usnea species are found
(Salgado et al., 2018).

Usnea diffracta Vain, belonging to the genus Usnea, is widely used as a folk medicine for the
treatment of diarrhea, stomachache, ulcer, tuberculosis, pneumonia, malaria, wounds, and

225 .
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parasitic diseases (Singh B. et al., 2016; Zhao et al., 2019). Depsidones,
depsides, depsones, quinones, polyphenolics, polysac-charides, and
dibenzofurans are the main compounds of Usnea (Salgado et al,
2018). Previous studies have showed numerous good pharmacological
activities of U. diffracta, such as antimicrobial, antioxidant, antitumor,
antiviral, anti-inflammatory, cardiovascular protective, anti-
genotoxic, and antiproliferative effects (Behera et al, 2012; Lai
et al., 2013; Ceker et al., 2015; Koparal, 2015; Nishanth et al., 2015;
Singh S. et al, 2016; Vanga et al, 2017; Yang et al., 2017). It is
noteworthy that most of these pharmacological activities are attributed
to the availability of bioactive depsides and dibenzofuran derivatives
(especially usnic acid) (Sun et al.,, 2016). Usnea diffracta and its major
constituent usnic acid are potent antimicrobial agents to inhibit
growth of different planktonic bacteria and fungi strains (Helena
et al.,, 2012).

Alzheimer’s disease (AD) is a serious degenerative disorder of the
central nervous system, characterized by a variety of symptoms,
including memory loss, emotional behavior, and cognitive
impairment (Singh et al, 2013). One of its pathogeneses mainly
includes cholinergic system damage. The cholinergic system of AD
patients involves two main cholinesterases (ChE), acetylcholin-esterase
(AChE) and butyrylcholinesterase (BChE) (Colovic Mirjana et al., 2013).
AChE inhibitors mainly act on the catalytic active site (CAS) at the
bottom of AChE, which can relieve the symptoms of mild-to-moderate
AD patients (Zhu et al,, 2019). At present, cholinesterase inhibitors are
mainly selective acetycholinesterase inhibitors (AChEIs) such as tacrine,
donepezil, and galantamine (Greig et al., 2005; Furukawa-Hibi et al.,
2011; Wu et al., 2016). These drugs have greater side effects or lower
response rates in the long-term treatment of patients with mild-to-
moderate AD. In order to find natural lead compounds for the treatment
of Alzheimer’s disease, benzofurans, as an important pharmacophore,
have received extensive attention in the past few years because of their

attractive cholinesterase inhibitory activity (Rizzo et al., 2012; Khanam
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FIGURE 1
Chemical structures of compounds 1-30.
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and Shamsuzzaman, 2015; Delogu et al., 2016; Wang et al., 2017). The
bibenzofuran structures of usnic acid derivatives are similar to those of
galantamine, an anticholinesterase drug for AD. Usnic acid enantiomers
show antioxidant and anti-inflammatory activities, which are involved
in AD pathogenesis (Aratjo et al., 2015; Cazarin et al., 2020).

Hence, in the current research, 30 compounds including five new
compounds were isolated and identified from U. diffracta. The
complete isolation and structural elucidation of all compounds and
their antimicrobial activities against two pathogenic bacteria including
one Gram-positive strain (Staphylococcus aureus) and one Gram-
negative bacterial strain (Escherichia coli) and fungus strain
(Candida albicans) were described. Among them, the inhibitory
activities on AChE of usnic acid derivatives 1, 2, and 6-8 were
reported. The interaction between these compounds and the active
centers of AChE were investigated by molecular docking.

2 Results

2.1 Isolated compounds from Usnea diffracta
Vain

Thirty compounds (Figure 1) were separated and identified from
the ethanol extract of the dry lichen body of U. diffracta Vain,
including five dibenzofuran compounds (1, 2, and 6-8), eleven
multi-substituted single benzene ring compounds (3 and 13-22)
(9-12),
compounds (4, 5, 24, and 25), one organic acid ester compound

and four depsides compounds four organic acid
(23), two fatty acids containing furan ring (26 and 27), one furfural
compound (28), one amino acid compound (29), and one nucleoside
compound (30). After searching the SciFinder database, compounds
1-5 were identified as new compounds and their structural analysis as

follows.
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TABLE 1 'H and'>C NMR data (8 in ppm, J in Hz) for 1-5.

1 200 196.2 105.5 179.6 179.2

2 106.8 100.6 11.95 (1H, s) 165.7 2.28 (1H, m) 55.4 227 55.6
(1H, m)

3 194.1 188 6.33(1H,d,J=2.4) 98.8 1.51 (1H, m) 29.6 3.67 73.0
(1H, m)

1.58 (1H, m)

4 310 (1H,d,J=15.4) 437 5.87 (1H, s) 101.4 163.8 1.34 (2H, m) 31.0 1.50 38.1

(2H, m)

3.15(1H,d,J=15.4)

4a 111.6 172

5a 158.5 154.8

5 6.28 (1H,d,J=2.4) 111.1 1.34 (2H, m) 23.8 1.38 19.9
(2H, m)

6 102.3 99.9 143.0 091 (3H,t,]=6.9) 14.3 0.94 14.3
(3H, m)

7 163.8 13.40 (1H, s) 1615 2.52 (3H, ) 246 3.86 (1H, m) 69.7 1.60 23.1
(2H, m)

8 106.5 105.3 172.2 1.19(3H,d,J=6.3) 21.3 0.94 12.4
(3H, m)

9 161.2 12.31 (1H, s) 156.7 4.27 (2H, m) 67.6

9a 107.6 104.2

9b 61.2 553

10 1.55 (3H, s) 19.2 1.64 (3H, s) 30.7 1.71 (1H, m) 38.8

11 176.1 174 1.39 (2H, m) 30.6

12 2.52 (3H, s) 18.0 2.58 (3H, s) 17.1 1.32 (2H, m) 29.0

13 1.96 (3H, s) 74 1.97 (3H, s) 65 1.32 (2H, m) 23.0

14 202.8 199.9  0.90 (3H,t, ] =7.0) 14.0

15 2.55 3H, s) 314 2.63 3H, s) 30 1.45 (2H, m) 24.0

16 388 (1H,q,J=7.0) = 60.7 0.94 BH, t,J=7.5) 11.1

3.87 (1H, q, ] = 7.0)

17 123 BH, t,J=7.0) 157

18

v 359 2H, t,J =7.3) 442 | 354-359 (2H, m) 418
2! 1.94-2.01 2H, m) = 254 1.86 (2H, m) 23
3 243 2H, t,J=71) 317 | 235QH,t,J=73) 297
4! 176.2

5

6

-OCH;, 3.80 (3H, s) 55.3
-NH- 13.05 (1H, t,J=5.2)
-COOH 172.7
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Chemical structures of compounds 1-5 along with the key *H-*H COSY, HMBC, and NOESY interactions.

2.1.1 Usenamine G (1)

Pale yellow oil (CH;0H). [a]F -132.0° (¢ 0.05, CH;0H); CD
(0.59 mg/ml, CH;0H) Amax (Ae) 304 (-2.19) nm, 278 (+1.74) nm;
UV (CH30H) Amax (log €): 223 (3.92) nm, 296 (4.16) nm; IR (KBr):
Vmax 3426, 1639, 1541, 1420, and 1015cm™; 'H NMR (500 MHz,
CD50D) and "*C NMR (125 MHz, CD50D) data; HR-ESI-MS m/z
4761931 [M + H]* (Caled. For Cyo,H,oNO,, 476.1921) (Table 1;
Supplementary Figures S1-S11).

The 'H NMR data of 1 in CD30D showed signals for five methyl
groups: § 1.23 (3H, t), 1.55 (3H, s), 1.96 (3H, s), 2.52 (3H, s), and 2.55
(3H, s); four methylene groups: § 2.43 (2H, t), 1.94-2.01 (2H, m), 3.59
(2H, t), 3.88 (1H, q) and 3.87 (1H, q); two single hydrogen signals: &
3.10 (1H, d) and 3.15 (1H, d). The coupling constants at ¢ 3.10 and
3.15 are both 15.4 Hz, which is speculated to be a carbon coupling
hydrogen signal. The C NMR spectrum showed 24 carbon
resonances that consisted of three carbonyl signals (§ 202.8, 200.0,
and 194.1), aromatic carbon signals and alkene carbon signals (§ 161.2,
163.8, 158.5, 107.6, 106.8, 106.5, and 102.3), the chemical shifts
176.2 and 176.1 may contain carboxyl signals, as well as oxycarbon
and aliphatic carbon signals. According to the DEPT 135 spectra
(Supplementary Figure S11), five methylenes (8 60.7, 44.2, 43.7, 31.7,
and 25.4) were existed in compound 1. The HSQCs (Supplementary
Figure S8) indicated directly linked hydrocarbon correlations.
Combined with 'H-'H COSY, the correlations (Figure 2;
Supplementary Figure S7) from &y 3.10 to 8y 3.15, 8y 1.23 to &y
3.88/3.87, and 8y 1.97 to 8y 2.43/3.59 further verified the existence of
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-CH,-, -OCH,CHj, and -CH,-CH,-CH,-. The HMBCs (Figure 2;
Supplementary Figure S9) from 8y 1.55 to dc 200.0/111.6/107.6/
61.2 indicated that the angular methyl group was located at C-9b,
while those from Jyy 2.55 to 8¢ 102.3/202.8 suggested that C-14 was
connected to C-6. The correlations from 8y 2.52 to Jc 106.8/
176.1 established the connection of C-11 with C-2. The HMBCs
from Oy 3.88/3.87 to dc 15.7/111.6 suggested the connection of an
ethoxy group at C-4a and from &y 2.43/1.94-2.01 to 8¢ 176.2 and 6y
3.59 to dc 176.1 revealed the presence of a C-2 enamine moiety in
compound 1. The configuration of the double bond was determined by
the NOESY data (Figure 2; Supplementary Figure S10) 8y (2.52) - 8y
(3.59) as E, analysis of the correlation between Jy (1.55/2.55) and &y
(3.88/3.87) dedicated that 9b-CH; and 4a-OCH,CH; were on the
same side. In addition, the CD spectrum (Supplementary Figure S2) of
compound 1 was compared with the related literature previously
published (Yu X. et al,, 2016). Compound 1 presented one negative
maximum at 298 nm and positive at 278 nm, which was consistent
with the CD spectrum of Usneamine B, indicating that the absolute
configuration of compound 1 was 4aR/9bR, as represented in Figure 2.
Opverall, compound 1 was identified as a new compound by SciFinder
inquiry, named Usenamine G.

2.1.2 Usenamine H (2)

Pale yellow oil (CH30H). [a]f +104.0° (¢ 0.05, CH;0H); CD
(0.59 mg/mL, CH3;OH) Amax (Ag) 332 (+0.59) nm; 'H NMR
(600 MHz, DMSO-d¢) and *C NMR (150 MHz, DMSO-d,) data;
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HR-ESI-MS m/z 430.1518 [M + HJ]" (Caled. For C,,H,3NOg,
430.1502) (Table 1; Supplementary Figures S12-S16). A
comparison of the 'H and C NMR data of compound 2 with the
'H (500 MHz, CD;0D) and *C NMR (125 MHz, CD;0D) data of 1
revealed their structural similarities, except for the presence of alkene
proton signal at dy 5.87 (1H, s)/d¢c 101.4 (C-4), and the absence of
-OCH, - (C-16) and -CH; segments (C-17). The NOESY correlation
(Supplementary Figure S16) between H-12 (8 2.58) and H-1' (§
3.54-3.59) suggested an E-configuration for the double bond and it
was the same as compound 1 (Figure 2). The similar sign of the specific
rotation [a]f; +104.0° (c .05, CH;OH) and positive at 333 nm, which
was consistent with the CD spectrum of Usneamine A (Yu X. et al,,
2016), indicating that the absolute configuration was 9bR, as
represented in Figure 2. The spectroscopic data were in accord
with the literature (Bruno et al., 2013), compound 2 was identified
as a new compound by SciFinder inquiry, named Usneamine H.

2.1.3 2-Ethylhexyl-4-methoxy orsellinate (3)

White oil (CH;0H). [a]5 -12.0° (¢ 0.05, CH;0H); CD (0.09 mg/ml,
CH;0H) Amax (Ag) 227 (+0.28) nm, 253 (+0.08) nm, 266 (-0.06) nm,
227 (+0.03) nm; UV (CH30H) Amax (log €): 215 (4.27) nm, 263 (4.03)
nm, 301 (3.61) nm; IR (KBr): v, 3462, 2960, 2931, 1653, 1617, 1576,
1456, 1257, 1159 cm™'; '"H NMR (500 MHz, CDCl;) and "*C NMR
(125 MHz, CDCl,) data; HR-ESI-MS m/z 295.1897 [M + H]* (Calcd.
For C;7H,604, 295.1909) (Table 1; Supplementary Figures S17-S27).

The 'H NMR data of 3 in CDCl; showed signals for a hydroxyl: &
11.95 (1H, s); two m-position hydrogen of benzene ring: § 6.33 (1H, d,
J =2.4Hz) and 6.28 (1H, d, ] = 2.4 Hz); a -O-CH,- fragment: § 4.27
(2H, m); a methoxy group: 6 3.80 (3H, s); a methyl attached to the
benzene ring: § 2.52 (3H, s); an aliphatic chain: § 1.71 (1H, m), 1.45
(2H, m), 1.39 (2H, m), and 1.32 (4H, m); and two terminal methyl of
aliphatic chain: § 0.94 (3H, t, ] = 7.5 Hz) and 0.90 (3H, t, ] = 7.0 Hz).
The *C NMR spectrum revealed 17 carbon resonances that consisted
of a -COO- fragment signal (6 172.2), a -O-CH,- fragment signal (§
67.6), a -O-CHj fragment signal (8 55.3), six aromatic carbon signals
(6 105.5, 165.7, 98.8, 163.8, 111.1, and 143.0) and eight aliphatic
carbon signals (8 38.8, 30.6, 29.0, 24.6, 24.0, 23.0, 14.0, and 11.1). The
DEPT spectra (Supplementary Figure S27) demonstrated five
methylene signals: § 67.6, 30.6, 29.0, 24.0, and 23.0. The HSQCs
(Supplementary Figure S24) indicated directly linked hydrocarbon
correlations. According to the HMBCs (Figure 2; Supplementary
Figure S25), correlations from &y (0.94) to d¢ (24.0/38.8), 0y (0.90)
to 8¢ (23.0/29.0), 8y (1.32) to 8¢ (14.0/23.0/29.0/30.6), and 8y (1.39) to
Oc (23.0/29.0) showed the presence of -CH,-CH,-CH,-CHj fragment
in the aliphatic chain, and &y (0.94) to &y (1.45) showed -CH,-CHj.
The correlations from g (1.38) to ¢ (38.0/67.6), O (1.45) to O (67.6/
38.8/11.1/30.6), 8 (1.71) to dc (67.6/24.0/11.1/30.6), and Sy (4.27) to
Oc (23.0/30.6/38.8/172.7) together indicated the fragment of CHj-
CH,-CH-CH,-OO0C-, in which -CH- was linked to the butyl
group. The 0y (2.51)-6c (143.0/111.1/105.5) and &y (3.80)-8¢
(163.8) revealed that the methyl and oxymethyl existed on the
benzene ring. At the same time combined with COSY correlations
(Supplementary Figure S23), the planar structure of compound 3 was
shown in Figure 2. The main hydrogen-related signals shown by the
NOESY spectra (Figure 2; Supplementary Figure S26) were Jy
(4.27)-8 (0.94/1.32/1.39/1.45/1.71), 8y (2.51)=8y (1.32/1.39/1.45/
1.71), 6y (6.33)-0y (3.80), and Oy (6.28)-0y (2.52). In addition,
the CD spectrum (Supplementary Figure S18) of compound 3 was
compared with the related literature previously published (Nahrstedt
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et al, 1990). Compound 3 presented one negative which was
with  (S)-2-Methylbutan-1-yl-3-D-glucopyranoside,
indicating that the absolute configuration of C-10 was S. Through

consistent

SciFinder database query, it was confirmed that compound 3 was a
new compound and shared the similar structure with 2-ethylhexyl
orsellinate (Bui et al, 2020), named 2-ethylhexyl-4-methoxy
orsellinate.

2.1.4 2-(1-Hydroethyl)-hexanoic acid (4)

White oil (CH;0H). [a]$ -8.0° (¢ 0.07, CH;0H); CD (0.56 mg/mLl
CH;0H) Amax (Ag) 199 (-0.22) nm; UV (CH;0H) Amax (log €): 202
(2.68) nm, 222 (2.35) nm, 274 (1.70) nm; IR (KBr): vpax 3416, 2958,
2932, 1694, 1403, 1204, and 1119 cm™; 'H NMR (600 MHz, CD;OD)
and “C NMR (150 MHz, CD;OD) data; HR-ESI-MS m/z
159.1038 [M-H]  (Caled. For CgH;c05, 159.1021) (Table 1;
Supplementary Figures S28-S38).

The 'H NMR data of compound 4 in CD;0D showed signals for
14 hydrogen atoms. According to the chemical shift, 1.19 (3H, d, ] =
6.3 Hz), it is inferred that there is a -CH-CHj fragment in the
structure, and the shift 091 (3H, t, ] = 6.9 Hz) showed the
existence of -CH,.CHs;. The “C NMR spectrum showed eight
carbon resonances that consisted of one carbonyl signals (& 179.6),
one -O-C- fragment signal (6 69.7), one -O-CHj; fragment signal (8
55.4), and five aliphatic carbon signals (8 31.0, 29.6, 23.8, 21.3, and
14.3). According to the DEPT 135 spectra (Supplementary Figure
$38), three methylenes (§ 31.0, 29.6, and 23.8) were existed in
compound 4. The HSQC spectrum (Supplementary Figure S35)
revealed directly linked hydrocarbon correlations. Correlations
presented in 'H-'"H COSY (Figure 2; Supplementary Figure $34)
from 8y (1.19) to Oy (3.86), Oy (3.86) to 8y (2.28), 8y (1.51/1.58)
to Oy (1.34/2.28), and 8y (1.34) to Oy (.91) further verified the
existence of -CH-CHj; and -CH,-CH,-CH;. The HMBCs (Figure 2;
Supplementary Figure S36) from dy (.91/1.51/1.58) to 6¢ (23.8/31.0)
and 0y (1.34) to dc (14.3/23.8/31.0) indicated the presence of CH;-
CH,-CH,-CH,-. The correlations from &y (2.28) to d¢ (21.3/29.6/
69.7) and &y (3.86) to d¢ (29.6/55.4/179.6) showed the fragment of
COOH-CH-CH-OH. The signal of &y (1.19) - dc (55.4/69.7)
confirmed that the terminal methyl (C-8) was connected to C-7.
The main hydrogen-related signals shown by the NOESY spectra
(Supplementary Figure S37) were 8y (2.28) - 8y (3.86/1.51/1.58/1.34/
1.21) and Oy (3.86) - Oy (1.51/1.58/1.21). The structure and
spectroscopic data were shown in Figure 2 and Table 1. Overall,
compound 4 was identified as a new compound by SciFinder inquiry,
named 2-(1-hydroethyl)-hexanoic acid. Its configuration needs to be
further determined.

2.1.5 2-Ethyl-3-hydroxyhexanoic acid (5)

White oil (CH;0H). [a]¥ -8.0° (c 0.05, CH;OH); 'H NMR
(600 MHz, CD;0D) and "*C NMR (150 MHz, CD;0D) data; HR-
ESI-MS m/z 159.0546 [M-H] (Calcd. For CgH,403, 159.1021)
(Table 1; Supplementary Figures S39-546).

A comparison of the 'H and ">C NMR data of compound 5 and
compound 4 revealed their structural similarities, except for the
presence of two proton signals at dy 1.60 (2H, m)/dc 23.1 (C-7)
and one proton signal at 8y 3.67 (1H, m)/8c 73.0 (C-3). According to
the chemical shift, it is inferred that the hydroxyl group (C-7) of
compound 4 was connected to the C-3 in compound 5. Also, the 'H
NMR data of compound 5 showed signals for 14 hydrogen and the >C
NMR spectrum showed eight carbon resonances. According to the
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TABLE 2 Antimicrobial activities of compounds from U. diffracta Vain. (The IZ value indicated the diameter of the inhibition zone at 3.2 pg/disk. The MIC value indicated

u__n

the minimal inhibitory concentration. “—" indicated no inhibitory activity in 3.2 pg/disk or 64 pg/ml.)

1Z (mm)/S. aureus

IZ (mm)/E. coli

MIC(ug/ml)/C. albicans

2 — 2 — 2 64
3 6.2 3 6.3 3 —
4-8 — 4 — 4-5 No antifungal assay
9 6.4 5 — 6-9 64
10 6.6 6 — 10 32
11-17 — 7 — 11 —
18 6.6 8 — 12-15 64
19 — 9 — 16 —
20 — 10 — 17 64
21 — 11-29 - 18-25 —
22-30 — 30 6.3 26-27 64
DMSO — DMSO — 28 —
Gentamicin sulfate 12.3 Gentamicin sulfate 124 29-30 64

DEPT 135 spectra (Supplementary Figure S46), three methylenes
were existed in compound 5. The HSQC spectrum (Supplementary
Figure S43) revealed directly linked hydrocarbon correlations.
Correlations presented in 'H-'H COSY (Supplementary Figure
S42) from 8y (1.50) to Oy (3.67) and Oy (1.60) to Oy (0.94)
further verified the existence of -CH,-CH,-CH-OH and -CH,-
CHs;. The relations of 8y (0.94)-(1.60/3.67) showed that the -CH-
COOH fragment was linked to -CH-OH and -CH,-CHj; fragment
and 8y (0.94)-(1.38) indicated that the terminal methyl was
connected to the -CH,-CH,-. The correlations of H-2/C-1, 3, 4,
7,8;H-3/C-1, 2,4, 5; H-4/C-3, 5, 6; H-5/C-3, 4, 6; H-6/C-4, 5; H-7/C-
1,2,3,4, 8;and H-8/C-2, 7 were observed in HMBC (Supplementary
Figure S44) and H-2/H-4, 7, 3 and H-6/H-4, 7, 5 in NOESY
(Supplementary Figure S45). The structure and spectroscopic data
were shown in Figure 2; Table 1. The configuration of the two chiral
carbons could not be determined. Compound 5 was identified
as a new compound by SciFinder inquiry, named 2-ethyl-3-
hydroxyhexanoic acid (Wahl et al., 2001).

The known compounds isolated and identified by spectroscopic
techniques were Usneamine F (6) (Yu X. et al., 2016), Usneamine E
(7) (Yu X. et al.,, 2016), (+)-usnic acid (8) (Laxi et al., 2013), 2'-O-
(Huneck et al, 1989),
methylphenyl-2-hydroxy-4-methoxy-6-methylbenzoate (10) (Yu
X.L. et al.,, 2016), evernic acid (11) (Tang et al., 2015), lecanorin
(12) (Bui et al., 2020), ethyl everninate (13) (Yu X.L. et al., 2016),
evernesic acid (14) (Nishitoba et al., 1987), methyl-2,4-dihydroxy-
3,6-dimethylbenzoate (15) (Feng et al., 2009), bis-(2S-ethylhexyl)
benzene-1,2-dicarboxylate (16) (Su et al., 2009), dibutyl phthalate
(17) (Li et al.,, 2009), orsellinaldehyde (18) (Zheng et al., 2012),
ethyl orsellinate (19) (Tuan et al., 2020), n-butyl orsellinate (20) (Li
et al., 2006), orcinol (21) (Eliwa et al., 2019), orsellinic acid (22)
(Wang et al., 2009), a-linolenic acid methyl ester (23) (Zou et al.,
2021), a-linolenic acid (24) (Qin et al., 2010), linoleic acid (25)
(Zhao et al., 2020), constipatic acid (26) (Chester and Elix, 1979),

methylevernol (9) 3-hydroxy-5-
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18R-hydroxy-dihydroalloprotolichesterinic acid (27) (Rezanka
and Guschina, 2001), 5-hydromethyl furaldehyde (28) (Feng
et al, 2011), 4-(acylamino)butyramides (29) (Graham et al,
1987), and uridine (30) (Gu et al.,, 2017); (Figure 1).

2.2 Antimicrobial activity

In this study, the antimicrobial activities of the isolated
compounds were studied in vitro. The inhibition zone of the
compounds against S. aureus and E. coli were determined by the
disk diffusion method and the values of minimal inhibitory
concentration (MIC) against C. albicans by microdilution
assay. The results (Table 2) revealed that when the amount of
compound was 3.2 pg/disk, the inhibition zone (IZ) of
compounds 3, 9, 10, and 18 were 6.2, 6.4, 6.6, and 6.6 mm,
respectively, and others had no effect in the preliminary
screening experiment of anti-S. aureus. Among them, 10 and
18 exhibited better antibacterial activities against S. aureus than
other compounds, but lower than the positive control gentamicin
sulfate. In addition, compounds 3 and 30 can better inhibit E. coli
with IZ of 6.3 mm than other compounds at 3.2 pg/disk. The assay

TABLE 3 AChE inhibitory activities of five dibenzofurans from U. diffracta Vain.

Compound AChE inhibition (% at 0.3 pumol/ml)
1 61.18 + 1.16
2 67.56 + 0.49
6 61.07 + 0.85
7 57.61 + 0.23
8 58.06 + 0.73
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TABLE 4 Binding interaction data of compounds 1, 2, and 6-8 docked into the active site gorge of AChE.

Ligand -CDOCKER Energy (kcal/mol) Interacting site  Residue Type of interaction  Distance Ligand interacting moiety

1 1.01935 Anionic subsite Tyr133 H-bonded 2.12 C7-OH
Anionic subsite Tyr133 H-bonded 245 C14-C=0
Val294 H-bonded 2.41 C4'-C=0
Oxyanion hole Gly120 H-bonded 2.82 C14-C=0
Oxyanion hole Gly120 Amide-Pi stacked 4.1 Benzene ring
PAS Tyr124 H-bonded 2.34 C1'-H
PAS Tyr124 H-bonded 249 Cl'-H
PAS Tyr124 Pi-alkyl 4.49 Cl10
PAS Tyr341 Pi-cation 3.57 N
PAS Asp74 Attractive charge 5.58 N
CAS His447 Pi-alkyl 4.92 C17
Anionic subsite Tyr337 Pi-alkyl 4.09 C17
Anionic subsite Trp86 Pi-alkyl 5.44 C17
2 14.4513 Anionic subsite Tyr133 H-bonded 233 C7-OH
Oxyanion hole Gly120 Amide-Pi stacked 4.02 Benzene ring
PAS Tyr124 H-bonded 245 C2'-H
PAS Tyr124 H-bonded 2.35 C2'-H
Acyl pocket Phe295 H-bonded 2.08 C4'-COOH
PAS Tyr341 Pi-cation 3.68 N
Anionic subsite Tyr337 Pi-alkyl 43 C10
Anionic subsite Trp86 Pi-alkyl 4.37 C10
6 -1.95894 Anionic subsite Tyr133 H-bonded 2.28 C7-OH
PAS Tyr124 H-bonded 2.04 -NH-
PAS Tyr124 Pi-alkyl 52 c17
PAS Tyr341 H-bonded 2.57 C3-C=0
PAS Tyr341 Pi-cation 421 N
Ser125 H-bonded 236 Cl6-H
Ser125 H-bonded 22 Cl6-H
Anionic subsite Trp86 Pi-alkyl 4.28 C10
Anionic subsite Tyr337 Pi-alkyl 4.29 C10
Oxyanion hole Gly120 Amide-Pi stacked 4 Benzene ring
7 12.8461 Gly126 H-bonded 2.51 C4'-C=0
Ser125 H-bonded 2.68 C4'-C=0
Anionic subsite Trp86 Pi-lone pair 2.88 C3-C=0
Anionic subsite Trp86 Pi-cation 4.54 N
Anionic subsite Glu202 Attractive charge 4.33 N
PAS Tyr124 Pi-lone pair 2.86 Benzene ring
PAS Tyrl24 Pi-alkyl 434 C10

(Continued on following page)
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TABLE 4 (Continued) Binding interaction data of compounds 1, 2, and 6-8 docked into the active site gorge of AChE.

Ligand -CDOCKER Energy (kcal/mol) Interacting site  Residue  Type of interaction  Distance Ligand interacting moiety
PAS Tyr341 Pi-Pi 4.67 Benzene ring
Anionic subsite Tyr337 Pi-Pi 573 Benzene ring
Anionic subsite Phe338 Pi-alkyl 4.99 Cl16
Acyl pocket Phe297 Pi-alkyl 4.78 Cle
8 -3.65539 Oxyanion hole Gly121 H-bonded 1.83 C14-C=0
Oxyanion hole Gly122 H-bonded 1.95 C14-C=0
CAS Ser203 H-bonded 224 C14-C=0
Oxyanion hole Ala204 H-bonded 2.14 C14-C=0
Oxyanion hole Gly120 H-bonded 2.68 C3-C=0
CAS His447 H-bonded 2.59 C1-C=0
PAS Tyr124 Pi-alkyl 5.86 Benzene ring
PAS Tyr34l Pi-alkyl 4.02 C16
Anionic subsite Tyr337 Pi-alkyl 3.99 C13
Anionic subsite Trp86 Pi-alkyl 4.87 C13

of anti-C. albicans showed that the MIC value of tested compound
10 was 32 pg/ml, which exhibited the strongest inhibitory activity
among all compounds. In conclusion, the results of the
preliminary screening demonstrated that compound 3 had
certain inhibitory activities against S. aureus and E. coli but no
anti-C. albicans activity at 64 ug/ml, compound 9 had certain
inhibitory effect on S. aureus and C. albicans with MIC of 64 pg/
ml. Furthermore, in this preliminary screening, compound 10
demonstrated the strongest inhibition against S. aureus and C.
albicans among all compounds.

2.3 Acetylcholinesterase inhibitory activity

The activities of five dibenzofurans [Usneamine G (1), Usenamine
H (2), Usneamine F (6), Usneamine E (7), and (+)-usnic acid (8)]
against AChE were evaluated in the current work. Compound 2 (at the
concentration of 0.3 pmol/ml) exhibited the strongest AChE
inhibitory activity among the five compounds, with the inhibition
value of 67.56 + 0.49% (as shown in Table 3). Others also exhibited
moderate AChE inhibition at the concentration of 0.3 pumol/ml with
values of 61.18 + 1.16%, 61.07 + 0.85%, 57.61 *+ 0.23%, and 58.06 *
0.73%, respectively.

2.4 Molecular docking study

In order to study the binding affinity related to the inhibition of
acetylcholinesterase, five compounds of dibenzofurans: Usneamine G
(1), Usenamine H (2), Usneamine F (6), Usneamine E (7), and
(+)-usnic acid (8) were simulated. The results of molecular docking
revealed that the five compounds had good binding affinities with the
active pockets of AChE, and the “CDOCKER Energy’ values were
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1.01935 kcal/mol, 14.4513 kcal/mol, -1.95894 kcal/mol, 12.8461 kcal/
mol, and -3.65539 kcal/mol, respectively, higher than that of the
original ligand galantamine (-9.06147 kcal/mol). Among them,
compound 2 exhibited the highest AChE inhibition, which was
consistent with the previous work. The interactions data for
compounds 1, 2, and 6-8 docked into the active site gorge of
AChE is shown in Table 4.

Regarding AChE, the higher of “CDOCKER Energy’ meant
interactions between the five compounds and the 4EY6 were
stronger than galantamine. Hydrogen bonding, attractive charge,
amide-Pi stacked, Pi-Pi, Pi-alkyl, Pi-cation, Pi-anion, Pi-lone pair
interactions were found to be involved between the compounds and
the active site residues Tyr133, Tyr337, Trp86, Glu202, and Phe338 in
the anionic subsite; Tyr124, Tyr341, and Asp74 in the peripheral active
site (PAS); His447 and Ser203 in the catalytic active site (CAS);
Gly120, Glyl21, Glyl22, and Ala204 in the oxyanion hole; and
Phe297 and Phe295 in the acyl pocket (Namdaung et al, 2018;
Saenkham et al., 2020). Compound 2 was found with the highest
AChE (PDB: 4EY6) inhibition, which showed eight tight bindings to
key residues (Table 4). The 3D and 2D molecular interaction of
compound 2 in the binding pocket of AChE are clearly explained
in Figure 3 and Figure 4. The results suggested that compound 2
formed four hydrogen bondings to key residues, namely, two
hydrogen atoms of C2’ to Tyr124 (2.45 A and 2.35 A) at PAS, C4'-
COOH to Phe295 (2.08 A) at acyl pocket, C7-OH to Tyr133 (2.33 A)
at anionic subsite. Secondly, the benzene ring interacted with the
Gly120 (4.02 A) of the oxyanion hole to form amide-Pi stacked, and
C10 interacted with Tyr337 (4.30 A) and Tyr86 (4.37 A) at anionic
subsite to form Pi-alkyl interaction. In addition, the Pi-catinon
interaction between the N atom and the Tyr341 (3.68 A) located in
PAS can also be observed. These interactions played a vital role for
anti-AChE activity and may be useful to further explain the inhibition
exhibited by compound 2.
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H-Bonds
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Acceptor

FIGURE 3
3D binding mode of compound 2 with AChE

Interactions

FIGURE 4
2D diagram of the ligand—protein interaction for compound 2 with AChE.

3 Discussion

Usnea is a kind of lichen traditional Chinese medicine with high-
medicinal value, distributed in polar and tropical regions, and widely
distributed in Sichuan, Inner Mongolia, Yunnan, Heilongjiang, and
other places in China. There are more than 10 common species, such
as U. diffracta Vain, U. cavernosa Tuck, and U. longissima Ach, among
which U. longissima Ach is a large species studied widely (Salgado
etal, 2018; Ullah et al., 2019). The phytochemistry of the Usnea genus
show that it contains more than 60 compounds, which mainly belong
to depsides, depsidones, depsones, lactones, quinones, phenolics,
polysaccharides, fatty acids, and dibenzofurans (Salgado et al,
2018).
dibenzofurans are the unique phenolic components of lichens.

Among them, depsides, depsidones, depsones, and
These representative aromatic products are compounds derived
from the acetyl-polymalonyl pathway, the most characteristic being

formed by the bonding of two or three orcinol or 3-orcinol-type

Frontiers in Chemistry

10.3389/fchem.2022.1063645

el \
GLY120
N L%

. ‘\- "l'RPG(J’

I

5 TYR124
[

phenolic units through ester, ether, and carbon-carbon linkages
(Shukla et al., 2010).

The purpose of this study was to determine the chemical
constituents from the dry lichen body of Usnea diffracta Vain.
Following the isolation procedure in this article, we isolated
30 compounds including 16 phenols from U. diffracta Vain, which
specifically belonged to dibenzofurans, multi-substituted single
benzene ring, depsides, organic acid, organic acid ester, fatty acids
containing furan ring, furfural, amino acid, and nucleoside compound.
After searching the SciFinder database, compounds 1-5 were
identified as new compounds. Most of the compounds were multi-
substituted single benzene ring, dibenzofurans, and depsides, all of
which were recognized as the main secondary metabolites of Usnea.

Usnea lichen has a long history of antimicrobial use as a folk
medicine. Modern scientific research reveals that its crude extracts
and monomer compounds have good progress in antimicrobial
activities. Derivatives of depsides and dibenzofurans are the main
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resources of its antimicrobial activities, especially the usnic acid is
the most prominent which has a relatively wide antimicrobial
spectrum. Several studies have confirmed that usnic acid can
inhibit growth of different planctonic bacteria and fungi strains,
such as Klebsiella pneumoniae, Bacillus subtilis, Bacillus cereus,
Bacillus mycoides, Staphylococcus aureus, and Escherichia coli
(Sultana and Afolayan, 2011; Helena et al, 2012; Rankovic
et al., 2012). The antimicrobial activity of Usnea diffracta Vain
ethyl
Streptococcus mutans assays showed that ethyl acetate extracts

acetate extracts against Actinomyces viscosus and
were resistant to these strains (Qi et al., 2009). In this study, the
disk diffusion method and the microdilution method were
designed to screen the activities of the isolated compounds
against Staphylococcus aureus, Escherichia coli, and Candida
albicans. An anti-C. albicans assay was not performed due to
4-5. The

exhibited that compound 3 had certain inhibitory activities

the insufficient amount of compounds results
against S. aureus and E. coli but no anti-C. albicans activity at
64 ug/ml, compound 9 had certain an inhibitory effect on S. aureus
and C. albicans with the MIC of 64 pg/ml, and compound 10
demonstrated the strongest inhibition against S. aureus and C.
albicans among all compounds. Among them, compounds 9 and 10
belong to depsides. Although five dibenzofurans (1, 2, and 6-8)
have no antibacterial effect, they can inhibit the growth of C.
albicans with the MIC of 64 pg/ml. This further confirmed that
derivatives of depsides and dibenzofurans were the main resources
of its antimicrobial activities. The result that (+)-usnic acid (8)
studied in this study showed no activity against S. aureus and E. coli
does not mean that it is inconsistent with previous studies, but can
only demonstrate that there is no bacteriostatic effect at this
concentration. As this antimicrobial activity assay is only
conducted in a certain concentration range for primary activity
screening, and cannot be concluded that other compounds have no
effect, the follow-up needs to be more detailed and in-depth study
of the antimicrobial activities of these compounds.

Since benzofuran has been reported to be a pharmacophore
with cholinesterase inhibitory activity, and dibenzofurans, such as
(+)-usnic acid, are similar to galantamine in structure, an
anticholinesterase drug for AD. We designed experiments to
observe the cholinesterase inhibitory activity of the isolated
dibenzofurans 1, 2, and 6-8 and to study whether they can be
potential cholinesterase inhibitors or drugs for the treatment of
AD. The assay of AChE inhibitory activity was determined by the
improved spectrophotometric Ellman’s method (Zhu et al., 2019;
Saenkham et al., 2020). Results demonstrated that the five
exhibited ~AChE inhibition at the
concentration of 0.3 pumol/ml with values of 1.01935 kcal/mol,
14.4513 kcal/mol, -1.95894 kcal/mol, 12.8461 kcal/mol,
-3.65539 kcal/mol, respectively. To follow up our results and

compounds  also

and
study the binding affinity related to the inhibition of

acetylcholinesterase, molecular docking simulations were
performed. The 3D crystal structure of recombinant human
AChE complexed with galantamine (code ID: 4EY6) was
obtained from the protein data bank (PDB) with a resolution
of 2.4 A and docked with the 3D structure of five compounds
(Cheung et al, 2012). Docking analysis exhibited that the
investigated compounds had a high affinity for the
acetylcholinesterase’s active sites and higher ‘~CDOCKER
Energy’

than the original ligand molecule ranged from
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-3.65539 kcal/mol acid) to 14.4513 kcal/mol
(Usneamine H) for the target enzyme. Usneamine H exhibited

((+)-usnic

the highest AChE inhibition, which was consistent with the assay
of AChE inhibitory activity. It formed four hydrogen bonding,
stacked, Pi-alkyl
interactions to key residues at PAS, acyl pocket, anionic
oxyanion hole of AChE. These previous
the understanding of anti-AChE
activity. However, considering the simplicity of our anti-

amide-Pi Pi-catinon interaction, two

subsite, and
interactions assisted in
acetylcholinesterase activity experiments, whether the isolated
compounds can become potential cholinesterase inhibitors still
needs further research, such as cell assays and in vivo assays.

4 Materials and methods
4.1 Plant collection

The dry lichens of Usnea diffracta Vain were collected from the
Anguo traditional Chinese medicine market in Baoding (Hebei,
China) in September 2018, and were identified by Professor Lijuan
Zhang of Tianjin University of Traditional Chinese Medicine. The
voucher specimen (UD-2018-C412-1) has been deposited at the
College of Traditional Chinese Medicine, Tianjin University of
Traditional Chinese Medicine.

4.2 Chemicals and reagents

Chromatographic grade methanol and acetonitrile were obtained
from (Concord Technology (Tianjin) Co., Ltd.). Analytical grade
ethyl
trifluoroacetic acid, formic acid, and dimethyl sulfoxide were obtained
from (Concord Technology (Tianjin) Co., Ltd.). 5,5-dithiobis [2-
nitrobenzoic acid] (DTNB, CAS: 69-78-3), acetylthiocholine iodide
(ATCI, CAS: 2260-50-6), and acetylcholinesterase (CAS: 9000-81-1)
from Electrophorus electricus (Sigma Aldrich). Brain-Heart Infusion

petroleum  ether, dichloromethane, acetate, methanol,

Agar and Broth were obtained from Qingdao Hope Bio-Technology
Co., Ltd. Gentamicin sulfate (CAS: 1405-41-0) was obtained from
Shanghai Aladdin Biochemical Technology Co., Ltd.

4.3 General

The CD spectrum was recorded by a J-1500 circular dichroic
spectrometer (JASCO Co., Japan). NMR spectroscopy was performed
on a Bruker AVANCE |ll NMR spectrometer operating at 600 MHz for
("H), 150 MHz (**C) or Bruker AVANCE Il 500 NMR spectrometer
(Bruker Co., Switzerland). The deuterated solvents used were DMSO-dg
and CD;0D and the chemical shifts were recorded in ppm. UV spectra
were taken on a UV-6150S dual-beam UV-vis spectrophotometer
(Shanghai MADAPA Instruments Co., Ltd.). The IR spectrum was
detected using a Bruker ALPHA IR spectrophotometer (Bruker Co.,
Switzerland.). Specific optical rotations were measured using an
AUTOPOLV polarimeter (Rudolph Co., United States). The relative
molecular mass was measured on a Waters Xevo G2-SUPLC-Q/TOF
spectrometer (Waters Co., United States). The samples were prepared by
a LC-20AR system, LC-20AP system (Shimadzu, Kyoto, Japan), and
Waters 2535 (Waters Co., United States).

system Column
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chromatography included silica gel (200-300 and 300-400 mesh,
Qingdao Marine Chemical Co., Qingdao, China), ODS (5-50 um,
YMC Co., Japan), YMC-pack-A (5pum, 10 x 250 mm, YMC Co.,
Japan), Shim Pack PRC (ODS 15pum, 20 x 250 mm, Japan),
Sephadex LH-20
absorbing resin AB-8 (Tianjin Saizhiwei Technology Co., Tianjin,
China). TLC was performed on TLC plates pre-coated with silica gel
GF-254 (Qingdao Marine Chemical Co., Qingdao, China). The
antimicrobial activities were measured by an HJH-C1112B clean

(Pharmacia, Sweden), and Macroreticular

bench (Shanghai Zhicheng Analytical Instrument Manufacturing
Co., Shanghai, China), an HNYC-2102C incubation oscillator
(Tianjin Honour Instrument Co., Tianjin, China), a YXQ-LS-
75811 vertical pressure steam sterilization pot (Shanghai Boxun
Industry & commerce Co., Shanghai, China), a GEN10SUV-Vis
ultraviolet spectrophotometer (Thermo Fisher Scientific Co.,

United States).

4.4 Extraction and isolation

The dry lichens of Usnea diffracta Vain (4.0 Kg; sampling:
September 2018) were extracted with 95% v/v EtOH/H,O three
times for 3 h each time and then 70% v/v EtOH/H,O three times for
3 heach time. The extracts were concentrated to afford the crude extract
(1.7 kg). The crude extract was dissolved in 5 L pure water to make
suspension, and then successively extracted with petroleum ether,
dichloromethane, and ethyl acetate. The filtered combined solution
of each solvent extraction was evaporated to yield the petroleum ether
(101.2 g), CH,Cl, (672.5g), EtOAC (218.1 g), and post-extraction
(650.3 g) extracts. The post-extraction extract (650.3 g) was dissolved
in pure water and passed through AB-8 macroporous resin (3.5 kg)
column, which was divided into insoluble precipitation layer (250.4 g),
water layer (149.6 g), 30% ethanol layer (90.3 g), 60% ethanol layer
(41.4 g), and 100% ethanol layer (73.5 g).

The petroleum ether extract (2.0 g) was fractionated by column
chromatography (CC) using silica gel (300-400 mesh) as the
adsorbent. Eluting with a gradient system of petroleum ether—ethyl
acetate (100:1-14:1-7:1-3:1) to afford 12 main fractions (Fr1-12)
based on TLC investigations. Fraction Fr2 (100:1) was precipitated
and crystallized, washed with petroleum ether, and filtered to obtain
compound 13 (100.0 mg) as a white acicular crystal. Fraction Fr10 (14:1)
was precipitated and crystallized, washed with petroleum ether and
dichloromethane, and filtered to obtain compound 14 (40.0 mg) as a
white acicular crystal. Fraction Fr7 (25.5 mg, 14:1) was further purified on
a Sephadex LH-20 column with dichloromethane-methanol (1:1) to
obtain Fr (7-1)-(7-8). Fr7-4 precipitated and crystallized, washed with
dichloromethane, and filtered to obtain compound 8 (9.8 mg) as a yellow
acicular crystal. Fr7-7 was further purified on a Sephadex LH-20 column
with dichloromethane-methanol (1:1) and filtered crystallization to
obtain compound 15 (4.7 mg) as a white acicular crystal.

The CH,Cl, extract (50.0 g) was fractionated by CC (200-300 mesh)
eluting with a gradient system of petroleum ether-ethyl acetate (300:1-1:
1) to afford 13 main fractions (Fr1-13), CH,Cl,-CH;OH (10:1-1:1) to
afford Fr14. Fraction Fr13 (2.3 g, 1:1) was further purified on a Sephadex
LH-20 column with dichloromethane-methanol (1:2) to obtain Fr (13-
1)-(13-5). Fr13-4 (0.68 g) was subjected to the 5-50 um ODS column
chromatography and eluted with a gradient of methanol/water (5:95-100:
0, v/v) to afford eight fractions Fr (13-4-1)-(13-4-8). The fraction Fr13-4-
4 (213.0 mg) was precipitated and crystallized. The crystals (6.0 mg) were

Frontiers in Chemistry

10.3389/fchem.2022.1063645

filtered and prepared by Waters C18 preparation column (10 mm x
150 mm) in Waters 2535 preparative high performance liquid
chromatography (210 nm, 280 nm). Compound 27 (3.2 mg, tx 10 min)
was obtained with acetonitrile/water (65:35, v/v, 2.0 mL/min) as eluent.
The remaining fraction was also prepared by the same condition to afford
compound 6 (48.2 mg, tr 77 min), compound 26 (10.3 mg, tx 71 min),
and compound 7 (4.8 mg, tx 86 min) were obtained with methanol/water
(68:32, v/v, 2.0 mL/min) as eluent. The remaining Fr13 were combined
into Fr14 and Fr13 + 14 (10.8 g). This fraction was subjected to 5-50 pm
ODS column chromatography (11.5 x 3 cm, 38 g) and eluted with a
gradient of methanol/water (5:95-100:0, v/v) to afford nine fractions Fr
((13 + 14)-1)-Fr ((13 + 14)-9). Fraction Fr ((13 + 14)-4 (12g) was
prepared by Shim Pack PRC (201 nm, 283 nm) with a gradient system of
methanol/water (70:30, v/v, 6.0 mL/min) as eluent to afford 12 fractions
Fr (13 + 14)-4)-1-Fr (13 + 14)-4-12). Fr (13 + 14)-4-11 (tz 90-95 min,
50.7 mg) was further prepared by Waters CI18 preparation column
(10mm x 150 mm) (201 nm, 283 nm) with a gradient system of
acetonitrile/water  (50:50, v/v, 2.0mL/min) as eluent to yield
compound 2 (fg 20 min, 25.3 mg) and compound 1 (fz 26 min, 10.0 mg).

The EtOAC (100.0g) was fractionated by CC
(200-300 mesh) eluting with a gradient system of petroleum
ether—ethyl acetate (150:1-1:1) to afford 10 main fractions (Fr1-10).
Fr2 (110:1, 470.2 mg) was subjected to the CC eluted with petroleum
ether to afford Fr (2-1)-(2-4). Fr (2-3) (300.1 mg) was prepared by a
YMC column (201 nm, 254 nm) with a gradient system of methanol/
water (70%-100% 25 min, 100% 15 min, 100%-70% 10 min, 1.5 mL/
min) as eluent to yield Fr (2-3-1)-(2-3-7). Compounds 16 (6.1 mg)
and 23 (2.2 mg) were prepared by scraping thin layer silica gel with

extract

petroleum ether—ethyl acetate (25:1) from Fr2-3-7 (17.0 mg, tg
42 min). Fr3 (40:1, 45.0 mg) was successively purified on a CC
eluting with a gradient system of petroleum ether—ethyl acetate
(120:1) and a YMC column (201 nm, 254 nm) with methanol/water
(70%-95% 25 min, 95%-100% 5 min, 100%-70% 10 min, 1.5 mL/
min) as eluent to afford compound 9 (3.0 mg, fz 35 min). Fr4 (25:
1) was successively purified on a CC eluting with a gradient system of
petroleum ether—ethyl acetate (120:1-30:1) and a YMC column
(201 nm, 254 nm) with methanol/water (70%-100% 25 min, 100%
15 min, 100%-70% 10 min, 1.5mL/min) as eluent to afford
compound 17 (8.0mg, fz 30min). Fr4-4 (70:1, 90.0 mg) was
prepared by a YMC column under the same condition, then
scraper was prepared by thin layer silica gel, and compounds 24
(3.5 mg) and 25 (4.8 mg) were obtained by the expansion of petroleum
ether—ethyl acetate 8-1 with 0.01% formic acid. Fr6 (5:1, 430.0 mg) was
successively purified on a CC eluting with a gradient system of
petroleum ether-ethyl acetate (30:1, 0.01% formic acid) and a
YMC column (201 nm, 254 nm) under the same condition to
afford compounds 18 (2.8 mg, tz 13.5min) and 10 (70.1 mg, t
25.5 min). Fr8 (5:1, 7.0 g) was successively purified on a CC, ODS
column, and a YMC column (201 nm, 254 nm) with methanol/water
(30%-70% 30 min, 70% 15 min, 70%-90% 15 min, 90%-100% 10 min,
100% 10 min, 100%-30% 10 min, 1.5 mL/min) as eluent to afford Fr
(8-1)-(8-8). Compound 22 (12.8 mg) was obtained from Fr8-3 (fx
29-39 min) by a YMC column with 40% elution of methanol/water.
Fr8-6 (tg 51-52 min, 20.0 mg) was further prepared by a YMC column
with a gradient system of acetonitrile/water (60:40, v/v) as eluent to
yield compound 12 (16.8 mg).

The 60% ethanol layer (2.7 g) was fractionated by 5-50 um ODS
column chromatography and eluted with a gradient of methanol/water
(5:95-100:0, v/v) to afford 14 fractions (Fr1-14). Fraction Fr4 (33.1 mg, 30:
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70) was further purified on a Sephadex LH-20 column with methanol to
obtain Fr (4-1)-(4-4). Fr (4-2) was prepared by a YMC column (210 nm,
278 nm) with a gradient system of methanol/water (50:50, v/v, 1.5 mL/min)
as eluent to yield four fractions Fr (4-2-1)-(4-2-4). Fr4-2-4 (tz 17-24 min,
10.9 mg) was further prepared by a YMC semi-preparative column
(210 nm, 278nm) with a gradient system of methanol/0.05%
trifluoroacetic acid water (50:50, v/v, 1.5 mL/min) as eluent to yield Fr
(4-2-4-1)-(4-2-4-4). Fr4-2-4-3 (tg 16-21 min, 7.5 mg) was further prepared
bya YMC column (210 nm, 278 nm) with a gradient system of acetonitrile/
0.07% trifluoroacetic acid water (25:75, v/v, 1.5 mL/min) as eluent to yield
compound 5 (fz 17 min, 3.0 mg) and compound 4 (¢ 18.5 min, 1.5 mg). Fr7
(49.1 mg, 50:50) was subjected to the Sephadex LH-20 column with
methanol and CC (200-300 mesh) eluting with a gradient system of
petroleum ether—ethyl acetate (15:1) to afford compound 19 (3.6 mg).
Fr10 (162.1 mg, 70:30) was purified on a Sephadex LH-20 column with
methanol to obtain Fr (10-1)-(10-7). Fr10-5 (13.8 mg) was fractionated by
CC(200-300 mesh) eluting with a gradient system of petroleum ether—ethyl
acetate (1:1) to afford compound 11 (6.7 mg). Frl0-4 (6.1 mg) was
fractionated by CC (200-300 mesh) with petroleum ether—ethyl acetate
(50:1) to yield compound 20 (1.7 mg). Fraction Fr14 was successively
purified on a Sephadex LH-20 column with methanol and CC
(200-300 mesh) eluting with a gradient system of petroleum ether—ethyl
acetate (150:1) to afford compound 3 (14.5 mg).

The 30% ethanol layer (75.5g) was fractionated by CC
(200-300 mesh) eluting with a gradient system of dichloromethane-
methanol (10:1-1:1) ~ methanol ~ methanol-water (1:1) to afford Fr1-6.
Frl (10:1, 7.5 g) was further purified by CC with dichloromethane-
methanol (80:1-8:1) to obtain Fr (1-1)-(1-5). Fr1-2(80:1,650.1 mg) was
successively purified on a ODS column eluting with methanol/water (5:
95-100:0), CC (petroleum ether-ethyl acetate (5:1-1:1) ~
dichloromethane-methanol (10:1-1:1)) and a YMC column (201 nm,
281 nm) with methanol/water (40:60, 1.5 mL/min) as eluent to afford
compound 21 (6.7 mg, £z 21 min). Fr1-3 (20:1) was subjected to a ODS
column eluting with methanol/water (5:95-100:0) to obtain Fr (1-3-1)-
(1-3-10). Fr1-3-1 (5:95, 1.58 g) was successively prepared by CC
(petroleum ether-ethyl acetate (5:2-3:2) ~ dichloromethane-
methanol (1:1)) and a YMC column with methanol/water (53:47) as
eluenttoafford compound 28 (5.8 mg, tz 10 min). The remaining Fr1-3-
1 were combined into Fr1-3-2 and Fr1-3-3 (1.4 g). This fraction was
successively prepared by Shim Pack PRC (201 nm, 281 nm) with
methanol/water (10:90, v/v, 7.0 mL/min) and a YMC column
(201 nm, 281 nm) with methanol/water (5:95, 1.5 mL/min) as eluent
to afford compounds 29 (3.0 mg, t 20 min) and 30 (2.0 mg, tz 26 min).

The compounds were characterized by CD, UV, IR, HR-ESI-MS,
'H NMR, “C NMR data, and 2D NMR.

4.5 In vitro antimicrobial activity

Referring to the disk diffusion method (Noumi et al., 2018), the
inhibition zone of compounds against Staphylococcus aureus
ATCC6358 and Escherichia coli BL21 were determined in order to
preliminarily screen their antibacterial activities. RPMI1640 medium
microdilution assay (M27-Ed4) (Clinical Laboratory Standard
Institute, 2017) issued by the CLSI was performed to identify the
minimal inhibitory concentration of compounds against Candida
albicans ATCC90028. The antimicrobial effect was tested against
two pathogenic bacteria including one Gram-positive strain (S.
aureus) and one Gram-negative bacterial strain (E. coli) and fungus
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strain (C. albicans). The detailed protocol can be found in
Supplemental Materials.

4.6 Anti-AChE assay

The assay of AChE inhibitory activity was determined by the
improved spectrophotometric Ellman’s method (Zhu et al., 2019
Saenkham et al, 2020). In brief, 140 uL of 100 mM sodium
phosphate buffer (pH 8.0), 20 pL of a solution of AChE (0.05 unit/
mL), and 20 pL of test compound were mixed in 96-well plates, and
then incubated at 30 °C for 15 min. The reaction was initiated by
adding 20 pL of mixture solution of 10 pL 5,5’-dithio-bis-nitrobenzoic
acid (DTNB) (10.0 mM) and 10 uL ATCI (7.5 mM), then catalyzed by
enzymes at a wavelength of 412 nm and the absorbance was measured
after 30 min of incubation at 37 °C. We replaced the test compound
with 20 pL of phosphate buffer salt (100 mM) as a blank control. All
reactions were performed in 96-well microplates in triplicate.
Percentage of inhibition was calculated by the following equation:

Absorbance of control — Absorbance of sample

Inhibition activity (%) = x 100.

Absorbance of control

Data were expressed as means + SD and determined with SPSS
21.0 software.

4.7 Molecular docking

Molecular docking studies were generated by using the Discovery
Studio 2019 Client program. The 3D crystal structure of recombinant
human AChE complexed with galantamine (code ID: 4EY6) was
obtained from the protein data bank (PDB) with a resolution of
2.4 A (Cheung et al., 2012). The 4EY6 protein was optimized through
the Prepare Protein function of DS software, and the active pocked was
defined by the original ligand molecule. Before molecular docking, the
original ligand galantamine was redocked to the AChE active pocket.
Default settings were kept for parameters. The structural differences
before and after molecular docking were compared. The results
showed that the RMSD value was 0.5002 A, indicating the
rationality of the selected docking parameters and scoring function.
Therefore, this parameter can be used for subsequent molecular
docking research. The small molecules were introduced into DS
software, and optimized by Prepare Ligands and Minimization. The
CDOCKER module was used to simulate the molecular docking
between small molecules and AChE. The docking results were
analyzed using Discovery Studio Visualizer. Evaluation of the
molecular docking was performed
‘~CDOCKEREnergy’ value (Yu et al., 2018).

according to

5 Conclusion

In this study, we exhibited how to isolate secondary metabolites
from the dry lichen body of Usnea diffracta Vain and confirmed their
structures by physicochemical properties and various spectral
methods. We isolated 30
dibenzofurans, multi-substituted benzenes, depsides, organic acids,

compounds which belonged to

fatty acids, amino acid, furfural, and nucleoside. It contains five new
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compounds (1-5). The results of preliminary screening experiments
on antibacterial and antifungal activities revealed that the new
compound 3 had certain inhibitory activities against S. aureus and
E. coli with IZ of 6.2 mm and 6.3 mm, depsides 9 and 10 had certain
inhibitory effect on S. aureus and C. albicans. Compound 10
demonstrated the strongest inhibition against S. aureus and C.
albicans with 6.6 mm and 32 pg/ml, respectively. Five isolated
dibenzofurans (1, 2, and 6-8) were evaluated for their biological
properties toward specific target human AChE involved in AD.
This study clearly demonstrated that they could effectively inhibit
AChE at 0.3 umol/ml. The most anti-AChE activity was demonstrated
by the lichen secondary metabolite Usneamine H (2), which was
identified as a new compound. Furthermore, the result of molecular
docking was consistent with activity experimental data. This
compound exhibited the strongest binding affinity and formed
several tight bindings to key residues located in the peripheral
active site, acyl pocket, anionic subsite, and the oxyanion hole of
AChE. In addition, whether these compounds can be potential
antimicrobial agents or drug candidate for the treatment of AD
needs further study.
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