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Abstract: Coarse cereals are rich in flavonoids, which are bioactive substances with a wide range of
functions. Biotransformation is considered an emerging approach to methylate flavonoids, displaying
prominent regio- and stereoselectivity. In the current study, liquiritigenin, naringenin, and hesperidin
flavonoids were biotransformed using O-methyltransferases that were heterologously expressed
in Saccharomyces cerevisiae BJ5464-NpgA. Nuclear magnetic resonance (NMR) spectroscopy was
used together with high-resolution mass spectroscopy analysis to determine the structures of the
resulting methylated transformants, and their antimicrobial and antiproliferation activities were
also characterized. Among the five methylated flavonoids obtained, 7-methoxy-liquiritigenin had
the strongest inhibitory effect on Candida albicans SC5314 (C. albicans SC5314), Staphylococcus aureus
ATCC6538 (S. aureus ATCC6538), and Escherichia coli ATCC25922 (E. coli ATCC25922), which increased
7.65-, 1.49-, and 0.54-fold in comparison to the values of their unmethylated counterparts at 200,
250, and 400 pM, respectively. The results suggest that 3'-methoxyhesperetin showed the best
antiproliferative activity against MCF-7 cells with ICsy values of 10.45 £ 0.45 uM, which was
an increase of more than 14.35-fold compared to that of hesperetin. These results indicate that
methylation enhances the antimicrobial activities and antiproliferative effects of flavonoids. The
current study provides an experimental basis for further research on flavonoids as well as flavonoid-
containing crops in the development of antimicrobial and anti-breast cancer drugs in addition to
supplementary and health foods. The biotransformation method is ideal, as it represents a means for
the sustainable production of bioactive flavonoids.
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1. Introduction

Flavonoids are a type of plant secondary metabolite that are widely present in many
minor grains, such as Tartary buckwheat, quinoa, and barley [1-3]. In addition to being
diverse in variety, flavonoids also possess complex structure types, and they perform many
bioactive functions, including antioxidation effects [4,5], antiproliferative effects [6], and an-
tibacterial effects [7,8]. Flavonoids have been commonly used in bacteriostatic therapy and
are considered to possess the potential to replace some antibiotics; quercetin, for example,
similarly to existing antibiotics, has the potential to treat Pseudomonas aeruginosa infection
and its use as an alternative may help to ease the selection pressure due to antibiotic
overuse [9]. However, many natural flavonoids present many disadvantages, such as low
content, poor water solubility, and unstable bioavailability. For example, adverse reactions
caused by puerarin have been reported in its clinical application, including fever, allergies,
and hemolysis [10], which are related to its poor solubility and low bioavailability. There-
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fore, the use of current technology has been applied to address these problems through the
development of derivatives via structural modification.

The main methods of structural modification include the introduction of halogen
or other active groups. Common active groups are methyl, acyl, and glycosyl. Acyla-
tion modification can affect the ability of flavonoid to attack free radicals and regulate
its interaction with proteins, enzymes, and specific cells [11], subsequently improving
their antioxidation [12,13], anti-inflammatory, and other lipid-lowering [14] abilities. The
introduction of different active groups into flavonoids can change the conformation of
flavonoids, enhance their biological activity, and even produce new physiological functions.
Methylquercetin metabolized in filamentous fungi showed lower cytotoxicity on leukemic
HL-60 cells than quercetin [15]. Moreover, in an in vivo study on drug-resistant seizures,
4',7-dimethyl ether naringenin performed better than naringenin [16].

At present, chemical catalysis and biocatalysis are emerging methods used to modify
flavonoid structure. Biocatalysis methods mainly use enzymes secreted by microorgan-
isms, while chemical catalysis is carried out via specific chemical reactions. Biocatalysis is
considered to be green and eco-friendly technology, which has sustainable development
prospects [17]. Since 2000, a variety of microorganisms have exhibited abilities to convert
flavonoids, and some microorganisms were also found to naturally and directly synthesize
flavonoids as a result of their own endogenous metabolism [18]. The biocatalytic produc-
tion of flavonoids offers many advantages, such as fast production, low environmental
pollution, and large-scale production. However, there is a scarcity of research on flavonoid
biocatalysis and the bioactivity of the resulting product.

Therefore, the aim of the current work was to determine whether biocatalytic methods
can be used to achieve methylation modification of flavonoids and to characterize the
potential improvement in the biological activity, structural stability, and bioavailability of
these methylated products. This study contributes to realizing the green, economic, fast,
efficient, and sustainable development of the production of bioactive flavonoids.

2. Materials and Methods
2.1. Chemicals and Regents

Primary samples (liquiritigenin, naringenin, and hesperetin) and other compounds
were all obtained from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China).
All media components were provided by Clontech Laboratories, Inc. (Los Angeles,
CA, USA). Methylene blue, Luria—Bertani medium, and potato dextrose broth medium
were purchased from BD-Pharmingen (San Diego, CA, USA). Other reagents were of
analytical grade.

2.2. Biotransformation Procedures

Biotransformation procedures were performed in a laboratory according to the meth-
ods of Wang et al. [19]. Briefly, the Saccharomyces cerevisine B]5464-NpgA strain was used
for to host the plasmids YEpADH2-LEU-HsOMT and YEpADH2-LEU-LtOMT for expres-
sion of both O-methyltransferases HSOMT and O-methyltransferases LtOMT, respectively.
These expression constructs had previously been successfully prepared by our labora-
tory [19]. In the biotransformation procedure, the OMT vector was transformed into
Saccharomyces cerevisiae B]J5464-NpgA host, and dropout minimal medium agar plates
were used to select transformants on SC-Leu (yeast synthetic dropout medium without
leucine). Recombinant yeast cells were cultured in 100 mL medium (containing 25 mL
of the appropriate SC-Leu minimal dropout medium) to an OD600 of 0.6. The medium
was then mixed with an equal volume of YPD medium (1% yeast extract, 2% peptone,
and 1% dextrose). Experimental flavonoids dissolved in dimethyl sulfoxide (DMSO) were
also added to the cultures (10 pg/mL, final concentration), where appropriate, when the
YPD medium was supplied. The fermentation temperature was maintained at 30 °C with
shaking at 220 rpm for an additional 48 h until the wet cell weight reached 1.28 £ 0.18 g.
The biotransformation efficiency was determined based on HPLC.
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2.3. Extraction and Purification of the Products

An equal volume of ethyl acetate was used to extract the fermentation cultures three
times. Crude extract was first purified by silica gel column chromatography to obtain
seven fractions (methanol/water 100:0, 90:10, 80:20, 70:30 60:40, 50/50, and 10/90, v/v),
and subsequent extracts were dried in vacuo. Quantitative HPLC analysis was conducted
on an AB SCIEX HPLC instrument equipped with a Cyg column (Cosmosil YMC-Pack
ODS-AM, 12, 20, and 250 mm) to purify and obtain the target compound.

2.4. Chemical Identification

Samples were routinely analyzed using an AB SCIEX 4000 HPLC instrument (Waltham,
MA, USA) applied onto an Agilent Eclipse Plus C1g RRHD column (1.8 pm, 2.1 mm x 50 mm).
Samples were first eluted using acetonitrile-water (10-95%) for 20 min and then 95%
(acetonitrile-water) for 10 min, 10% for 5 min, and finally 10% (acetonitrile-water) for
5 min with 0.5 mL/min.

2.5. Structural Characterization of the Target Compound by LC-MS

Products were first dried in vacuo and then restructured in methanol. HPLC-HRESI
-MS and MS-MS spectra were acquired on an AB SCIEX HPLC coupled with an Agilent
QTOF 6530 instrument (capillary: 3.6 kV, cone voltages: 40-150 V). The collision energy
was 35 V and was calibrated each time with a standard calibration solution (Agilent)
(m/z 150-800).

2.6. Structural Characterization of the Target Compound by NMR

'H NMR, 13C NMR, HSQC, and HMBC (2D NMR) spectra were obtained using an
Agilent 600 DD2 spectrometer. Per million (ppm) and Hz (J values) were considered
chemical shift values (8) and the coupling constants. The residual solvent peak of DMSO-d6
were used as references for chemical shifts.

2.7. Antimicrobial Biological Activity Assay

Antimicrobial biological activities of the tested compounds were evaluated as Zhong
et al., with some modifications [20]. Gram-positive and -negative bacteria and fungi
(S. aureus ATCC6538, E. coli ATCC25922, and C. albicans SC5314) were selected for eval-
uation in the present study. S. aureus ATCC6538 and E. coli ATCC25922 were cultured
with Luria-Bertani medium, while for C. albicans SC5314, potato dextrose broth medium
was used for 24 h at 37 °C (bacterial suspension in 1 x 106 CFU/mL). The experimental
concentration ranges were from 75 to 400 uM. Each strain was cultured until an OD value of
0.6-0.8 was reached and then diluted 1000 x. Each strain was, respectively, transferred into
a 96-well plate at 100 pL/well (90 puL bacterial suspension and 10 uL sample solution) after
adding different concentrations of samples, followed by incubation for 12-16 h. The optical
density at 650 nm (ODgsp) of C. albicans SC5314 was measured after TTC staining, while
S. aureus ATCC6538 and E. coli ATCC25922 were stained for CCK8 before measurement.
The minimal bactericidal concentration (MBC) and minimal inhibitory concentration (MIC)
were simultaneously determined at a concentration of 15400 M.

2.8. Antiproliferative and Cytotoxicity Activities Assay

Analysis of the antiproliferative activity of the test compounds was performed ac-
cording to Zhu et al. [21], with some modifications. MCF-7 human breast cancer cells
were provided by the Cell Resource Center of the Chinese Academy of Sciences (Shanghai,
China). Cell proliferation and cytotoxicity of anticancer activity were assessed using the
methylene blue assay. For cell proliferation and cytotoxicity, MCF-7 cells were culture in a
96-well plate at 1.5 x 10° cells/well and at 3 x 10° cells/well, respectively. Various concen-
trations (75-400 pM) of the test samples were added to a growth medium containing MCF-7
cells followed by cultivation for 16 h. Following incubation for 72 h, cell proliferation was
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measured with an absorbance of 570 nm using a microplate reader (Bio-Rad, Hercules, MA,
USA), while cell cytotoxicity measurement was carried out 24 h after incubation.

2.9. Data Analysis

Data in present study were processed with one way ANOVA and Tukey’s test by
SPSS (Statistics for Social Science) version 17.0 (IBM, New York, NY, USA). The figure was
conducted in GraphPad Prism 8.0.29 (GraphPad Software, San Diego, California, CA, USA).
All experiments were conducted three times. Data were imported with mean £ SD, and
the significant differences were considered as p < 0.05.

3. Results
3.1. Biotransformation

The two enzymes used for biotransformation, HSOMT and LtOMT, exhibited different
catalytic abilities (Figure 1 and Table 1).

OH
1 HO, o \g
* UEJ
1a o
* . liquiritigenin
0 1 2 3 4 5 6 7 8 9 min
OH
HO, o \0
T
H
* A naringenin
_~,—A—A
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3 N
HO o @OH
L, R
H
* * 3a 3c hesperetin
0 1 2 3 4 5 6 7 8 9 min

Figure 1. Biotransformation of flavonoid substrates by HsSOMT and LtOMT. * represents equivalent
endogenous substrate.

Table 1. Biotransformation products and yields of flavonoid substrates by Hs-OMT and Lt-OMT.

Number Name Biocatalytic Enzymes Molecular Formula Biotransformation Yield (%)
la 7-methoxy-liquiritigenin Hs-OMT Ci6H1404 15.64 + 1.61
2a 7-methoxy-naringenin Hs-OMT Ci16H1405 73.12 + 3.47
3a 3’-methoxy-hesperetin Hs-OMT C17H160¢ 8.42 + 1.33
3b 7-methoxy- hesperetin Lt-OMT Ci7H160¢ 3.73 £0.84
3b 7-methoxy-hesperetin Hs-OMT C17H160¢ 43.81 £+ 0.02
3¢ 7,3’-dimethoxy-hesperetin Hs-OMT C18H150¢ 3.80 £0.84

Liquiritigenin, naringenin, and hesperetin were catalyzed by HsOMT in Saccharomyces
cerevisine BJ5464-NpgA to obtain at least one product. Liquiritigenin was catalyzed by
HsOMT in Saccharomyces cerevisiae BJ5464-NpgA to obtain one product, 1a, whose bio-
transformation yield was 15.64%. Similarly, naringenin was catalyzed by HsOMT in
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Saccharomyces cerevisiae B]5464-NpgA to obtain one product, 2a, whose biotransformation
yield was 73.12%. Hesperetin had three methylated products, two monomethylated iso-
mers (3a and 3b), and one double methylated product (3c). Hesperetin was catalyzed by
HsOMT and LtOMT to 7-methoxyhesperetin (Table 1).

The biotransformation yield of hesperetin was 51.34%. NMR was measured to further
characterize the structure. Liquiritigenin and naringenin were catalyzed by LtOMT but
failed to obtain products explaining the regioselectivity of LtOMT, in which LtOMT is
specific to the phenolic hydroxyl residing at the ortho position and the aromatic carbon
bearing the carbonyl.

3.2. Structure Characterization

The structures of 1a, 2a, 3a, 3b, and 3c were elucidated by analyzing the NMR spec-
troscopic data of the purified compounds. Analysis of 1D and 2D NMR data (Figure 2,
Tables 2 and 3) showed considerable similarities between the structures of 1la and gly-
cyrrhizin, except for the absence of a methoxy group. In HMBC, correlation between 7-OMe
(6 3.80) and aromatic carbon at éc 165.67 suggests that the methoxy group was located
at C-7. Compound 1a exhibited similar NMR spectra (Table 2) to those obtained for 7-
methoxyglycyrrhizin. Therefore, the structure of 1a was assigned as 7-methoxyglycyrrhizin.
In the same way, by comparing 'H NMR and '*C NMR of 2a with the corresponding
substrate, naringenin, the presence of an additional methoxy group was observed. The
positions of the methoxy groups of compounds 2a were determined at C-7 by HMBC
correlation between 7-OMe (é13 3.78) and aromatic carbon at ¢ 167.45 in 2a. The structure
of 2a was finally elucidated as 7-methoxynaringenin. The positions of the methylation
of compounds 3a, 3b, and 3c were located at C-3’, C-7, and both C-3' and C-7, respec-
tively, by comparing 1D and 2D NMR data for 3a, 3b, and 3c with those for their common
substrate, hesperetin. Therefore, the structures of 3a, 3b, and 3c were determined to be
3’-methoxyhesperetin, 7-methoxy-hesperetin, and 3’, 7-dimethoxyhesperetin, respectively.

OH O
3a
OH O
3b
" T
OH O OH O
2a 3c

Figure 2. Structures of compounds 1a, 2a, 3a, 3b, and 3c, as identified by NMR.
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Table 2. 1H (600 MHz) and 13C NMR (150 MHz) data of 1a and 2a in DMSO-dj.

N 1a 2a
o.
dc oy (Multi, J in Hz) dc 0y (Multi, J in Hz)
2 79.26 5.48, brd (13.4) 78.65 5.48, brd (14.8)
3u 43.14 3.15, m 42.05 3.30,dd (17.1, 14.8)
3B 2.66, m 2.72,dd (17.1, 2.5)
4 190.42 197.00
5 128.03 7.71,d (8.6) 163.22
6 109.87 6.64,d (8.6) 94.67 6.07,d (1.7)
7 165.67 167.45
8 101.01 6.58, s 93.81 6.10, brs
9 163.30 162.90
10 114.46 102.62
1 129.16 128.70
2/ 128.32 7.33,d (7.3) 115.19 7.32,d (8.2)
3/ 115.17 6.78,d (7.3) 128.40 6.79,d (8.2)
4/ 157.73 157.79
5/ 115.17 6.78,d (7.3) 128.40 6.79,d (8.2)
6’ 128.32 7.32,d (7.3) 115.19 7.32,d (8.2)
7-OMe 55.81 3.80,s 55.92 3.78,s

Table 3. 'H (600 MHz) and *C NMR (150 MHz) data for 3a, 3b, and 3c in DMSO-d,.

No 3a 3b 3¢
dc dy (Multi, J in Hz) dc Jdy (Multi, J in Hz) dc dy (Multi, J in Hz)

2 78.48 5.48, dd (12.5, 2.4) 78.41 5.48,d (11.4) 78.70 5.53,dd (12.6, 2.1)

3w 42.10 3.32, m 42.13 3.26,dd (17.2, 11.4) 42.17 3.38, m

3B 2.71,dd (17.1, 2.4) 2.75,d (17.2) 2.75,dd (17.0, 2.1)

4 196.22 196.79 196.86

5 163.46 163.18 163.20

6 95.85 5.89, brs 94.63 6.08, brs 94.71 6.09, brs

7 166.72 167.42 167.46

8 95.03 5.91, brs 93.82 6.11, brs 93.86 6.13, brs

9 162.82 162.73 162.79

10 101.73 102.63 102.61

1/ 130.97 130.97 130.81

2/ 110.61 7.13, brs 114.08 6.93, brs 110.62 7.14, brs

3/ 148.72 146.46 148.74

4 149.04 147.92 149.09

5/ 111.54 6.98,d (8.1) 111.96 6.94, brs 111.53 6.98,d (8.1)

6 119.27 7.01,d (8.1) 117.71 6.88,d (6.4) 119.34 7.02,d (8.1)
7-OMe 55.90 3.77,s 55.94 3.79,s
3-OMe 55.58 3.77,s 55.58 3.77,s
4’-OMe 55.58 3.77,s 55.67 3.77,s 55.61 3.78,s

5-OH 12.14, s 12.10, s 12.11, s
3’-OH 9.10, s

3.3. Antimicrobial Biological Activity

The results of the antimicrobial biological activity assays of the samples are shown
in Figure 3a—e. Three microbes (C. albicans SC5314, S. aureus ATCC6538, and E. coli
ATCC25922) were considered in the assay for antimicrobial activity. Sample 1a effec-
tively inhibited the growth of the three microbes. The strongest antimicrobial activity
against S. aureus ATCC6538, C. albicans SC5314, and E. coli ATCC25922 was 1a at the dosage
of 250, 200, and 400 pM, which increased by 148.77, 765.64, and 54.41% compared to liquir-
itigenin, respectively (Figure 2(1a—3c)). There was significant difference in the inhibition
of C. albicans SC5314 and E. coli ATCC25922 by liquiritigenin, compared with 7-methoxy-
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liquiritigenin at the concentration of 75-400 uM (p < 0.05). In particular, the antimicrobial 1
activity against E. coli ATCC25922 remained above 95% at the experimental concentration.
However, naringenin and hesperetin were only observed to possess antimicrobial activity
against C. albicans SC5314 (Figure 3d,e). From 75 to 200 uM, the antimicrobial activities
of naringenin were higher than that of 2a, while a reverse trend was observed when the
concentration increased over 200 uM (Figure 3d). The highest antimicrobial activity of 2a
increased by 182.12% compared to that of naringenin (Figure 3d). The variations in the
in vitro antimicrobial activities of hesperetin and its products (3a, 3b, and 3c) are displayed
in Figure 3e, which shows that 3a performed the best. The antimicrobial activities of sample
3a and 3b increased with the increase in concentration, while 3c performed the best at
300 uM (Figure 3e). Meanwhile, compared with that of the other products, the antimicro-
bial activity of 3c sharply increased at concentrations higher than 250 uM (p < 0.05). The
MIC and MBC of products were shown in Table 4.

a
S. aureus ATCC6538
150 . .
- liquiritigenin
-2 7-methoxy-liquiritigenin
9
2100
=
2
b=
e /\
= 50
: /'/\—«
—
0 T T T T 1
0 100 200 300 400 500
concentration
b C. albicans SC5314
150
-o- liquiritigenin
-~ -a 7-methoxy-liquiritigenin
< 100
=
(=}
s
=
£ C
e
0 1 1 1 1 1
0 100 200 300 400 500
concentration
¢ E. coli ATCC25922
150 e .
- liquiritigenin
& 7-methoxy-liquiritigenin
9
< 1004 == = = = ——n
=
S
b=
=
g 50
[Sem]
0 T T T T 1
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Figure 3. Cont.
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d
C. albicans SC5314
150
-e- naringenin
_ = 7-methoxy-naringenin
X
100
=
S
E
=
£ 50
=
o=}
0 T T T T 1
0 100 200 300 400 500
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€
C. albicans SC5314
100 .
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Figure 3. Inhibitory effect of (a,b) liquiritigenin and its methylated product 1a on S aureus ATCC6538,
C. albicans SC5314, and E. coli ATCC25922; (c,d) naringenin 3 and its methylated product 2a on C.
albicans SC5314; and (e) hesperidin and its methylated products 3a, 3b, and 3c on C. albicans SC5314.
Data are presented as mean + SD.

Table 4. MIC and MBC of samples to E. coli ATCC25922, S. aureus ATCC6538, and C. albicans SC5314.

. C. . C.
E. coli S. aureus albicans E. coli S. aureus albicans
Compound ATCC25922 ATCC6538 SC5314 ATCC25922 ATCC6538 SC5314
MIC MIC MIC MBC MBC MBC
(uM) (uM) (uM) (uM) (uM) (uM)
1 25 75 25 >400 >400 >400
la 15 75 25 >400 >400 >400
2 - - 75 - - >400
2a - - 75 - - >400
3 - - 75 >400
3a - - 50 >400
3b - - 25 >400

3c - - 75 >400
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3.4. Antiproliferation Activity

MCE-7 cell proliferation was inhibited in a dose-dependent manner after exposure to
liquiritigenin, naringenin, and hesperetin (Figure 4a-h, Table 5).

Table 5. Antiproliferative activities (IC 59) of the compound against MCF-7 human breast cancer cells
(mean £ SD, n = 3).

Compound IC 50 (uM)
1 100.94 + 1.83
1a 11.23 + 0.60
2 125.53 + 2.76
2a 93.64 + 1.06
3 >150
3a 10.45 =+ 0.45
3b 30.74 + 0.72
3¢ 31.00 + 1.44
a
150
= Il control
% 3 liquiritigenin
.E 100
= %
k) - % %
= *
S 50 *
=3
=
9]
&
0- T T T |
25 50 75 . 100 150
concentration
b
150
P El control
X 3 7-methoxy-liquiritigenin
=
2 100
= %
: i E
& %*
E *
= 50
=y
G
(3]
0- T T T T

25 50 75 100 150
concentration

Figure 4. Cont.
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Figure 4. Inhibition of proliferation of MCF-7 human breast cancer cells by (a,b) liquiritigenin and 7-methoxy-liquiritigenin;

(c,d) naringenin and 7-methoxynaringenin; and (e-h) hesperetin, 3'-methoxyhesperetin, 7-methoxyhesperetin and 7,3'-

dimethoxyhesperetin. (mean £ SD, n = 3). * Indicates a significant difference compared to the control (p < 0.05).



Foods 2021, 10, 2367

12 of 16

Cell proliferation was inhibited after exposure to liquiritigenin and 1la in a dose-
dependent manner (Figure 4a,b) (IC 50 of 100.94 + 1.83 uM, 11.23 & 0.60 uM) (Table 5). Com-
pared to liquiritigenin, the antiproliferation potency of compound 1a increased 8.99-fold.
Naringenin 2 and 2a showed good antiproliferative activity compared to that of the control
culture (Figure 4¢,d) (p < 0.05). Cell proliferation was inhibited after exposure to naringenin
and 2a (IC 59 of 125.53 £ 2.76 pM, 93.64 &+ 1.06 uM). The antiproliferation potency of com-
pound 2a was enhanced by 1.34-fold compared to that of naringenin. Methylation products
of hesperidin (3a, 3b, and 3c) resulted in products that showed comparable antiprolifer-
ative activities compared to the control (p < 0.05). Cell proliferation was inhibited after
exposure to 3a, 3b, and 3¢, and their IC 5y values were 10.45 & 0.45 uM, 30.74 £ 0.72 uM,
and 31.00 £ 1.44 uM, respectively (Figure 4e-h, Table 5). The IC 5y was over 150 pM for
MCEF-7 cells compared to the control (p < 0.05) (Table 5). Compound 3a showed 2.01- and
1.97-fold increases in antiproliferation potency compared to that of 3b and 3c, respectively.

3.5. Cytotoxicity Studies

The cytotoxicity of liquiritigenin, 1a, naringenin, 2s, hesperetin, 3a, 3b, and 3c at
a concentration corresponding to the IC 5o on MCEF-7 cells is shown in Figure 5. The
cytotoxicity of 150 uM hesperetin on MCF-7 cells is shown in Figure 4. No cytotoxicity
was observed for 7-methoxyhesperetin on MCF-7 cells. Slight cytotoxicity was observed
for liquiritigenin, naringenin, hesperetin, 7-methoxynaringenin, 7-methoxy-liquiritigenin,
3’-methoxyhesperetin, and 7, 3’-dimethoxyhesperetin on MCEF-7 cells.
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Figure 5. Cytotoxicity of liquiritigenin, 7-methoxy-liquiritigenin, naringenin, 7-methoxynaringenin,
hesperetin, 3/ -methoxyhesperetin, 7-methoxyhesperetin, and 7,3’—dimethoxyhesperetin on MCEF-7
breast cancer cells (mean =+ SD, n = 3). Data are presented as mean + SD. * Indicates a significant
difference compared to the control (p < 0.05).

4. Discussion

Flavonoids and their derivatives can potentially be used in clinical treatment due
to their notable antimicrobial, anticancer, and anti-inflammatory effects [22]. Therefore,
scientists are continuously developing technology such as for structural modification of
flavonoids to alter their biological activities [11-14]. In the present study, LtOMT and
HsOMT, as two orthologous O-methyltransferases (OMTs) in two fungal benzenediol lac-
tones, were considered for carrying out biotransformation [19]. The enzymes HsOMT and
LtOMT exhibited variable catalytic abilities in the modification of three substrates (liquirit-
igenin, naringenin, and hesperetin). NMR analysis found that, in 1a and 2a, the methyl
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group was added by HsOMT at the seventh position of liquiritigenin and naringenin,
respectively, replacing the hydrogen in the hydroxyl group and becoming a methoxy group.
However, three products were obtained in the reaction with hesperetin: 3a (catalyzed by
HsOMT); 3b (catalyzed by LtOMT); and 3c (catalyzed by LtOMT and HsOMT).

The bioactivity was significantly influenced by methylation [23], but not all the trans-
formed products possessed the desired properties in the present study. Previous studies
reported that pure naringenin showed poor antimicrobial activities, and free hesperetin
also did not demonstrate activity against either E. coli or S. aureus [24,25]. Similarity, narin-
genin, hesperetin, and its methylation products (2a, 3a, 3b, and 3c) also failed to inhibit the
growth of S. aureus ATCC 6538 and E. coli ATCC25922 in the present study. The effect of
antimicrobial activities was particularly relevant to the conversion of highly hydrophilic
groups and steric hindrance of reactive sites [26]. Magozwi et al. revealed that methylation
of the hydroxyl groups on C-3 or C-7 reduced the antimicrobial activity of flavonoids [27].
Research on quercetin indicated that the loss of a hydroxyl group at C-3 was associated
with low activity [27]. Here, the results for the methylation product of liquiritigenin on
S. aureus ATCC6538, E. coli ATCC25922, and C. albicans SC5314 indicated that methylation
did not lower the antimicrobial activity compared with liquiritigenin. In previous studies,
liquiritigenin demonstrated a strong antibacterial effect on E. coli [28].

The anticancer ability of flavonoids has been the subject of great research interest in re-
cent years. Previous studies focusing on anticancer abilities have demonstrated that MCF-7
breast cancer cell proliferation was inhibited in a dose-dependent manner after exposure
to liquiritigenin, naringenin, and hesperetin [29-31]. Liquiritigenin was found to effec-
tively inhibit the invasiveness of breast cancer cells by inhibiting DNA methyltransferase
(DNMT) activity and increasing (breast cancer 1) BRCA1 expression [29], and naringenin
treatment regulated endoplasmic reticulum (ER)-stress mediation to prevent breast cancer
cell proliferation [32]. Meanwhile, hesperetin decreased the expression of aromatase and
inhibited estrogen production in MCF-7 breast cancer cells [33]. The anticancer ability of
flavonoids was influenced by the range of O-methylation, while the ability of methylated
quercetin to inhibit HL60 leukemia cell proliferation was weaker than that of its unmethy-
lated counterpart, and poly-O-methylated nobiletin and tangeretin showed the reverse
trend in human squamous cell carcinoma [34]. Therefore, the anticancer performance of
methylated flavonoids was variable and associated with the position of methylation and
the type of cancer cell. Compounds 1a, 2a, 3a, 3b, and 3c also showed good performance
in terms of anticancer activities. Katayama et al. reported that the methylation in 4-C
of the B-ring was associated with promising potential in treating cancer [35]. However,
3’-O-methylation was also found to enhance the antiproliferative function of nobiletin, and
the highly methylated flavonoid 3',4’,7-trimethoxyflavone showed better inhibitory activity
against the breast cancer resistance protein compared to the minimally methylated acacetin.
In the present study, 3c displayed the best antiproliferation ability [35,36]. Interestingly,
methylation products also showed good inhibition ability against MCF-7 breast cancer
cells. The substrates in our study, for which a methyl group was added, appear to regulate
some important functions in cell, such as gene regulation, epigenetics, and cellular energy
status [34]. In addition to the antiproliferation ability of the methylation products, it is
also worth discussing their toxicity. It has been reported that the existence of a 4-carbonyl
group and 2-3 double bond is associated with cytotoxicity [37,38]. The cytotoxicity of the
samples was demonstrated at the concentration of IC 5. It can be clearly observed that 3b
and 2a showed the lowest and highest cytotoxicity among the samples, respectively. Narin-
genin had lower cytotoxicity than that of liquiritigenin, which was in accordance with the
results of previous reports that the number of hydroxyl groups was negatively associated
with cytotoxicity [39]. In fact, highly methoxylated products demonstrate higher toxicity
than those that are less methoxylated, but the increase in hydroxyl groups decreased the
hydrophobicity, thereby lowering product toxicity [39]. Therefore, products of hesperetin
ultimately showed better performance in terms of cytotoxicity.
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5. Conclusions

The current study confirmed that three of the examined flavonoids tended to be
transformed by HsOMT and not LtOMT. Among these compounds, naringenin was trans-
formed by HsOMT with the highest conversion yield of 78%. As a result, five known
flavonoids were extracted and isolated from fermented cultures, and their structures were
subsequently characterized by NMR. The results indicate that HSOMT easily methylates
the free aromatic hydroxyl groups on ring A of flavonoids and could be developed as a re-
gioselective biocatalyst for the methylation of phenolic natural products. The results of the
antimicrobial experiment show that 7-methoxy-lliquiritigenin had the strongest inhibitory
effect on C. albicans SC5314 and S. aureus ATCC6538, with MIC values of 25 and 75 uM,
respectively, which were increased 3- and 1.25-fold compared to the unmethylated sub-
strate. Additionally, 3"-methylhesperidin and 7-methylhesperidin had stronger inhibitory
effects on C. albicans SC5314 than those of hesperidin and 7,3’-dimethylhesperidin. This
may be due to the steric hindrance caused by the methylation of two hydroxyl groups
of 7,3’-dimethylhesperetin, which affected the antimicrobial activity. From the experi-
ment of antiproliferation and cell cytotoxicity assays on MCEF-7 cells, it can be concluded
that 7-methoxy-liquiritigenin had increased antiproliferative and cytotoxicity activities
compared with liquiritigenin, and similar results were obtained for 7-methylnaringenin
and naringenin. The results demonstrate that, compared with hesperetin, the derivatives
7-methylhesperetin, 3’-methylhesperetin, and 7,3’-dimethylhesperetin had an increased
antiproliferation effect but decreased cytotoxicity, and that 7-methylhesperetin had no
cytotoxicity. These results indicate that methylation can enhance the antimicrobial activity
and antiproliferative effect of flavonoids. The current study provides an experimental
basis for the further research on flavonoids as well as flavonoid-containing crops in the
development of antimicrobial and anti-breast cancer drugs in addition to supplementary
and health foods. Biotransformation is an ideal method, as it represents a means for the
sustainable production of flavonoids.
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