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Abstract: Quercetin is the most abundant flavonoid in food products, including berries, apples,
cauliflower, tea, cabbage, nuts, onions, red wine and fruit juices. It exhibits various biological activities
and is used for medical applications, such as treating allergic, inflammatory and metabolic disorders,
ophthalmic and cardiovascular diseases, and arthritis. However, its low water solubility may limit
quercetin’s therapeutic potential. One method of increasing the solubility of active compounds
is their coupling to polar molecules, such as sugars. The attachment of a glucose unit impacts
the stability and solubility of flavonoids and often determines their bioavailability and bioactivity.
Entomopathogenic fungi are biocatalysts well known for their ability to attach glucose and its
4-O-methyl derivative to bioactive compounds, including flavonoids. We investigated the ability of
cultures of entomopathogenic fungi belonging to Beauveria, Isaria, Metapochonia, Lecanicillium and
Metarhizium genera to biotransform quercetin. Three major glycosylation products were detected:
(1), 7-O-p-D-(4"-O-methylglucopyranosyl)-quercetin, (2) 3-O-3-D-(4"-O-methylglucopyranosyl)-
quercetin and (3) 3-O-p-D-(glucopyranosyl)-quercetin. The results show evident variability of the
biotransformation process, both between strains of the tested biocatalysts from different species
and between strains of the same species. Pharmacokinetic and pharmacodynamic properties of the
obtained compounds were predicted with the use of cheminformatics tools. The study showed that
the obtained compounds may have applications as effective modulators of intestinal flora and may
be stronger hepato-, cardio- and vasoprotectants and free radical scavengers than quercetin.

Keywords: quercetin; biotransformation; entomopathogenic fungi; 4-O-methyloglycosylation

1. Introduction

Quercetin, a widely distributed representative of a large class of flavonoid
compounds—flavonols—contains five hydroxyl groups at positions 3, 3/, 5, 7 and 4’ of the
basic flavone skeleton [1]. Quercetin is commonly found in the plant kingdom and has been
identified in many fruits and vegetables [2,3]. For this reason, humans’ daily intake of this
flavonoid is relatively high and reaches several milligrams. Apples, blueberries, cranberries
and onions are particularly rich sources of quercetin [3-5]. In many studies on cell lines and
animal models, it has been proven that this flavonol is highly biologically active and has
health-promoting activity, e.g., anticancer, antibacterial, antiviral, anti-obesity, antidiabetic,
anti-inflammatory, as well as neuroprotective and hepatoprotective. Human studies show
that quercetin may play a significant role in preventing coronary artery disease, asthma
and Alzheimer’s disease. Quercetin can potentially alleviate mood disorders and improve
overall health by boosting the immune system [6-11].
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Glycosylation of flavonoids is a known method to improve their stability and wa-
ter solubility. Like their aglycone, quercetin glycosides show multiple biological activi-
ties, e.g., neuroprotective, cardioprotective, antioxidative, chemopreventive and antialler-
gic [12]. A glucoside of quercetin—isoquercetin (3',4’,5,7-tetrahydroxyflavone 3-O-3-D-
glucopyranoside)—which occurs in vegetables, herbs and flowers, can potentially be used
in the prevention and treatment of numerous disorders and diseases due to its antiviral,
antidiabetic and antioxidant properties [13,14]. In the case of the anti-obesity effect, it was
found that isoquercetin shows a higher therapeutic effect than its aglycone—quercetin [15].
It is already well established that in the same conditions (temperature and pH value below
7), flavonoid glycosides are more soluble in water than their aglycones. The solubility of
glycoside naringin at 20 °C is more than 110-fold higher than its aglycone naringenin [16,17].
The solubility of rutin in water is 125 mg/L [18], whereas, for quercetin aglycone, it is only
0.512 mg/L (more than 240-fold lower) [19]. The presence of a sugar moiety in the flavonoid
molecule was proposed to be the crucial determinant of its absorption in humans [20];
however, this strongly depends on the type of conjugated sugar moiety. A study performed
on Beagle dogs showed that the bioavailability of 3-O-glycoside of quercetin (isoquercetin)
was higher (235%), whereas the bioavailability of 3-O-glucorhamnoside of quercetin (rutin)
was lower (92%) in comparison to its aglycone quercetin [15,21]. In contrast, a study in
rats found that isoquercetin bioavailability was 185% that of quercetin, while quercetin
3-thamnoside was barely absorbed (less than 25%) [22]. The high biological activity and
increased bioavailability of isoquercetin encouraged us to obtain glucose and 4-O-methyl
glucose derivatives of quercetin through whole-cell biotransformation.

Glycosylation is a prominent strategy utilized by organisms from diverse environ-
ments to regulate the physicochemical and biological properties of both macro- and mi-
cromolecules [23-25]. It has been suggested that each organism dedicates up to 1% of its
genome encoding proteins to glycosylation processes. Glycosylation inside living cells is
mediated mainly by a group of enzymes named glycosyltransferases (GTs) [26,27]. So far,
GTs from bacteria, plants and animals have been extensively studied. Despite the great po-
tential of fungi as whole-cell biocatalysts for the glycosylation of various substances [28-34],
only a few fungal GTs, such as MhGT1 from Mucor hiemalis, UGT58A1 from Rhizopus
japonicus, UGT59A1 from Absidia coerulea and BbGT86 from Beauveria bassiana, have been
isolated and characterized [35-37].

The main product of quercetin biotransformation conducted in plant cultures was its
3-O-glucopyranoside [38,39]. Isoquercetin was also the major product in the fungal strain
Cunninghamella elegans ATCC 9245 [40]. As a result of quercetin biotransformation by the
strain of Gliocladium deliquescens NRRL 1086, along with the predicted product quercetin
3-O-B-D-glucoside (isoquercetin), three additional metabolites—2-protocatechuoyl-
phlorogucinol carboxylic acid, 2,4,6-trihydroxybenzoic acid and protocatechuic acid—were
also isolated. The time-course experiments revealed two metabolic routes—regioselectivity
glycosylation and quercetin 2,3-dioxygenation—co-existing in this culture [41]. A sim-
ilar pathway of quercetin biotransformation was observed in the culture of a Bacillus
cereus strain [42]. There are also other bacterial strains capable of degrading quercetin
(Rhizobium loti and Bradyrhizobium strains (Lotus)) [43]. The biotransformation of quercetin
by Streptomyces griseus (ATCC 13273) resulted in the isolation and characterization of five
hydroxylated and/or methylated metabolites [44].

Quercetin-4"-O-methyl-7-O-B-D-glucopyranoside was the main product isolated after
the biotransformation of quercetin in Beauveria bassiana ATCC 7159 [45]. The ability of
strains of this species to regioselectively (C-7) attach 4-O-methylglucopyranose was also
confirmed in later studies [5]. The attachment of methylated glucose was also observed in
the culture of the Isaria fumosorosea KCH ]2 strain, but at the C-3 position, which resulted in
obtaining 4”-O-methyl-isoquercetin [2]. Employing genome mining, Xie et al. found that
this GT-MT module is not exclusive to B. bassiana but is also present in other Hypocreales
fungi, such as Isaria fumosorosea, Claviceps purpurea, Cordyceps militaris and Metarhizium
robertsii [24]. Interestingly, the same glucosyltransferase from a particular entomopathogen
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is able to catalyze different glycosylation reactions. The glycosyltransferase gene (BbGT)
from B. bassiana ATCC 7159 was expressed in other microbial hosts, including Saccharomyces
cerevisiae, Escherichia coli, Pseudomonas putida and Pichia pastoris, giving different products.
The major glycosylation product of quercetin in E. coli, P. putida and P. pastoris was quercetin-
7-O-B-D-glucoside, while the enzyme mainly produced quercetin-3-O-3-D-glucoside in
S. cerevisiae [46]. All these observations undoubtedly indicate that living organisms, includ-
ing entomopathogenic filamentous fungi, are still an underexploited repository of novel
GTs, which awaits discovery.

Since the main metabolites of flavonoids obtained from entomopathogenic fungi
are their glucose derivatives, it was a natural choice to use this group of filamentous
fungi as catalysts for the biotransformation of quercetin to obtain its glycosides and
4-O-methylglycosides. The strains from Beauveria bassiana and Isaria fumosorosea species
have a unique capacity for 4-O-methylglycosylation of flavonoids. We conducted research
to assess the biotransformation potential of various strains of entomopathogenic fungi,
including those with a confirmed capacity for methylglycosylation of flavonoid compounds,
as well as strains isolated from insect carcasses and utilized for biotransformations for the
first time.

2. Results and Discussion

Based on the previously described results regarding the biotransformations of flavonoid
compounds in entomopathogenic strains, especially quercetin biotransformation conducted
by those micro-organisms, we decided to use five strains of the Beauveria bassiana species,
two of the Beauveria caledonica species and the Isaria farinosa KCh KW1.1 as biocatalysts.
Among entomopathogenic filamentous fungi, B. bassiana strains are most commonly used
in biotransformation (including flavonoid compounds) [47-50]. Our previous publications
described differences in the biotransformation of methoxyflavones and dehydroepiandros-
terone (DHEA) in the cultures of various strains belonging to this species [51,52]. In this
work, we decided to check whether the biotransformation of quercetin in multiple strains
of this species will result in the appearance of different products. As one of the biocatalysts,
Beauveria felina ENC3 was used. To the best of our knowledge, the culture of this species ap-
plied as a biocatalyst of flavonoid compounds has never been reported before. In addition,
we decided to check the ability of other entomopathogenic strains to biotransform quercetin:
two strains of the Isaria tenuipes species and Lecanicillium lecanii, as well as Metapochonia
bulbillosa CYS17 and Metarhizium anisopline MU4 (genetic identification is described in the
Materials and Methods section).

The Isaria fumosorosea KCH ]2 strain has already been described in our previous papers
as an effective biocatalyst of flavanones and flavones, including quercetin [2,50,52-54].
Based on the results previously described for this strain, we noticed the similarity with
Beauveria bassiana strains in the transformation of flavonoid compounds. In both cases, the
main products were 4-O-methyl-glucopyranosides, with the difference that in the case of
B. bassiana, a hydroxyl group at C-7 was being glycosylated, whereas I. fumosorosea cultures
attached the sugar moiety to the hydroxyl group at C-3. In addition, the latter species, along
with methylglucoside, also produces isoquercetin. On this basis, we used Isaria fumosorosea
KCh J2 and B. bassiana AM278 to obtain reference quercetin metabolites. We obtained
one glycoside (2) in the culture of the B. bassiana AM278 and two glycosides (3, 4) in the
L. fumosorosea KCh ]2 strain culture; the products have been characterized spectroscopically
in our earlier publications [2,5] (Scheme 1).

Based on the experiments conducted, we found that the pentahydroxyflavone quercetin
used as a substrate is transformed to a variable extent depending on the biocatalyst used.
In the cultures of the strains M. bulbillosa CYS17, B. felina ENC3, L. lecanii DSM 63098 and
L. lecanii NK3, even after ten days of substrate incubation, no glycosylation products were
observed (Table 1). Quercetin remained in the reaction medium, proving this polyphenol’s
high stability in these experimental conditions.
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Scheme 1. Products (7-O-B-D-(4"-O-methylglucopyranosyl)-quercetin (2), 3-O-p-D-(4"-O-
methylglucopyranosyl)-quercetin (3), 3-O-3-D-(glucopyranosyl)-quercetin (4)) obtained during bio-
transformation of quercetin in cultures of entomopathogenic strains.

The products were also not observed in the culture of the B. caledonica KCh ]3.4
strain. However, in the culture of another strain of the same species, B. caledonica KCh J3.3,
after seven days of incubation, we identified 3,3’ 4’ 5-tetrahydroxyflavone 7-O-3-D-(4"-O-
methyl)-glucopyranoside (2); a compound also formed as the only product in the culture of
the B. bassiana AM278 strain [5]. Similar differences in the conversion of this substrate were
observed during biotransformation in cultures of other B. bassiana strains. In the cultures of
the KCh J1.5 and KCh BBT strains, we observed, in accordance with the literature data [51],
effective 4-O-methylglycosylation leading to the formation of compound 2. However, in
the cultures of B. bassiana strains KCh J2.1 and KCh J1, even after 10 days of incubation,
more than 90% of the substrate remained unchanged. On the other hand, in the culture
of the B. bassiana KCh ]3.2 strain, after three days of biotransformation, we observed the
decomposition of the substrate used and a slight increase in compound 2 in the reaction
mixture (Table 1).

The most effective biocatalysts producing 7-O-p-D-(4'-O-methyl)-glucopyranoside
quercetin (2) were the strains B. bassiana KCh J1.5 and B. bassiana KCh BBT. On the
first day, both cultures showed the same ability to produce glycoside 2, above 30%
(p value > 0.05; Figure S24—Supplementary Materials); however, from the third day of
biotransformation, the most effective strain among all tested mushrooms was B. bassiana
KCh]1. 5 (p value < 0.05; Figure S24—Supplementary Materials). All the tested fungi be-
longing to the Beauveria genera showed significant differences in the ability to produce
metabolite 2 (p value < 0.05), with B. bassiana ]2.1 as the least active strain, which produced
less than 3% of glycoside 2 after 10 days (Table S2—Supplementary Materials). The re-
sults obtained demonstrate that the biocatalytic capacity to produce metabolite 2 in the
culture of the tested fungi of the genus Beauveria does not depend only on the species
(B. caledonica KCh ]3.3 produced significantly lower amounts of glycoside 2 than B. bassiana
KChJ1.5 and B. bassiana KCh BBT) (p value < 0.05; Figure S24—Supplementary Materials)
but also on the strain used; after 10 days, B. bassiana KCh KW 1.1 produced 35-fold less
and 25-fold less glycoside 2 than B. bassiana KCh J1.5 and B. bassiana KCh BBT, respectively
(Table S2—Supplementary Materials). Fungi of the Isaria genus demonstrated similarly low
biocatalytic efficiency in producing metabolite 2, as mentioned earlier for the B. bassiana
KCh J2.1 strain. No significant differences in obtaining metabolite 2 were observed until the
seventh day of biotransformation (p value > 0.05; Figure S24—Supplementary Materials).
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Table 1. Microbial transformation of quercetin, HPLC conversion.
Conversion [%] after 1, 3, 7 and 10 Days of
Time of Biotransformation
Strain Biotransformation Substrate Products Other Products
[Days]
1 2 3 4

Beauveria bassiana KCh J1.5 1 64 36 - - -
3 30 70 - - -

7 4 96 - - -

10 1 99 - - -

Beauveria bassiana KCh BBT 1 68 32 - - -
3 44 55 - - -

7 32 68 - - -

10 28 72 - - -

Beauveria bassiana KCh J3.2 1 95 - - - 5
3 1 4 - - 95

Beauveria bassiana KCh J2.1 10 91 2 - - 7
Beauveria bassiana KCh J1 10 95 - - - 5
Beauveria caledonica KCh J3.3 1 97 3 - - -
3 80 20 - - -

7 68 32 - - -
10 50 13 - - 37

Beauveria caledonica KCh J3.4 10 99 - - - 1
Isaria farinosa KCh KW 1.1 1 96 0.4 0.1 0.6 3
3 91 1.5 0.8 1.9 4

7 86 29 1.5 35 6

10 79 2.8 0.9 35 13

Isaria tenuipes MU35 1 80 1.7 2 16 -

3 61 2.6 33 33 -

7 13 4 7 70 -

10 10 6 12 67 4

Isaria tenuipes CYS30 1 81 15 3.2 13 -

3 43 4.2 7 43 -

7 19 6 10 62 3

10 6 7 13 69 5

Metapochonia bulbillosa CYS17 10 96 - - - 4
Beauveria feline ENC3 10 99 - - - 1
Lecanicillium lecanii DSM 63098 10 99 - - - 1
Lecanicillium lecanii NK3 10 99 - - - 1
Metarhizium anisopline MU4 10 10 - - 4 86

Data are expressed as the mean of three independent experiments (biological replicates). The table containing
data expressed as means =+ standard deviations can be found in the Supplementary Materials—Table S2a,b.
1—Quercetin; 2—(7-O-B-D-(4"-O-methylglucopyranosyl)-quercetin; 3—3-O-3-D-(4"-O-methylglucopyranosyl)-
quercetin; 4—3-O-p-D-(glucopyranosyl)-quercetin; Other products—products of degradation. Selected chro-
matograms showing the progress of quercetin (1) biotransformation in the cultures of entomopathogenic filamen-
tous fungi are available in Supplementary Data (Figure 523).

The two-way course of quercetin biotransformation (regioselective glycosylation and
2,3-dioxygenation of quercetin) was previously described in the literature, mainly in bacte-
rial cultures [41-43]. Oxidation leading to three metabolites has previously been reported:
2-protocatechuoyl-phlorogucinol carboxylic acid, 2,4,6-trihydroxybenzoic acid and proto-
catechuic acid. In the culture of B. bassiana KCh ]3.2, the glycosylation product was 3,3 4 5-
tetrahydroxyflavone 7-O-B-D-(4"-O-methyl)-glucopyranoside (2). However, in the culture
of the Metarhizium anisopliae MU4 strain, despite the partial decomposition of the substrate,
we obtained 3’4’ 5,7-tetrahydroxyflavone 3-O-3-D-(4"-O-methyl)-glucopyranoside (3).

In the culture of the I. farinosa KCh KW 1.1 strain, three glycosylation products were
formed: 7-O-B-D-(4"-O-methylglucopyranosyl)-quercetin (2), 3-O-p-D-(4"-O-methylgluco-
pyranosyl)-quercetin (3), 3-O-3-D-(glucopyranosyl)-quercetin (4). Decomposition products
were also present in the reaction mixture, but the unreacted substrate was the dominant
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compound, even after ten days. Based on the obtained results, it can be concluded that
the cells of this strain produce enzymes analogous to both B. bassiana—formation of com-
pound 2—and I. fumosorosea species—compounds 3 and 4 [2]. Additionally, three products
(2, 3 and 4) but with much higher conversion were formed in cultures of strains I. tenuipes
MU35 and 1. tenuipes CYS30. The products accounted for about 90% of the reaction mixture,
and the dominant compound was 3-O-3-D-(glucopyranosyl)-quercetin (4). Interestingly,
strain I. tenuipes MU35 proved to be the most efficient biocatalyst in the production of glyco-
side 4 for the first 7 days of biotransformation (p value < 0.05; Figure S26—Supplementary
Materials); however, by day 10 of biotransformation, there was no longer a significant
difference in the production of metabolite 4 between I. fenuipes MU35 and I. tenuipes CYS30
(progress in the production of metabolites 3 and 4 with statistical differences available in
Supplementary Materials—Figures 525 and 526).

To evaluate the physicochemical properties, pharmacokinetics and potential biological
activity of quercetin glycosides compared to quercetin, cheminformatics tools, such as
SwissADME and passOnline, were used. Physicochemical descriptor calculations were
performed for the substrate and the three products obtained: 2, 3 and 4. The predictions
were made for ADME parameters (absorption, distribution, metabolism, excretion), phar-
macokinetic properties and suitability for medicinal chemistry. The analysis was performed
using the online tool SwissADME (Available online: http://www.swissadme.ch (accessed
on 30 May 2023)), developed and managed by the Molecular Modeling Group of the Swiss
Institute of Bioinformatics (SIB) [55]. Based on the results obtained using this tool, it was
found that all the products have significantly lower lipophilicity and significantly higher
water solubility than quercetin (1) (Table 2).

Table 2. Pharmacokinetic and pharmacodynamic data compiled by the online tool SwissADME.

Activity/Parameter 1 2 3 4
Lipophilicity (Consensus Log Po/w) 1.23 —0.02 0.00 —0.48
Water solubility 0.17 mg/mL; 3.03 mg/mL; 3.03 mg/mL; 14.30 mg/mL;
573 x107*mol/L 632 x 1073 mol/L 632 x 10> mol/L  3.08 x 10~2 mol/L
Gastrointestinal absorption High Low Low Low
BBB permeant No No No No
P-gp substrate No No No No
CYP1A2 inhibitor Yes No No No
CYP2C19 inhibitor No No No No
CYP2C9 inhibitor No No No No
CYP2D6 inhibitor Yes No No No
CYP3A4 inhibitor Yes No No No
Log Kp (skin permeation) —7.05cm/s —8.97 cm/s —8.97 cm/s —8.88 cm/s
Bioavailability score 0.55 0.17 0.17 0.17

According to the results we obtained from in silico (i.e., computational) pharmacoki-
netic predictions, both the test substrate (1) and the obtained products (2, 3, 4) should
not passively penetrate the blood /brain barrier. It was also determined that quercetin (1)
can penetrate the intestine/blood barrier passively, while the described glycosides cannot
passively cross this barrier [56]. The attachment of a sugar unit impacts the stability and sol-
ubility of flavonoids and often also determines their bioavailability and bioactivity [57-59],
increases their hydrophilicity and thus affects their bioavailability [60]. Our chemoinfor-
matic studies showed that the 4’-O-methylglucoside- and 3-O-glucoside of quercetin have
the same bioavailability, which may suggest that the presence of a methyl group in the
glucose molecule in quercetin glucosides does not affect bioavailability. However, as pre-
sented above (Table 2), in the case of the obtained glucosides, the predicted gastrointestinal
absorption is low, unlike in the case of quercetin. The results do not support the generally
accepted thesis that quercetin glucosides are much better absorbed than their aglycone.
However, studies on the bioavailability of quercetin 3-O-glycoside (isoquercetin) have
shown a significant improvement in absorption for the glycoside [15,21]. The differences
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in the results of in silico evaluation and results obtained in vivo are probably related to
the methodology of determination of the physicochemical properties concerning only the
characteristic fragments of the molecule (descriptors) in in silico studies. As a result, the
predicted increased hydrophilicity of quercetin glucosides simultaneously results in de-
creased lipophilicity of the molecules, which may reduce affinity for biological membranes
and impede passive transport across the intestinal barrier. Based on in silico studies, glyco-
sylation may inhibit the passive permeation of glucosides into the bloodstream [55]. In vivo
studies show the opposite tendency, namely that glycosylation may significantly improve
the bioavailability of quercetin; however, this strongly depends on the type of sugar at-
tached. For isoquercetin (glucoside) and rutin (rutoside), the relative total bioavailability of
quercetin (i.e., conjugated quercetin and conjugated methyl ethers of quercetin) was 148%
and 23%, respectively, compared with quercetin aglycone [61]. In humans, rats and pigs,
the absolute bioavailability (i.e., the fraction of an ingested compound that reaches systemic
circulation) of unchanged quercetin was only 5% and 1%, respectively [21,62,63]. Certain
glycosides, such as quercetin-3-O-glucoside (isoquercetin), are substrates for the small
intestinal brush border enzyme lactase-phlorizin hydrolase (EC 3.2.1.108) [64]. Quercetin
can be enzymatically released from the glucoside form to its aglycone (quercetin), thus
being absorbed mainly in the small intestine. This results in relatively high bioavailability
of quercetin from isoquercetin [21].

Only about 3% of the ingested quercetin was excreted in urine as quercetin aglycone
or its conjugates, which indicates that quercetin is extensively metabolized in the human
liver and other organs and by the colonic microflora [62]. In addition, substantial variation
between different individuals in the measured quercetin bioavailability parameters was ob-
served by examining published human intervention studies where the sources of quercetin
were food, beverages or supplements. From the studies reported so far, the reasons or
causes of the interindividual differences are not clear, but based on the known metabolic
pathways, it is predicted that dietary history, genetic polymorphisms and variations in gut
microbiota metabolism play significant roles [65].

It is known that quercetin (1) can significantly alter the composition of the intestinal
flora in rats with hyperlipidemia (HLP), increasing the number of beneficial bacteria and
decreasing the composition of harmful bacteria by weakening the Firmicutes/Bacteroidetes
ratio [66]. Quercetin (1) and its metabolites can reduce lipid levels and improve liver
function; the potential mechanism may be the regulation of metabolism and intestinal
flora [67]. In addition, the described glycosides (2, 3, 4) should not be inhibitors of
monooxygenases, which are necessary for the proper functioning of the human body. Based
on the predicted pharmacokinetic and pharmacodynamic data (Table 2), 7-O-p-D-(4"-O-
methylglucopyranosyl)-quercetin (2), 3-O-p-D-(4"-O-methylglucopyranosyl)-quercetin (3),
and 3-O-B-D-(glucopyranosyl)-quercetin (4) can be considered as potential drugs [56].

Based on the evaluation using the platform Way2Drug PASS Online (http://www.
way2drug.com/PASSOnline/predict.php) (accessed on 30 May 2023), the described glyco-
sides with very high probability should, in many cases, show predicted biological activity
higher than quercetin (1). Table 3 shows the bioinformatic predictions of the most probable
biological activities of the obtained glycosides and quercetin (1). These activities are in
agreement with studies conducted empirically and show that quercetin (1) could act against
cardiovascular diseases (CVDs) through various mechanisms [68-75]. It was also confirmed
in in vitro and in vivo studies that some effects of quercetin (1) were slightly higher than
those of quercetin glucoside, while in vitro and ex vivo anticoagulant effects of quercetin
(1) were weaker than those of quercetin glucoside due to their structural characteristics.
Moreover, these effects, along with the lack of impairment of vital hemostasis in mice,
suggest that quercetin and quercetin-3-O-3-D-glucoside can potentially be therapeutic
agents for CVDs [76]. Based on data collected in Table 3, similar activity should also be
exhibited by quercetin methylglycosides; however, to confirm these activities, it is crucial
to perform in vitro and in vivo studies.
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Table 3. Biological activity predictions for quercetin (1) and its metabolites (2, 3, 4) using the
passOnline tool.

1 2 3 4

Activity - - - -

Pa Pi Pa Pi Pa Pi Pa Pi
Membrane permeability inhibitor 0.938 0.003 0.978 0.001 0.979 0.001 0.981 0.001
Membrane integrity agonist 0.973 0.002 0.977 0.002 0.983 0.001 0.989 0.001
Hemostatic 0.771 0.003 0.977 0.001 0.979 0.001 0.987 0.001
Free radical scavenger 0.811 0.003 0.973 0.001 0.978 0.001 0.978 0.001
Monophenol monooxygenase inhibitor 0.792 0.003 0.970 0.001 0.981 0.001 0.983 0.001
Cardioprotectant 0.833 0.003 0.968 0.001 0.974 0.001 0.984 0.001
Anticarcinogenic 0.757 0.007 0.961 0.001 0.969 0.001 0.965 0.001
Hepatoprotectant 0.706 0.007 0.955 0.002 0.964 0.001 0.961 0.001
Chemopreventive 0.717 0.006 0.949 0.002 0.954 0.002 0.956 0.002
Vasoprotector 0.824 0.004 0.948 0.002 0.934 0.002 0.947 0.002
UDP-glucuronosyltransferase substrate 0.857 0.004 0.936 0.003 0.906 0.003 0.954 0.002
Lipid peroxidase inhibitor 0.788 0.004 0.934 0.002 0.943 0.002 0.976 0.002
Proliferative diseases treatment 0.614 0.010 0.913 0.002 0.929 0.002 0.921 0.002
Capillary fragility treatment 0.737 0.001 0.882 0.000 0.888 0.000 0.913 0.000
Antioxidant 0.872 0.003 0.846 0.003 0.877 0.003 0.913 0.003
Antimutagenic 0.940 0.001 0.720 0.005 0.714 0.006 0.763 0.004

Pa—probable activity; Pi—probable inactivity. Values range from 0 to 1, where 1 represents 100% probability of
Pa or Pi, and 0 represents 0% probability of Pa or Pi.

The average daily intake of quercetin is estimated at 25 mg to 500 mg per day [77], and
administration of flavonols from the diet, such as quercetin or kaempferol, at concentrations
as high as 3000 mg/kg has not shown significant toxicity in animal studies and clinical
trials [78,79]. The acute toxicity in rats predicted by GUSAR (https://www.way2drug.
com/gusar (accessed on 30 May 2023)) is in agreement with the experimental studies
cited above. In our computational studies, LDs from the oral route of administration
of quercetin (1) was determined to be 1892 mg of compound per kg of rat body weight.
For compounds 2, 3 and 4, the LDs5 values were higher: 2759, 2494 and 3425 mg/kg.
Through the intraperitoneal route of administration, the LDs values for quercetin (1) and
its glycosides (2, 3, 4) were determined to be 920, 239, 234 and 582 mg/kg, respectively.
Our predictions indicate low toxicity of quercetin and similar safety of quercetin glycosides
2,3, 4).

3. Materials and Methods
3.1. Biotransformation Procedure

Erlenmeyer flasks (300 mL), each containing 100 mL of the sterile cultivation medium
(3% glucose, 1% peptone) (POCH, Gliwice, Poland), were inoculated with a suspension of
each entomopathogenic strain and then incubated for 3 days at 24 °C on a rotary shaker.
After this time, 10 mg of a substrate (quercetin (1) was purchased from Sigma-Aldrich
(St. Louis, MO, USA)) dissolved in 1 mL of dimethyl sulfoxide (DMSO) was added to the
interior. Samples were collected on the first, third, seventh and tenth day of the process
(it was repeated in three independent experiments). Then, all products were extracted
using ethyl acetate, and the extracts were dried using anhydrous MgSQOy, concentrated in
vacuo and analyzed using TLC and HPLC methods. Quantitative analyses of the mixtures
were performed by means of HPLC. The calibration curves for quantitative analyses were
prepared using quercetin and its glucosides as standards.

3.2. Product Samples

For the scale-up process, Erlenmeyer flasks (2000 mL) were used, each containing
500 mL of the same cultivation medium (3% glucose, 1% peptone; POCH, Gliwice, Poland),
which were inoculated in the same way as described above. Three days after inoculation,
100 mg of a substrate was dissolved in 2 mL of DMSO and added to the interior. Samples
were collected on the fourteenth day of the process. The products were extracted three
times using ethyl acetate and then analyzed using TLC, HPLC and NMR spectroscopy
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(*H NMR, 3C NMR, COSY, HMBC and HSQC) analysis (Figures S3, $4, S7-S10, S13-516,
519-522—Supplementary Data).

3.3. Analysis

The initial tests were carried out using TLC plates (SiOp, DC Alufolien Kieselgel 60
F254 (0.2 mm thick), Merck, Darmstadt, Germany). The mobile phase contained a mixture
of chloroform and methanol in a 9:1 (v/v) relation. The plates were observed using a UV
lamp (254 and 365 nm). The scale-up biotransformation products were separated using
1000 um preparative TLC silica gel plates (Anatech, Gehrden, Germany). The mobile
phase contained a mixture of chloroform and methanol in a 9:1 (v/v) ratio. The separation
products were scraped out and extracted twice using ethyl acetate.

3.4. Micro-Organisms

The micro-organisms Beauveria bassiana KCh J1.5, KCh J2.1, KCh J1, KCh J3.2 and KCh
BBT, B. caledonica KCh J3.3 and KCh ]3.4, Isaria farinosa KCh KW 1.1 and I. fumosorosea
KCh J2. were obtained from the collection of the Department of Food Chemistry and
Biocatalysts, Wroctaw University of Environmental and Life Sciences (Wroctaw, Poland).
The isolation and identification procedures were described in our previous papers [51,60,80].
The strains Lecanicillium lecanii NK3 and L. lecanii DSM 63098 were obtained from the
collection of the Department of Biotechnology and Food Microbiology, Wroctaw University
of Environmental and Life Sciences (Wroctaw, Poland). Strain ENC3 was characterized in a
previous paper by Urbaniak et al. (2020) [81] and was placed in the fungi collection of the
Institute of Plant Genetics, Polish Academy of Sciences, Poznar, Poland.

DNA extraction and molecular identification of fungal strains: Strains CYS17, CYS30,
ENC3, MU35 and MU4 were isolated from insects found in Poland. A modified method
using CTAB (hexadecyltrimethylammonium bromide) was applied for genomic DNA
extraction, as described before [82]. Species identification was performed on the basis
of the sequence analysis of the Internal Transcribed Spacers of the ribosomal DNA re-
gion (ITS1-ITS2). Polymerase chain reactions (PCRs) were performed as described pre-
viously [83] using DreamTaq Green DNA polymerase (Thermo Scientific, Espoo, Fin-
land). For the PCR amplification, specific primers were used: ITS4—forward primer
(5’-TCCTCCGCTTATTGATATGC-3") and ITS5—reverse primer (5'-GGAAGTAAAAGTCGT
AACAAGG-3') [84]. The amplicons were separated in 1.5% agarose gel (Invitrogen) with
GelGreen Nucleic Acid Stain (Biotium Inc. Freemont, CA, USA). For sequence analysis,
PCR-amplified DNA fragments were purified as described before [85]. DNA fragments
were labeled using a forward primer and the BigDyeTerminator 3.1 kit (Applied Biosystems,
Foster City, CA, USA), according to the producer’s recommendations, and precipitated
with 96% ethanol. Sequence reading was performed using Applied Biosystems equipment.
Sequences were analyzed using the BLASTn algorithm against the GenBank database-
deposited reference sequences (standard databases, highly similar sequences—megablast)
(Tables 4 and S1 in Supplementary Data). After molecular identification, fungal strains
were placed in the fungi collection of the Institute of Plant Genetics, Polish Academy of
Sciences, Poznan, Poland.

Table 4. Identification of fungal strains on the basis of the sequence of the ITS1-ITS2 sequences and
comparison with reference ITS sequences.

Name of Fungal Strain Identified Fungal Species Sequence Identity Accession Numbers

. . 99% identity with Acc. Numbers: OK661050.1, DQ132810.1,

Cysi7 Metapochonia bulbillosa Metapochonia bulbillosa, MK164206.1
CYS30 Isaria tenuipes 100% identity with Acc. Numbers: MT966070.1, MT966058.1,

P Isaria tenuipes, MT966055.1
MUS35 Isaria tenuives 100% identity with Acc. Numbers: MT966070.1, MT966058.1,

P Isaria tenuipes, MT966055.1

MU4 Metathizium anisopliae 100% identity with Acc. Numbers: FJ177507.1, and 99%: FJ177475.1,

Metarhizium anisopliae, EU307928.1
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3.5. HPLC

HPLC analyses were performed on an Ultimate 3000 UHPLC+ focused instrument
(Thermo Scientific, Waltham, MA, USA) with a photodiode array detector (detection from
210 to 450 nm wavelength) using an Agilent Zorbax Eclipse XDB-C18 (4.6 mm x 250 mm,
5 um, Agilent, Santa Clara, CA, USA) at a flow rate of 1.5 mL/min and the following
elution program: gradient elution from 0 to 6 min (80% A — 70% A), from 6 to 8 min
(70% A — 60% A); gradient elution from 8 to 13 min (60% A — 5% A); isocratic elution from
13 to 16 min (5% A); gradient elution from 16 to 18 min (5% A — 80% A); isocratic elution
from 18 to 20 min (80% A). Solvent A consisted of 0.1% HCOOH in water, and solvent B
consisted of 0.1% HCOOH in MeOH. The column temperature was 28 °C. The amounts of
quercetin and its glycosides in the extracts after completing the biotransformation process
were determined using standard calibration curves and using the peak area relationship
between quercetin and its metabolites (detection at wavelength A = 370 nm). The individual
standard stock solutions of quercetin (purity (HPLC) > 99%) (Extrasynthese, Genay, France),
3-O-glucoside of quercetin (purity (HPLC) > 98%) (Extrasynthese, Genay, France) and
7-O-glucoside of quercetin (purity (HPLC) > 99%) (Extrasynthese, Genay, France) were
diluted to a series of different concentration solutions for constructing the calibration
curves in the concentration range 181.0-905.0 ug/mL for quercetin, 137.5-687.5 pug/mL
for 3-O-glucoside of quercetin and 128-320 pug/mL for 7-O-glucoside of quercetin. The
mixtures of the standard solutions were injected in triplicate (5 pL), and the calibration
curves were constructed by plotting the peak area (Y-axis) versus the concentration (X-axis)
of each analyte. The results of all tested compounds showed good linearity: R? = 0.9964 for
quercetin, R? = 0.9993 for 3-O-glucoside of quercetin and R? = 0.9923 for 7-O-glucoside of
quercetin. Data acquisition and analysis were performed using the Chromeleon software
workstation (v7.2.10) (Thermo Scientific, Waltham, MA, USA).

3.6. Pharmacokinetics, Drug Nature, Biological Activity Prediction

The predictions of pharmacokinetic and physicochemical properties, medicinal chem-
istry friendliness and potential biological activity of flavonoid derivatives based on their
structural formulae were computed using SwissADME (Available online: http://www.
swissadme.ch (accessed on 30 May 2023)) and Way2Drug Pass Online with accompanying
services (Available online: http://www.way2drug.com/PASSOnline (accessed on 30 May
2023)). The structures of the molecules were built with ACD Chemsketch 2021.2.0 and
saved in a .mol format and, in this form, imported into both services. The biological activity
types in Pass Online are shown as the probability to be revealed (Pa) and not to be revealed
(Pi), and they are independent values in the range from 0 to 1.

3.7. Statistical Analysis

The HPLC conversion data in Supplementary Materials are presented as the
mean =+ standard error of the mean (SD). Statistical analysis was performed with one-
way ANOVA with Tukey’s post hoc test (Excel Office ver. 2019 with Real Statistics Resource
Pack, Microsoft, Redmond, WA, USA). The significance was accepted at a p value < 0.05.

4. Conclusions

Glycosylation is an effective way of improving the water solubility of natural products.
Flavonoid glycosylation has been increasingly described in recent times, which does not
necessarily mean we fully understand all the processes and enzymes responsible for these
reactions.

In the presented paper, we described the capacity of entomopathogenic fungi strains
to produce both 4-O-methylglucosides and a glucoside of quercetin.

Additionally, research on the properties of flavonoids, including their glycoside deriva-
tives, is ongoing, and efficient methods for obtaining such compounds are sought continu-
ously. The methods presented in this publication allow significant amounts of glycoside
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derivatives to be obtained efficiently and relatively cheaply while following the principles
of “green chemistry”.

In vivo, in vitro and clinical studies remain essential for a comprehensive understand-
ing of the biological activities, cytotoxicity and molecular mechanisms of action of potential
novel drugs. However, modern predictive tools can play a significant role in accelerat-
ing the screening process for lead compounds. These tools, which include predicting
pharmacokinetic parameters, such as bioavailability and absorption, as well as pharma-
codynamic parameters for assessing therapeutic potential, could shorten the time and
streamline the search for bioactive scaffolds. Identifying these pharmacophores is crucial in
the development of new drugs.

Our research indicated variations in the bioavailability of quercetin and its glycosides
when comparing in silico simulations with in vivo studies. These discrepancies clearly indi-
cate that the algorithms used in the cheminformatics tools for predicting pharmacokinetic
properties require further refinement.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms241411857 /s1.

Author Contributions: Conceptualization, T.T., M.D., EK. and L.S.; Data curation, T.T.,, M.L., EK.
and M.P,; Formal analysis, T.T., M.L.., M.U., EK,, M.P. and T.J.; Investigation, T.T. and T.J.; Method-
ology, T.T., M.D., M.U., EK. and T.J.; Project administration, T.T. and T.J.; Resources, M.L. and L.S.;
Supervision, L.S.; Validation, T.T. and T.J.; Visualization, T.T., M.U. and T.J.; Writing—original draft,
T.T., M.D. and T.J.; Writing—review and editing, T.T., M.D., M.U. and T.J. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was financed by the (Polish) National Science Centre, Grant No. 2015/17/D/NZ9/
02060. The APC is financed by Wroctaw University of Environmental and Life Sciences.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Samples of the compounds 1-4 are available from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rubin Thapa, M.; Jae Kyung, S. A review on structure, modifications and structure-activity relation of quercetin and its derivatives.
J. Microbiol. Biotechnol. 2020, 30, 11-20.

2. Dymarska, M.; Janeczko, T.; Kostrzewa-Sustow, E. Glycosylation of 3-hydroxyflavone, 3-methoxyflavone, quercetin and baicalein
in fungal cultures of the genus Isaria. Molecules 2018, 23, 2477. [CrossRef]

3. Lesjak, M.; Beara, L; Simin, N.; Pinta¢, D.; Majki¢, T.; Bekvalac, K.; Or¢i¢, D.; Mimica-Duki¢, N. Antioxidant and anti-inflammatory
activities of quercetin and its derivatives. . Funct. Foods 2018, 40, 68-75. [CrossRef]

4.  Petersen, B,; Egert, S.; Bosy-Westphal, A.; Miiller, M.].; Wolffram, S.; Hubbermann, E.M.; Rimbach, G.; Schwarz, K. Bioavailability
of quercetin in humans and the influence of food matrix comparing quercetin capsules and different apple sources. Food Res. Int.
2016, 88, 159-165. [CrossRef]

5. Strugala, P; Tronina, T.; Huszcza, E.; Gabrielska, J. Bioactivity in vitro of quercetin glycoside obtained in Beauveria bassiana culture
and its interaction with liposome membranes. Molecules 2017, 22, 1520. [CrossRef] [PubMed]

6.  Miltonprabu, S.; Tomczyk, M.; Skalicka-WozZniak, K.; Rastrelli, L.; Daglia, M.; Nabavi, S.F,; Alavian, S.M.; Nabavi, S.M. Hepato-
protective effect of quercetin: From chemistry to medicine. Food Chem. Toxicol. 2017, 108, 365-374. [CrossRef] [PubMed]

7. Dajas, F; Abin-Carriquiry, ].A.; Arredondo, F; Blasina, F; Echeverry, C.; Martinez, M.; Rivera, F.; Vaamonde, L. Quercetin in brain
diseases: Potential and limits. Neurochem. Int. 2015, 89, 140-148. [CrossRef]

8.  Carvalho, D.; Paulino, M.; Polticelli, F.; Arredondo, F; Williams, R.J.; Abin-Carriquiry, J.A. Structural evidence of quercetin
multi-target bioactivity: A reverse virtual screening strategy. Eur. ]. Pharm. Sci. 2017, 106, 393—403. [CrossRef] [PubMed]

9.  Wang, W,; Sun, C.; Mao, L.; Ma, P; Liu, F; Yang, J.; Gao, Y. The biological activities, chemical stability, metabolism and delivery
systems of quercetin: A review. Trends Food Sci. Technol. 2016, 56, 21-38. [CrossRef]

10. Suganthy, N.; Devi, K.P.; Nabavi, S.F,; Braidy, N.; Nabavi, S.M. Bioactive effects of quercetin in the central nervous system:
Focusing on the mechanisms of actions. Biomed. Pharmacother. 2016, 84, 892-908. [CrossRef] [PubMed]

11. Rajanandh, M.; Satishkumar, M.; Elango, K.; Suresh, B. Moringa oleifera Lam. A herbal medicine for hyperlipidemia: A

pre—clinical report. Asian Pac. J. Trop. Dis. 2012, 2, S790-5795. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms241411857/s1
https://www.mdpi.com/article/10.3390/ijms241411857/s1
https://doi.org/10.3390/molecules23102477
https://doi.org/10.1016/j.jff.2017.10.047
https://doi.org/10.1016/j.foodres.2016.02.013
https://doi.org/10.3390/molecules22091520
https://www.ncbi.nlm.nih.gov/pubmed/28891998
https://doi.org/10.1016/j.fct.2016.08.034
https://www.ncbi.nlm.nih.gov/pubmed/27591927
https://doi.org/10.1016/j.neuint.2015.07.002
https://doi.org/10.1016/j.ejps.2017.06.028
https://www.ncbi.nlm.nih.gov/pubmed/28636950
https://doi.org/10.1016/j.tifs.2016.07.004
https://doi.org/10.1016/j.biopha.2016.10.011
https://www.ncbi.nlm.nih.gov/pubmed/27756054
https://doi.org/10.1016/S2222-1808(12)60266-7

Int. . Mol. Sci. 2023, 24, 11857 12 of 14

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Jayachandran, M.; Zhang, T.; Ganesan, K.; Xu, B.; Chung, S.5.M. Isoquercetin ameliorates hyperglycemia and regulates key
enzymes of glucose metabolism via insulin signaling pathway in streptozotocin-induced diabetic rats. Eur. |. Pharmacol. 2018,
829, 112-120. [CrossRef]

Cao, H.; Xu, H.; Zhu, G,; Liu, S. Isoquercetin ameliorated hypoxia/reoxygenation-induced H9C2 cardiomyocyte apoptosis via a
mitochondrial-dependent pathway. Biomed. Pharmacother. 2017, 95, 938-943. [CrossRef]

Wang, C.-P; Li, J.-L.; Zhang, L.-Z.; Zhang, X.-C.; Yu, S.; Liang, X.-M.; Ding, F.; Wang, Z.-W. Isoquercetin protects cortical neurons
from oxygen-glucose deprivation-reperfusion induced injury via suppression of TLR4-NF-«B signal pathway. Neurochem. Int.
2013, 63, 741-749. [CrossRef]

Lee, CW.; Seo, ].Y.; Lee, J.; Choi, ]JJW,; Cho, S.; Bae, ].Y.; Sohng, ].K.; Kim, S5.0.; Kim, ].; Park, Y.I. 3-O-Glucosylation of quercetin
enhances inhibitory effects on the adipocyte differentiation and lipogenesis. Biomed. Pharmacother. 2017, 95, 589-598. [CrossRef]
Wen, |.; Liu, B.; Yuan, E.; Ma, Y.,; Zhu, Y. Preparation and physicochemical properties of the complex of naringenin with
hydroxypropyl-B-cyclodextrin. Molecules 2010, 15, 4401-4407. [CrossRef]

Pulley, G.N. Solubility of naringin in water. Ind. Eng. Chem. Anal. Ed. 1936, 8, 360. [CrossRef]

Suzuki, Y.; Suzuki, K.; Yoneyama, M.; Miyake, T. 4G-alpha-D-glucopyranosyl Rutin, and Its Preparation and Uses. U.S. Patent No.
5,171,573, 15 December 1992.

Saija, A.; Tomaino, A.; Trombetta, D.; Luisa Pellegrino, M.; Tita, B.; Messina, C.; Bonina, F.P.; Rocco, C.; Nicolosi, G.; Castelli, F.
‘In vitro” antioxidant and photoprotective properties and interaction with model membranes of three new quercetin esters. Eur. J.
Pharm. Biopharm. 2003, 56, 167-174. [CrossRef]

Hollman, P.C.; Bijsman, M.N.; Van Gameren, Y.; Cnossen, E.P; De Vries, ].H.; Katan, M.B. The sugar moiety is a major determinant
of the absorption of dietary flavonoid glycosides in man. Free Radic. Res. 1999, 31, 569-573. [CrossRef]

Reinboth, M.; Wolffram, S.; Abraham, G.; Ungemach, FR.; Cermak, R. Oral bioavailability of quercetin from different quercetin
glycosides in dogs. Br. J. Nutr. 2010, 104, 198-203. [CrossRef]

Morand, C.; Manach, C.; Crespy, V.; Remesy, C. Quercetin 3-O-[3-glucoside is better absorbed than other quercetin forms and is
not present in rat plasma. Free Radic. Res. 2000, 33, 667-676. [CrossRef]

Lairson, L.; Henrissat, B.; Davies, G.; Withers, S. Glycosyltransferases: Structures, functions, and mechanisms. Annu. Rev. Biochem.
2008, 77,521-555. [CrossRef]

Xie, L.; Zhang, L.; Wang, C.; Wang, X.; Xu, Y.-m.; Yu, H,; Wu, P; Li, S;; Han, L.; Gunatilaka, A.L. Methylglucosylation of
aromatic amino and phenolic moieties of drug-like biosynthons by combinatorial biosynthesis. Proc. Natl. Acad. Sci. USA 2018,
115, E4980-E4989. [CrossRef] [PubMed]

Xie, L.; Zhang, L.; Bai, J.; Yue, Q.; Zhang, M; Li, J.; Wang, C.; Xu, Y. Methylglucosylation of phenolic compounds by fungal
glycosyltransferase-methyltransferase functional modules. J. Agric. Food Chem. 2019, 67, 8573-8580. [CrossRef] [PubMed]
Veitch, N.C.; Grayer, R.]. Flavonoids and their glycosides, including anthocyanins. Nat. Prod. Rep. 2011, 28, 1626-1695. [CrossRef]
He, B.; Bai, X; Tan, Y.; Xie, W.; Feng, Y.; Yang, G.-Y. Glycosyltransferases: Mining, engineering and applications in biosynthesis of
glycosylated plant natural products. Synth. Syst. Biotechnol. 2022, 7, 602-620. [CrossRef]

Zhan, J.; Gunatilaka, A.L. Microbial transformation of curvularin. J. Nat. Prod. 2005, 68, 1271-1273. [CrossRef] [PubMed]

Zhu, Y.-Y,; Qian, L.-W.; Zhang, J.; Liu, J.-H.; Yu, B.-Y. New approaches to the structural modification of olean-type pentacylic
triterpenes via microbial oxidation and glycosylation. Tetrahedron 2011, 67, 4206-4211. [CrossRef]

Zhang, W.; Ye, M.; Zhan, J.; Chen, Y.; Guo, D. Microbial glycosylation of four free anthraquinones by Absidia coerulea. Biotechnol.
Lett. 2004, 26, 127-131. [CrossRef]

Bartmarnska, A.; Tronina, T.; Huszcza, E. Transformation of 8-prenylnaringenin by Absidia coerulea and Beauveria bassiana. Bioorg.
Med. Chem. Lett. 2012, 22, 6451-6453. [CrossRef]

Dou, E; Wang, Z.; Li, G.; Dun, B. Microbial Transformation of Flavonoids by Isaria fumosorosea ACCC 37814. Molecules 2019,
24,1028. [CrossRef]

Koztowska, E.; Dymarska, M.; Kostrzewa-Sustow, E.; Janeczko, T. Cascade biotransformation of estrogens by Isaria fumosorosea
KCh J2. Sci. Rep. 2019, 9, 10734. [CrossRef] [PubMed]

Dymarska, M.; Janeczko, T.; Kostrzewa-Sustow, E. Glycosylation of methoxylated flavonoids in the cultures of Isaria fumosorosea
KCH J2. Molecules 2018, 23, 2578. [CrossRef]

Feng, J.; Zhang, P; Cui, Y,; Li, K; Qiao, X.; Zhang, Y.T.; Li, S.M.; Cox, R.J.; Wu, B.; Ye, M. Regio-and Stereospecific O-Glycosylation
of Phenolic Compounds Catalyzed by a Fungal Glycosyltransferase from Mucor hiemalis. Adv. Synth. Catal. 2017, 359, 995-1006.
[CrossRef]

Xie, K,; Dou, X.; Chen, R.; Chen, D.; Fang, C.; Xiao, Z.; Dai, ]. Two novel fungal phenolic UDP glycosyltransferases from Absidia
coerulea and Rhizopus japonicus. Appl. Environ. Microbiol. 2017, 83, €03103-16. [CrossRef] [PubMed]

Mackenzie, P1.; Owens, 1.S.; Burchell, B.; Bock, K.W.; Bairoch, A.; Belanger, A.; Fournel-Gigleux, S.; Green, M.; Hum, D.W,;
Iyanagi, T. The UDP glycosyltransferase gene superfamily: Recommended nomenclature update based on evolutionary diver-
gence. Pharmacogenetics 1997, 7, 255-269. [CrossRef]

Braemer, R.; Tsoutsias, Y.; Hurabielle, M.; Paris, M. Biotransformations of quercetin and apigenin by a cell suspension culture of
Cannabis sativa. Planta Med. 1987, 53, 225-226. [CrossRef]

Popova, P,; Zarev, Y.; Ionkova, I. Biotransformation of quercetin, kaempferol and apigenin to monoglycosylated derivatives by
in vitro suspension cultures of Astragalus vesicarius ssp. carniolicus. Pharmacia 2021, 68, 307-311. [CrossRef]


https://doi.org/10.1016/j.ejphar.2018.04.015
https://doi.org/10.1016/j.biopha.2017.08.128
https://doi.org/10.1016/j.neuint.2013.09.018
https://doi.org/10.1016/j.biopha.2017.08.002
https://doi.org/10.3390/molecules15064401
https://doi.org/10.1021/ac50103a020
https://doi.org/10.1016/S0939-6411(03)00101-2
https://doi.org/10.1080/10715769900301141
https://doi.org/10.1017/S000711451000053X
https://doi.org/10.1080/10715760000301181
https://doi.org/10.1146/annurev.biochem.76.061005.092322
https://doi.org/10.1073/pnas.1716046115
https://www.ncbi.nlm.nih.gov/pubmed/29760061
https://doi.org/10.1021/acs.jafc.9b02819
https://www.ncbi.nlm.nih.gov/pubmed/31293156
https://doi.org/10.1039/c1np00044f
https://doi.org/10.1016/j.synbio.2022.01.001
https://doi.org/10.1021/np0580309
https://www.ncbi.nlm.nih.gov/pubmed/16124776
https://doi.org/10.1016/j.tet.2011.04.055
https://doi.org/10.1023/B:BILE.0000012890.46665.02
https://doi.org/10.1016/j.bmcl.2012.08.060
https://doi.org/10.3390/molecules24061028
https://doi.org/10.1038/s41598-019-47225-1
https://www.ncbi.nlm.nih.gov/pubmed/31341201
https://doi.org/10.3390/molecules23102578
https://doi.org/10.1002/adsc.201601317
https://doi.org/10.1128/AEM.03103-16
https://www.ncbi.nlm.nih.gov/pubmed/28159792
https://doi.org/10.1097/00008571-199708000-00001
https://doi.org/10.1055/s-2006-962682
https://doi.org/10.3897/pharmacia.68.e54289

Int. . Mol. Sci. 2023, 24, 11857 13 of 14

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Zi, J.; Valiente, J.; Zeng, J.; Zhan, ]J. Metabolism of quercetin by Cunninghamella elegans ATCC 9245. ]. Biosci. Bioeng. 2011,
112, 360-362. [CrossRef]

Jia-Qi, X.; Ni, F;; Bo-Yang, Y.; Qian-Qian, W.; Zhang, J. Biotransformation of quercetin by Gliocladium deliquescens NRRL 1086. Chin.
J. Nat. Med. 2017, 15, 615-624.

Rao, K.V.; Weisner, N.T. Microbial transformation of quercetin by Bacillus cereus. Appl. Environ. Microbiol. 1981, 42, 450-452.
[CrossRef] [PubMed]

Rao, J.; Sharma, N.; Hamilton, J.; Boyd, D.; Cooper, J. Biotransformation of the pentahydroxy flavone quercetin by Rhizobium loti
and Bradyrhizobium strains (Lotus). Appl. Environ. Microbiol. 1991, 57, 1563-1565. [CrossRef] [PubMed]

Hosny, M.; Dhar, K.; Rosazza, ].P. Hydroxylations and methylations of quercetin, fisetin, and catechin by Streptomyces griseus.
J. Nat. Prod. 2001, 64, 462-465. [CrossRef]

Zhan, J.; Leslie Gunatilaka, A. Selective 4'-O-methylglycosylation of the pentahydroxy-flavonoid quercetin by Beauveria bassiana
ATCC 7159. Biocatal. Biotransform. 2006, 24, 396-399. [CrossRef]

Ren, J.; Tang, W.; Barton, C.D.; Price, O.M.; Mortensen, M.W.,; Phillips, A.; Wald, B.; Hulme, S.E.; Stanley, L.P,; Hevel, J. A highly
versatile fungal glucosyltransferase for specific production of quercetin-7-O-3-d-glucoside and quercetin-3-O-f3-d-glucoside in
different hosts. Appl. Microbiol. Biotechnol. 2022, 106, 227-245. [CrossRef]

Sordon, S.; Poploniski, J.; Tronina, T.; Huszcza, E. Microbial glycosylation of daidzein, genistein and biochanin A: Two new
glucosides of biochanin A. Molecules 2017, 22, 81. [CrossRef]

Sordon, S.; Poptoniski, J.; Tronina, T.; Huszcza, E. Regioselective O-glycosylation of flavonoids by fungi Beauveria bassiana, Absidia
coerulea and Absidia glauca. Bioorg. Chem. 2019, 93, 102750. [CrossRef]

Kozlowska, E.; Sycz, J.; Janeczko, T. Hydroxylation of Progesterone and Its Derivatives by the Entomopathogenic Strain Isaria
farinosa KCh KW1. 1. Int. J. Mol. Sci. 2022, 23, 7015. [CrossRef]

Krawczyk-Lebek, A.; Dymarska, M.; Janeczko, T.; Kostrzewa-Sustow, E. Glycosylation of methylflavonoids in the cultures of
entomopathogenic filamentous fungi as a tool for obtaining new biologically active compounds. Int. J. Mol. Sci. 2022, 23, 5558.
[CrossRef]

Koztowska, E.; Urbaniak, M.; Hoc, N.; Grzeszczuk, J.; Dymarska, M.; Stepien, L.; Plaskowska, E.; Kostrzewa-Sustow, E.;
Janeczko, T. Cascade biotransformation of dehydroepiandrosterone (DHEA) by Beauveria species. Sci. Rep. 2018, 8, 13449.
[CrossRef]

Luzny, M.; Tronina, T.; Koztowska, E.; Kostrzewa-Sustow, E.; Janeczko, T. Biotransformation of 5, 7-Methoxyflavones by Selected
Entomopathogenic Filamentous Fungi. J. Agric. Food Chem. 2021, 69, 3879-3886. [CrossRef]

Krawczyk-Lebek, A.; Dymarska, M.; Janeczko, T.; Kostrzewa-Sustow, E. 4-Methylflavanone glycosides obtained using biotrans-
formation in the entomopathogenic filamentous fungi cultures as potential anticarcinogenic, antimicrobial, and hepatoprotective
agents. Int. ]. Mol. Sci. 2022, 23, 5373. [CrossRef] [PubMed]

Luzny, M.; Tronina, T.; Koztowska, E.; Dymarska, M.; Poplonski, J.; Lyczko, ].; Kostrzewa-Sustow, E.; Janeczko, T. Biotrans-
formation of methoxyflavones by selected entomopathogenic filamentous fungi. Int. J. Mol. Sci. 2020, 21, 6121. [CrossRef]
[PubMed]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Daina, A.; Zoete, V. A boiled-egg to predict gastrointestinal absorption and brain penetration of small molecules. ChemMedChem
2016, 11, 1117-1121. [CrossRef]

Wang, X. Structure, mechanism and engineering of plant natural product glycosyltransferases. FEBS Lett. 2009, 583, 3303-3309.
[CrossRef]

Wang, L.; Han, W.; Xie, C.; Hou, J.; Fang, Q.; Gu, J.; Wang, P.G.; Cheng, ]. Comparing the acceptor promiscuity of a Rosa hybrida
glucosyltransferase RhGT1 and an engineered microbial glucosyltransferase OleDPSA toward a small flavonoid library. Carbohydr.
Res. 2013, 368, 73-77. [CrossRef]

Pandey, R.P; Gurung, R.B.; Parajuli, P.; Koirala, N.; Sohng, J.K. Assessing acceptor substrate promiscuity of YjiC-mediated
glycosylation toward flavonoids. Carbohydr. Res. 2014, 393, 26-31. [CrossRef] [PubMed]

Dymarska, M.; Grzeszczuk, J.; Urbaniak, M.; Janeczko, T.; Plaskowska, E.; Stepien, L.; Kostrzewa-Sustow, E. Glycosylation of
6-methylflavone by the strain Isaria fumosorosea KCH J2. PLoS ONE 2017, 12, €0184885. [CrossRef]

Cermak, R.; Landgraf, S.; Wolffram, S. The bioavailability of quercetin in pigs depends on the glycoside moiety and on dietary
factors. J. Nutr. 2003, 133, 2802-2807. [CrossRef]

Manach, C.; Morand, C.; Crespy, V.; Demigné, C.; Texier, O.; Régérat, F.; Rémésy, C. Quercetin is recovered in human plasma as
conjugated derivatives which retain antioxidant properties. FEBS Lett. 1998, 426, 331-336. [CrossRef]

Ader, P.; Wessmann, A.; Wolffram, S. Bioavailability and metabolism of the flavonol quercetin in the pig. Free Radic. Biol. Med.
2000, 28, 1056-1067. [CrossRef]

Day, A.J.; DuPont, M.S; Ridley, S.; Rhodes, M.; Rhodes, M.J.; Morgan, M.R.; Williamson, G. Deglycosylation of flavonoid and
isoflavonoid glycosides by human small intestine and liver 3-glucosidase activity. FEBS Lett. 1998, 436, 71-75. [CrossRef]
Almeida, A.F; Borge, G.I.A; Piskula, M.; Tudose, A.; Tudoreanu, L.; Valentova, K.; Williamson, G.; Santos, C.N. Bioavailability of
quercetin in humans with a focus on interindividual variation. Compr. Rev. Food Sci. Food Saf. 2018, 17, 714-731. [CrossRef]


https://doi.org/10.1016/j.jbiosc.2011.06.006
https://doi.org/10.1128/aem.42.3.450-452.1981
https://www.ncbi.nlm.nih.gov/pubmed/16345844
https://doi.org/10.1128/aem.57.5.1563-1565.1991
https://www.ncbi.nlm.nih.gov/pubmed/16348495
https://doi.org/10.1021/np000457m
https://doi.org/10.1080/10242420600792169
https://doi.org/10.1007/s00253-021-11716-x
https://doi.org/10.3390/molecules22010081
https://doi.org/10.1016/j.bioorg.2019.01.046
https://doi.org/10.3390/ijms23137015
https://doi.org/10.3390/ijms23105558
https://doi.org/10.1038/s41598-018-31665-2
https://doi.org/10.1021/acs.jafc.1c00136
https://doi.org/10.3390/ijms23105373
https://www.ncbi.nlm.nih.gov/pubmed/35628179
https://doi.org/10.3390/ijms21176121
https://www.ncbi.nlm.nih.gov/pubmed/32854359
https://doi.org/10.1038/srep42717
https://doi.org/10.1002/cmdc.201600182
https://doi.org/10.1016/j.febslet.2009.09.042
https://doi.org/10.1016/j.carres.2012.12.012
https://doi.org/10.1016/j.carres.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24893262
https://doi.org/10.1371/journal.pone.0184885
https://doi.org/10.1093/jn/133.9.2802
https://doi.org/10.1016/S0014-5793(98)00367-6
https://doi.org/10.1016/S0891-5849(00)00195-7
https://doi.org/10.1016/S0014-5793(98)01101-6
https://doi.org/10.1111/1541-4337.12342

Int. . Mol. Sci. 2023, 24, 11857 14 of 14

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Tan, Y.; Tam, C.C.; Rolston, M.; Alves, P.; Chen, L.; Meng, S.; Hong, H.; Chang, SK.C.; Yokoyama, W. Quercetin Ameliorates
Insulin Resistance and Restores Gut Microbiome in Mice on High-Fat Diets. Antioxidants 2021, 10, 1251. [CrossRef]

Wang, T.; Liu, L.; Deng, J.; Jiang, Y.; Yan, X.; Liu, W. Analysis of the mechanism of action of quercetin in the treatment of
hyperlipidemia based on metabolomics and intestinal flora. Food Funct. 2023, 14, 2112-2127. [CrossRef] [PubMed]

Sim, G.-S.; Lee, B.-C.; Cho, H.S,; Lee, ] W,; Kim, J.-H.; Lee, D.-H.; Kim, J.-H.; Pyo, H.-B.; Moon, D.C.; Oh, K.-W. Structure activity
relationship of antioxidative property of flavonoids and inhibitory effect on matrix metalloproteinase activity in UVA-irradiated
human dermal fibroblast. Arch. Pharm. Res. 2007, 30, 290-298. [CrossRef] [PubMed]

Chaillou, L.L.; Nazareno, M.A. New method to determine antioxidant activity of polyphenols. J. Agric. Food Chem. 2006,
54, 8397-8402. [CrossRef] [PubMed]

Safdar, M.N.; Kausar, T.; Jabbar, S.; Mumtaz, A.; Ahad, K.; Saddozai, A.A. Extraction and quantification of polyphenols from
kinnow (Citrus reticulate L.) peel using ultrasound and maceration techniques. J. Food Drug Anal. 2017, 25, 488-500. [CrossRef]
[PubMed]

Kim, J.-S.; Lee, J.-H. Correlation between solid content and antioxidant activities in Umbelliferae salad plants. Prev. Nutr. Food Sci.
2020, 25, 84. [CrossRef]

Silalahi, J. Anticancer and health protective properties of citrus fruit components. Asia Pac. J. Clin. Nutr. 2002, 11, 79-84.
[CrossRef]

Itoh, T.; Imano, M.; Nishida, S.; Tsubaki, M.; Mizuguchi, N.; Hashimoto, S.; Ito, A.; Satou, T. Increased apoptotic neuronal cell
death and cognitive impairment at early phase after traumatic brain injury in aged rats. Brain Struct. Funct. 2013, 218, 209-220.
[CrossRef]

Klinkenberg, I.; Sambeth, A.; Blokland, A. Acetylcholine and attention. Behav. Brain Res. 2011, 221, 430-442. [CrossRef]
McCann, S.K.; Roulston, C.L. NADPH oxidase as a therapeutic target for neuroprotection against ischaemic stroke: Future
perspectives. Brain Sci. 2013, 3, 561-598. [CrossRef]

Choi, J.H.; Kim, K.J.; Kim, S. Comparative effect of quercetin and quercetin-3-O-(3-d-glucoside on fibrin polymers, blood clots,
and in rodent models. ]. Biochem. Mol. Toxicol. 2016, 30, 548-558. [CrossRef] [PubMed]

Michala, A.S.; Pritsa, A. Quercetin: A Molecule of Great Biochemical and Clinical Value and Its Beneficial Effect on Diabetes and
Cancer. Diseases 2022, 10, 37. [CrossRef]

Ruiz, M.; Fernandez, M.; Pico, Y.; Manes, J.; Asensi, M.; Carda, C.; Asensio, G.; Estrela, J. Dietary administration of high doses of
pterostilbene and quercetin to mice is not toxic. J. Agric. Food Chem. 2009, 57, 3180-3186. [CrossRef] [PubMed]

Harwood, M.; Danielewska-Nikiel, B.; Borzelleca, J.; Flamm, G.; Williams, G.; Lines, T. A critical review of the data related to
the safety of quercetin and lack of evidence of in vivo toxicity, including lack of genotoxic/carcinogenic properties. Food Chem.
Toxicol. 2007, 45, 2179-2205. [CrossRef]

Kozlowska, E.; Hoc, N.; Sycz, J.; Urbaniak, M.; Dymarska, M.; Grzeszczuk, J.; Kostrzewa-Sustow, E.; Stepien, L..; Plaskowska, E.;
Janeczko, T. Biotransformation of steroids by entomopathogenic strains of Isaria farinosa. Microb. Cell Fact. 2018, 17, 71. [CrossRef]
[PubMed]

Urbaniak, M.; Waskiewicz, A.; Trzebny, A.; Koczyk, G.; Stepieni, L. Cyclodepsipeptide biosynthesis in hypocreales fungi and
sequence divergence of the non-ribosomal peptide synthase genes. Pathogens 2020, 9, 552. [CrossRef] [PubMed]

Durairaj, P.; Malla, S.; Nadarajan, S.P; Lee, P-G.; Jung, E.; Park, H.H.; Kim, B.-G.; Yun, H. Fungal cytochrome P450 monooxyge-
nases of Fusarium oxysporum for the synthesis of w-hydroxy fatty acids in engineered Saccharomyces cerevisiae. Microb. Cell
Fact. 2015, 14, 45. [CrossRef] [PubMed]

Li, Y;; Lu, F; Sun, T,; Du, L. Expression of ksdD gene encoding 3-ketosteroid-Al-dehydrogenase from Arthrobacter simplex in
Bacillus subtilis. Lett. Appl. Microbiol. 2007, 44, 563-568. [CrossRef] [PubMed]

Koshimura, M.; Utsukihara, T.; Hara, A.; Mizobuchi, S.; Horiuchi, C.A.; Kuniyoshi, M. Hydroxylation of steroid compounds by
Gelasinospora retispora. J. Mol. Catal. B Enzym. 2010, 67, 72-77. [CrossRef]

Koztowska, E.; Urbaniak, M.; Kancelista, A.; Dymarska, M.; Kostrzewa-Sustow, E.; Stepien, L.; Janeczko, T. Biotransformation of
dehydroepiandrosterone (DHEA) by environmental strains of filamentous fungi. RSC Adv. 2017, 7, 31493-31501. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox10081251
https://doi.org/10.1039/D2FO03509J
https://www.ncbi.nlm.nih.gov/pubmed/36740912
https://doi.org/10.1007/BF02977608
https://www.ncbi.nlm.nih.gov/pubmed/17424933
https://doi.org/10.1021/jf061729f
https://www.ncbi.nlm.nih.gov/pubmed/17061812
https://doi.org/10.1016/j.jfda.2016.07.010
https://www.ncbi.nlm.nih.gov/pubmed/28911634
https://doi.org/10.3746/pnf.2020.25.1.84
https://doi.org/10.1046/j.1440-6047.2002.00271.x
https://doi.org/10.1007/s00429-012-0394-5
https://doi.org/10.1016/j.bbr.2010.11.033
https://doi.org/10.3390/brainsci3020561
https://doi.org/10.1002/jbt.21822
https://www.ncbi.nlm.nih.gov/pubmed/27271803
https://doi.org/10.3390/diseases10030037
https://doi.org/10.1021/jf803579e
https://www.ncbi.nlm.nih.gov/pubmed/19292443
https://doi.org/10.1016/j.fct.2007.05.015
https://doi.org/10.1186/s12934-018-0920-0
https://www.ncbi.nlm.nih.gov/pubmed/29753319
https://doi.org/10.3390/pathogens9070552
https://www.ncbi.nlm.nih.gov/pubmed/32660015
https://doi.org/10.1186/s12934-015-0228-2
https://www.ncbi.nlm.nih.gov/pubmed/25880760
https://doi.org/10.1111/j.1472-765X.2007.02134.x
https://www.ncbi.nlm.nih.gov/pubmed/17451526
https://doi.org/10.1016/j.molcatb.2010.07.008
https://doi.org/10.1039/C7RA04608A

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Biotransformation Procedure 
	Product Samples 
	Analysis 
	Micro-Organisms 
	HPLC 
	Pharmacokinetics, Drug Nature, Biological Activity Prediction 
	Statistical Analysis 

	Conclusions 
	References

