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The chemistry of natural compounds inspired and still guides several branches of
modern chemical sciences. In particular, natural compounds paved the way for the de-
velopment of new therapeutic options, and the history of medicinal chemistry is rich in
examples in this direction. Moreover, contemporary drug discovery tools can breathe new
life into natural derivatives, as they allow the traditional uses of nature-inspired molecules
to be rationalized and translated into modern medicinal chemistry. These traditional uses
also allow for the identification of novel potential pathways and mechanisms of action
targeted by such compounds.

The chemical diversity of scaffolds, the variety of nature and positioning of sub-
stituents, the presence of peculiar functional groups, and chirality represent the main
features that enrich the intrinsic value and complexity of natural compounds. At the same
time, these characteristics represent the most intriguing and challenging aspects when
undertaking the study of such molecules.

The first challenge comprises the extraction process, which must be optimized to
efficiently obtain the desired compound. Similarly, synthetic approaches are often very
complicated when the total syntheses of natural compounds are involved. In the context
of compound characterization and quantification, chemists must take into account the
complications related to sample preparation and the effects of matrices. Additionally,
the structural characterization of complicated natural molecules often pushes advanced
analytical techniques, such as NMR and mass spectrometry, to their technical limits. A
further challenge involves compound modification and the production of semi-synthetic
derivatives: organic and medicinal chemists put their best efforts into the derivatization of
natural molecules to produce optimized analogues, thus unleashing the potential of these
semi-synthetic derivatives.

This Special Issue represents an ideal continuation and extension of the one that I
previously guest-edited for the sister journal Molbank, entitled “Synthesis of Flavonoids
and Nature-Inspired Small Molecules” [1]. The current Special Issue was launched in
spring 2022 and aimed at collecting original contributions and review articles related to the
extraction, structural elucidation, synthesis, analysis, and biological evaluation of natural,
semisynthetic derivatives and nature-inspired molecules. Additionally, particular attention
was dedicated to drug-discovery-oriented research works. This Special Issue includes
contributions from researchers all over the world, testifying once again to the growing
interest of the scientific community towards the applications of natural products in modern
chemistry. A total of 11 research and review papers were published during this year of
activity, and a brief overview of the articles is reported in the following.

More in detail, Nagata et al. described the synthesis of deuterium-labelled vitamin
D analogues with applications in the field of analytical chemistry [2]. Guo et al. studied
the derivatives of docosahexaenoic acid as candidates for the treatment of ovarian injury
in vivo [3]. Peng et al. proposed an extract from Musca domestica as a tool for regulating
gut microbiota [4]. Vanable et al. overviewed the state of the art of chemoenzymatic
synthesis in the field of natural compounds [5]. X. Sun et al. described the application
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of transcriptomics and proteomics in the investigation of the anticancer mechanisms of
loonamycin, a derivative of rebeccamycin, in breast cancer [6]. In the field of natural
compounds of marine origin, L. Sun et al. explored the bioactive sesquiterpenoids isolated
from Aspergillus sp. [7]. The genetic and functional aspects of glycosyltransferase Trapa
bispinosa were the focus of the work by Ye et al. [8]. Németh-Rieder et al. proposed flavone-
1,2,3-triazole hybrids as potential anticancer agents [9]. Sun and Shahrajabian overviewed
the latest findings in the field of phenolic natural compounds from medicinal plants and
their therapeutic applications [10]. Yin et al. reported the antimicrobial and cytotoxic
activity of two alkaloids from Arthrinium sp. [11]. Finally, our research group contributed
to this Special Issue with a comprehensive review on the role of natural and semi-synthetic
compounds in ovarian cancer, in which a detailed discussion on chemical classes and
involved mechanisms is provided [12].

To conclude, as the Guest Editor, I would like to thank all the authors for having
chosen to publish their research in our Special Issue, as well as the Reviewers and the
Assistant and Academic Editors for their support.

Acknowledgments: The Guest Editor would like to thank Jessica Tecchio for her kind support.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Blood levels of the vitamin D3 (D3) metabolites 25-hydroxyvitamin D3 (25(0OH)D3), 24R,25-
dihydroxyvitamin D3, and 1e,25-dihydroxyvitamin D3 (1,25(OH),D3) are recognized indicators for
the diagnosis of bone metabolism-related diseases, D3 deficiency-related diseases, and hypercalcemia,
and are generally measured by liquid-chromatography tandem mass spectrometry (LC-MS/MS)
using an isotope dilution method. However, other D3 metabolites, such as 20-hydroxyvitamin D3
and lactone D3, also show interesting biological activities and stable isotope-labeled derivatives are
required for LC-MS/MS analysis of their concentrations in serum. Here, we describe a versatile
synthesis of deuterium-labeled D3 metabolites using A-ring synthons containing three deuterium
atoms. Deuterium-labeled 25(OH)Dj (2), 25(0OH)D3-23,26-lactone (6), and 1,25(OH),D3-23,26-lactone
(7) were synthesized, and successfully applied as internal standards for the measurement of these
compounds in pooled human serum. This is the first quantification of 1,25(OH),D3-23,26-lactone (7)

in human serum.

Keywords: vitamin D; deuterium labeling; liquid-chromatography tandem mass spectrometry;
measurement of vitamin D metabolites in blood

1. Introduction

Vitamin D3 (D3) (1) is metabolized by members of the cytochrome P450 (CYP) fam-
ily to generate more than 50 compounds in vivo. Among them, 25-hydroxyvitamin D3
(25(OH)D3) (2) is generated from Dj (1) by CYP2R1 and/or CYP27A1-mediated hydroxyla-
tion at C25 in the liver, and the resulting 25(OH)Ds (2) is further metabolized to the active
form of D3, 1&,25-dihydroxyvitamin D3 (1,25(0H),D3) (3), by CYP27B1-mediated oxidation
at Cla in the kidneys (Figure 1). 1,25(0OH),Dj3 (3) plays a key role in the regulation of bone
metabolism in vivo [1]. In normal conditions, production of 3 from 2 is strictly controlled
by the concentrations of calcium and parathyroid hormone (PTH) in the blood, and thus
the concentration of 3 in the blood is a useful indicator of functional status [2] and is helpful
in the diagnosis of diseases such as hypercalcemia, hyperphosphatemia, rickets, and bone
metabolism-related diseases [3,4]. The concentration of 2 in the blood is also useful as
an indicator for the diagnosis of various vitamin D deficiency-related diseases [3,4]. Re-
cently, various D3 metabolites, mostly oxidized at the D-ring side chain, have also been
found to show biological activities. For example, 205,25(OH), D3, which is generated by
CYP11A1, inhibits the growth of keratinocytes, leukemia cells, and melanoma cells [5-9],
while 24R,25(0OH), D3 (4), produced by CYP24A1, shows inhibitory activity against vari-
ous cancer cell lines [10,11]. Further, 25(0OH)D5-23,26 lactone (6) and 1,25(0OH),D3-23,26
lactone (7), which are thought to be final metabolites of D3, show antagonistic activity

Molecules 2022, 27, 2427. https:/ /doi.org/10.3390 /molecules27082427
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towards 1,25(OH), D3 [12-14], thereby, inhibiting bone formation and resorption. Recently,
compound 7 was reported to inhibit fatty acid oxidation [15]. Thus, there is a need to
measure the blood levels of these metabolites.

Vitamin D3 (1)

Ri=H 25(0H)D3 (2) Ri=H 24R25(0H),D3(4) Ri=H 25(0H)D323,26-lactone (6)
R1= OH 1,25(0H),D3 (3) Ri1= OH 1,24,25(0H);D3 (5)  R1= OH 1,25(0H),Ds3 23,26-lactone (7)

Figure 1. Structures of vitamin Dj (1) and its metabolites (2)—(7).

The concentrations of metabolites 2 and 3 in blood have been measured for clini-
cal purposes by radioimmunoassay (RIA) or chemiluminescent enzyme immunoassay
(CLEIA) [16]. They, however, have disadvantages such as the need to handle radioactive
materials, and insufficient discrimination of vitamin D metabolites by antibodies [17].
More recently, a liquid-chromatography tandem mass spectrometry (LC-MS/MS) method
has been developed to determine the concentration of multiple vitamin D metabolites
simultaneously in blood [18]. However, LC-MS/MS-based measurement also has some
problems, such as the low ionization efficiency of vitamin D derivatives and interference
by contaminants including multiple D3 metabolites in the blood. To address these issues,
several approaches have been investigated. Cookson-type reagents have been developed to
improve the ionization efficiency of D3 metabolites, affording high sensitivity even at low
abundance [19,20]. The isotope dilution method has also been applied to avoid interference
from contaminants in the blood. This method requires a stable isotope-labeled compound
as an internal standard, and so far, deuterium-labeled 25(OH),Dj3 (2), 1,25(0OH), D5 (3), and
24R,25(0OH),; D5 (4), in which deuterium is introduced at C26, C27, C6, and C19, have been
synthesized (Figure 2) [21-25].

In the synthesis of the deuterium-labeled metabolites 2—4-ds, deuterium was intro-
duced into the side chain at C26 and C27 by reacting esters 8 with deuterated Grignard
reagent, CD3MgBr (Figure 2B) [21,22]. On the other hand, 2-3-d3 were synthesized by
reacting SO, adducts of cyclic compounds 9 derived from D3 with deuterium oxide
(D,0) [23-25]. In both strategies, the range of metabolites that can be synthesized is limited
due to the restrictions imposed by the use of steroid precursors. Therefore, a more versatile
approach is required. Convergent strategies, with coupling between CD-ring and A-ring
moieties, have been widely applied for the synthesis of D3 derivatives [26,27]. Since the CD-
ring structures of the metabolites are diverse, whereas the A-ring structures are relatively
constant, we considered that deuterium-labeled A-ring synthons would be suitable for the
preparation of a variety of deuterium-labeled D3 metabolites (Figure 2D). In addition, label-
ing in the A-ring has an advantage in metabolism studies because the side chains of the D3
are well known to be enzymatically metabolized easily. In this study, we have developed
a synthesis of deuterium-labeled A-ring precursors 13-d3 and 16-d3 incorporating three
deuterium atoms. These precursors were coupled with CD-ring moieties 17 and 18 to afford
deuterium-labeled 25(OH)D3-d3 (2-d3) and vitamin D lactones 25(OH)Dj3-23,26-lactone-d3
(6-d3) and 1,25(0OH),D5-23,26-lactone-ds (7-d3). We also confirmed that the concentrations
of 2, 6, and 7 in human serum could be measured by LC-MS/MS using the corresponding
deuterium-labeled compounds as the internal standards (IS) (see Supplementary Materials).
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(A) Previous work

R'=H, R%= H (2-dg) D R'=H, R?=H (2-d3)
R'=OH, R?= H (3-dg) R'=OH, R2= H (3-d3)

HO™ R! R'=H, R?= OH (4-dg) HO™ R RI=H, R?= OH (4-d;)

Pd(0) catalyzed
Cross-Coupling

H/D Exchange

— D ~ )
= Reaction
D s AN
HO™ R TBSO“b R'" D,0 HO"
R'=H or OH

Figure 2. Synthetic strategy of deuterium-labeled D3 metabolites. (A) Structures of reported
deuterium-labeled D3 metabolites. (B) Previous work on the synthesis of 2-4-d¢. (C) Previous work
on the synthesis of 2-4-d3 (D) This work: general synthesis of deuterium-labeled D3 metabolites.

2. Results

We employed a convergent strategy using the palladium-catalyzed coupling reaction
of enyne-type deuterium-labeled A-ring precursors 13-d; and 16-d; with bromoolefins 17
and 18 as the CD-ring moieties. The deuterium atoms in 13-d3 and 16-d; were introduced
by the H/D exchange at the a-position of the alcohol, as reported by Sajiki et al. [28]. Our
synthesis of deuterium-labeled enyne 13 commenced with the H/D exchange reaction
of alcohol 10, which was obtained from L-(-)-malic acid in 4 steps (Scheme 1) [29]. The
alcohol 10 was subjected to the H/D exchange reaction with a catalytic amount of Ru/C
in D,O at 80 °C under an H, atmosphere to afford 10-d3; deuterium-labeled at C3 and C4
in a 96% yield with over 93% deuteride content [28]. In this reaction, the stereochemistry
at C3 was isomerized (4:1 ratio of x-10a and (3-10b). The deuterium-labeled alcohol 10
(enantiomeric mixture) was converted into alkyne 11 by tosylation of the primary alcohol
followed by epoxidation with NaH and reaction with TMS-acetylene (22% yield from 10-d3).
The hydroxyl group in alkyne 11 was protected with TBS ether, followed by deprotection
of the TMS and pivaloyl groups with NaOMe in MeOH to give the alcohol 12 in an 86%
yield from 11. Enyne 13 was obtained in a 51% yield from 12 via 4 steps, (i) tosylation of the
primary alcohol; (ii) cyanation with NaCN; (iii) reduction of the nitrile group with DIBAL-H
to aldehyde; and (iv) a Wittig reaction with Ph3PCH3I and NaHMDS. It was confirmed by
TH-NMR that the deuteration rate did not decrease in these reaction steps [30].
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1. TsCl
D Pyridine
HO
\io)?\ 4 steps HO OPiv Ru/C,H  HO 5 OPiv 2. NaH, DMF
HO™ o 62%  HO" D,0,80°C  HoR 3, =—TMS
0,
96% D nBuLi, BF;0Et,
L(-)-Malic acid 10 93atom%D 10-ds THF, -78 °C
C3 a:p=1:4 22% (3 steps)
b ™S 1.1BSCI, imidazole D _~  1.TSCLEGN.DMAP.CHC, D
o\ opiy __ DMAP DMF DJ@OH 2. NaCN, DMSO, 90 °C DJQ/
3
HO™ 2.NaOMe, MeOH  TBSO" 3. DIBAL-H, CH,Cl,, 0°C  TBSO"
D 86% (2 steps) D 4. PhgPCH3l. NaHMDS D
" 12 THF, 0 °C, 51% (4 steps) 13

mixture of enantiomers at C3 ( a:f=1:4)

Scheme 1. Synthesis of deuterium-labeled enyne 13-d3.

Next, the deuterium-labeled enyne 16 bearing a hydroxyl group at Cla was synthe-
sized (Scheme 2). The alcohol moiety in 12 was oxidized with an IBX and the resulting
aldehyde was reacted with a HWE Wittig reagent to give an unsaturated ester, whose ester
group was reduced with a DIBAL-H to give allyl alcohol 14 in a 70% yield from 12 [31,32].
The allyl alcohol 14 was subjected to a Sharpless asymmetric epoxidation with a TBHP in
the presence of Ti(OiPr); and L-(+)-DET [33], and the resulting epoxy alcohol was subjected
to iodination with iodine and triphenylphosphine followed by treatment with zinc to give
a secondary alcohol 15 in a 79% yield (3 steps) [31,32]. The diastereomer ratio at C1 in 15
was 10:1, and the undesired C1f3 diastereomer was removed by kinetic resolution, using
acylation with isopropyl acid anhydride in the presence of (25,3R)-HyperBTM [34], to give
(-)-151in an 82% yield as a single diastereomer. The undesired diastereomer at C3 was also
removed via silica gel column purification. The deuterium-labeled enyne 16, in which the
secondary alcohol was protected as the TBS ether, was obtained in an 82% yield.

; . IBX, DMSO 1. Ti(OPr),, L-(+)-DET
: N TBHP, MS4A
R =z phaP EOZEt P =z CH,Cly, 20 °C R =z
DAGH CH,Cl,, 0 °C D [ on 2Cla, D =
- 3 .
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Scheme 2. Synthesis of deuterium-labeled enyne 16-d3.

The palladium-catalyzed coupling reaction of 13-d3 and bromoolefin 17 followed by
deprotection of the silyl groups provided 25(OH)D3-d3 (2-d3) in a 36% yield [35]. Next,
25(OH)Ds3-23,26-lactone-d3 (6-d3) and 1,25(OH),D3-23,26-lactone-d; (7-d3) were similarly
synthesized by reacting bromoolefin 18 and enynes 13-d3 and 16-d3, respectively [36]. In
the synthesis of 2-d3 and 6-d3, the undesired diastereomers at C3c were separated by an
HPLC (Scheme 3).
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Scheme 3. Synthesis of vitamin D3 metabolites-d3 (2-d3, 6-d3, 7-d3).

2.1. Derivatization of 2, 6, 7 for LC-MS/MS, and Preparation of Calibration Curves

With the deuterium-labeled D3 metabolites of 2-d3, 6-d3, and 7-d; in hand, we next
examined the quantitative analysis of the three D3 metabolites in pooled human serum by
LC-MS/MS. First, we confirmed that our deuterium-labeled D3 metabolites were suitable
as the internal standards for the isotope dilution method in an LC-MS/MS analysis. As de-
scribed above, D3 and its metabolites have low ionization efficiency in an LC-MS/MS, and
derivatization is necessary to improve the ionization efficiency. Thus, the D3 metabolites 2,
6, and 7, as well as 2-d3, 6-d3, and 7-d3, were derivatized with a recently developed reagent
DAP-PA (4-(4'-dimethylaminophenyl)-1,2,4-triazoline-3,5-dione-phenyl anthracene) [20],
and the ion peaks of the DAP adducts were detected by selective reaction monitoring (SRM)
under the LC-MS/MS conditions shown in Table 1 (Figure 3).

Table 1. Parameters for the LC/MS/MS analysis.

Relative Abundance

Compound SRM Transition Cone Voltage (kv) CE (eV)
(mlz)
619.4 > 341.2

25(0OH)D5-DAP (2-DAP) M + HI* [A] 48 28
25(0OH)D3-23,26-lactone-DAP (6-DAP) 647.4 > 341.2 48 28

1,25(0OH),D3-23,26-lactone-DAP
(7-DAP) 663.4 > 357.2 48 28
25(OH)Dj3-d3-DAP (2-d3-DAP) 622.4>344.2 48 28

25(0OH)D3-23,26-lactone-d3-DAP
(6-5-DAP) 650.4 > 344.2 48 28

1,25(0OH), D3-23,26-lactone-d3-DAP

(7-45-DAP) 666.4 > 360.2 48 28

24,000
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Figure 3. SRM chromatograms for the DAP adducts of D3 metabolites 2, 6, and 7, as well as 2-d3,

6-d3 ’ and 7-d3 .

In the case of the DAP-adducts of 2 and 2-d3 (Figure 3A,B), we observed identical
ion peaks at the retention time of 5.60 min (abbreviated as tg: 5.60 min). Similarly, 6 and
6-d3 showed the same tg of 3.50 min, and 7 and 7-d3 showed the same tg of 2.15 min,
indicating that the deuterium-labeled compounds are suitable as internal standards for the



Molecules 2022, 27, 2427

Relative Abundance

ng/mL

isotope dilution method. We also observed small peaks at the retention times of 5.20 min
(Figure 3A,B), 2.65 min (Figure 3C,D), and 2.37 min (Figure 3E,F) for 2/2-d3, 6/6-d3, and
7/7-d3, respectively. These peaks are due to the epimers at C6 of the DAP adducts, because
DAP-PA reacts from both the «- and B-faces.

Next, the calibration curves were prepared as follows (Figure 4). A total of 100 uL
of each one of the calibrator solutions was mixed with 200 pL of the internal standard
solution and evaporated to dryness. After derivatization with DAP-PA, an LC-MS/MS
analysis of the unlabeled and labeled DAP-adducts was performed, and the calibration
curves were prepared by plotting the concentration of unlabeled DAP-adduct against the
ion peak area ratio of unlabeled versus labeled DAP-adduct. All of the calibration curves
showed good linearity.

y =2.0789x - 1.4005
R?=0.9973

1S Ratio

weron | " A | | .

B c
. y = 51.039x + 0.5336 60
R?=0.9998 . y =438.03x + 2.8499
50 - 50 R? = 0.9995 .
40 w
E - |
E . g%
2 o
2 - 20 e
o L
10 o 10 =,
o
¢ 0
« 0 ° 02 o4 o¢ 08 ! 12 [ 002 004 006 008 04 042
1S ratio

IS ratio

Figure 4. Calibration curve of D3 metabolites; (A) 25(OH)Dj3 (2); (B) 25(0OH)Dj3-23,26-lactone (6); and
(C) 1,25(0OH),D3-23,26-lactone (7).

2.2. Quantification of the D3 Derivatives in Human Serum

The levels of 2, 6, and 7 in pooled human serum were quantified by the LC-MS/MS
using the isotope dilution method with the constructed calibration curves. The serum was
pretreated as follows. An aliquot of serum (100 uL) was mixed with the internal standards
solution (200 uL). Each sample was loaded onto a supported liquid extraction column
(ISOLUTE SLE+ 300 uL sample Volume, Biotage, Uppsala, Sweden) and eluted three times
with 600 mL hexane/ethyl acetate (1/1, v/v) using a PRESSURE+48 positive pressure
manifold (Biotage, Uppsala, Sweden). The combined eluates were evaporated to dryness
in a centrifugal evaporator. The ion peaks of the metabolites matched well with those of
the corresponding internal standards in the pretreated samples (Figure 5).

2089
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Figure 5. SRM chromatograms for D3 derivatives 2, 6, and 7 in pooled human serum.

The concentrations of 2, 6, and 7 in human serum were calculated to be 5.1 ng/mL,
38.3 pg/mL, and 8.9 pg/mL, respectively, based on the area ratios of the detected peaks.
The concentrations of 2 and 6 were in agreement with previously reported values [37],
while this is the first quantification of 1x-lactone 7 in human serum.
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3. Conclusions

We synthesized deuterium-labeled A-ring-ds3 synthons 13 and 16 and utilized them for
the convergent synthesis of deuterium-labeled D5 derivatives 25(OH)Dj (2), 25(0H)D3-23,
26-lactone (6), and 1,25(0OH),D3-23, 26-lactone (7). These deuterium-labeled D3 metabolites
were successfully applied as internal standards for the quantification of the metabolites in
pooled human serum by LC-MS/MS using the isotope dilution method. This is the first
quantification of 1,25(0OH),D3-23, 26-lactone (7) in human serum.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /molecules27082427 /s1, Experimental procedures for synthesis
and characterization of compounds, Experimental procedure for LC-MS/MS analysis using the
isotope dilution method, 'H and '*C NMR spectra.
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Abstract: Commonly used clinical chemotherapy drugs, such as cyclophosphamide (CTX), may
cause injury to the ovaries. Hormone therapies can reduce the ovarian injury risk; however, they
do not achieve the desired effect and have obvious side effects. Therefore, it is necessary to find a
potential therapeutic candidate for ovarian injury after chemotherapy. N-Benzyl docosahexaenamide
(NB-DHA) is a docosahexaenoic acid derivative. It was recently identified as the specific macamide
with a high degree of unsaturation in maca (Lepidium meyenii). In this study, the purified NB-DHA
was administered intragastrically to the mice with CTX-induced ovarian injury at three dose levels.
Blood and tissue samples were collected to assess the regulation of NB-DHA on ovarian function.
The results indicated that NB-DHA was effective in improving the disorder of estrous cycle, and
the CTX+NB-H group can be recovered to normal levels. NB-DHA also significantly increased
the number of primordial follicles, especially in the CTX+NB-M and CTX+NB-H groups. Follicle-
stimulating hormone and luteinizing hormone levels in all treatment groups and estradiol levels in the
CTX+NB-H group returned to normal. mRNA expression of ovarian development-related genes was
positive regulated. The proportion of granulosa cell apoptosis decreased significantly, especially in
the CTX+NB-H group. The expression of anti-Miillerian hormone and follicle-stimulating hormone
receptor significantly increased in ovarian tissues after NB-DHA treatment. NB-DHA may be a
promising agent for treating ovarian injury.

Keywords: docosahexaenoic acids; ovary; granulosa cells; cyclophosphamide; macamide

1. Introduction

Docosahexaenoic acid (DHA) is mainly used in the form of DHA-triglycerides or
DHA-ethyl esters (DHA-EE). DHA and its derivatives have attracted considerable attention
in various research fields, including those involving cell signaling, photoreceptors, the
nervous system, and brain development, and exhibit positive effects on ovarian functions
and diseases [1]. Additionally, DHA can migrate from different tissues to the ovary during
gonadal development and promote the development of model animal ovaries [2]. The
DHA content in the lungs is significantly reduced after removal of the ovaries [3]. The
dysregulation of ovarian gene expression induced by a high-fat diet is restored by chronic
polyunsaturated fatty acid (PUFA)/DHA supplementation [4]. Considering this progress in
DHA research for the prevention and mitigation of ovarian-related diseases and functions,
the continued discovery and development of new DHA derivatives for ovarian injury
remains imperative.

N-benzyl docosahexaenamide (NB-DHA) is characterized by the presence of benzylamine-
conjugated DHA via an amide bond. Benzylated fatty acids are active ingredients exclu-
sive to maca (Lepidium meyenii), named macamides. Notably, NB-DHA had the highest
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degree of unsaturation among all the identified macamides. Benzylamide is a chemical
used to enhance drug activity. For example, N-benzyl salinomycin has been reported to
exhibit anticancer and antibacterial activities [5]. Deoxynojirimycin derivatives have been
studied and can be used as «-glucosidase inhibitors to improve type II diabetes; compound
18, containing an N-benzyl amide residue, showed the highest activity [6]. A molecule
containing an N-benzyl amide residue was screened from a library of compounds, and the
results revealed that the synthesized compound is a severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) replication inhibitor at non-toxic concentrations in vitro and
a dual-acting SARS-CoV-2 protease inhibitor against the main protease [7]. Macamides
possess various bioactivities, including reproductive health improvement, antioxidation,
neuroprotection, anticancer, immunomodulation, and digestive system function-improving
activities [8-13]. As a newly identified PUFA, NB-DHA can protect the intestinal epithelial
barrier and effectively relieve the symptoms of acute colitis in mice [14], while N-benzyl
eicosapentaenoamide (NB-EPA) alleviates neurobehavioral disorders in neonatal mice with
hypoxic-ischemic brain injury through the p53-PUMA signaling pathway [15].

Chemotherapeutic drugs, such as clinically available cyclophosphamide (CTX), are
toxic to dividing and proliferating cells [16,17]. Chemotherapy with CTX can cause ovarian
injury, permanent amenorrhea, and increase the risk of premature menopause [18,19]. The
maintenance of ovarian reserve function and prevention of infertility have always been
considered by physicians as important prognostic factors during chemotherapy [20-22].
Granulosa cells (GCs), as the largest cell group in follicles, play a crucial role in follicle
growth and ovarian function regulation. GCs also regulate the development of follicles
and are the main functional cells that secrete reproductive hormones [23]. Therefore, it
is necessary to find potential therapeutic candidates to relieve and treat ovarian injury,
protect GCs, and maintain the growth and development of follicles and ovaries. Although
hormone-based treatments for ovarian injury have been adopted in current clinical practice,
they do not achieve the desired therapeutic effect, and they also have obvious side effects
on the human body [24].

In the present study, NB-DHA were synthesized, purified, and administered intra-
gastrically into mice with CTX-induced ovarian injury to assess the regulation of ovarian
function. Frequency of occurrence, the stages of the estrous cycle, follicle numbers af-
ter H&E staining, four typical sex hormone levels, mRNA expression of five ovarian
development-related genes (FOXL2, GDF9, LIF, OCT4, and SCF), granular cell apoptosis
ratios, anti-Miillerian hormone (AMH), and follicle-stimulating hormone receptor (FSHR)
expression were obtained and analyzed. Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) fluorescence staining was performed to explore the ovarian injury
repair mechanism.

2. Results
2.1. Preparation of DHA-EE and NB-DHA

Fish oil was hydrolyzed by lipase into free fatty acids, which were used for the
synthesis of DHA-EE via the esterification reaction and NB-DHA via the carbodiimide
condensation method. The DHA-EE and NB-DHA fractions were collected separately
from an HPLC system with elution times of 26.5-30.5 and 26.0-29.0 min, respectively.
Both collected fractions were rotary evaporated to dryness and identified by infrared
spectroscopy and mass spectrometry (data not shown). Their purities, analyzed by HPLC,
were 96.2% (DHA-EE, Figure 1A) and 98.3% (NB-DHA, Figure 1B). The dried samples were
used for subsequent animal experiments.
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Figure 1. Chromatograms and structural formulas of DHA-EE and NB-DHA. (A) Chromatograms of
synthetic DHA-EE material and purified DHA-EE sample collected using a semipreparative HPLC
system (26.5-30.5 min). (B) Chromatograms of synthetic NB-DHA material and purified NB-DHA
sample collected using a semipreparative HPLC system (26.0-29.0 min). Structural formulas of
DHA-EE (C) and NB-DHA (D).

2.2. Body/Ovarian Weight and Estrous Cycle Analysis

As shown in Figure 2A, CTX caused a significant decrease in body weight compared
with the control group. The body weight of mice in all DHA-treated groups was signifi-
cantly higher than that of mice in the CTX group at the end of the 21-day experiment, and
body weight recovery was ranked as follows: CTX+NB-H > CTX+NB-M > CTX+DHA-EE >
CTX+NB-L. Additionally, compared with the control group, CTX significantly decreased
the ovarian weight in the CTX group. After modeling with CTX, ovarian atrophy and
ovarian weight decreased significantly. The ovarian weight of mice in the CTX+NB-H,
CTX+NB-M, and CTX+DHA-EE groups was higher than that in the CTX group (Figure 2B).
CTX is an inducer for the ovarian model that involves prolonging or stagnating the fe-
male estrous cycle. The statistical results showed that the time of estrus was shortened,
and proestrus, metestrus, and diestrus were prolonged in the CTX group, indicating a
disordered estrous cycle in CTX-treated mice (Figure 2C). The 21-day complete estrous
cycle of mice was plotted, and the results showed that the average estrous cycle of the
control group was 5-6 days. In the CTX group, a complete cycle could not be observed after
modeling, but a complete estrous cycle could be observed in each DHA group. DHA-EE
and NB-DHA were both effective in alleviating the disorder of the estrous cycle and were
ranked as follows: CTX+NB-H > CTX+NB-M > CTX+DHA-EE (Figure 2D).
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Figure 2. Body weight, ovarian weight, frequency of occurrence, and estrous cycle. Weight Change/%
(A) and ovarian weight (B) measured on days 1, 4, 7, 10, 13, 16, 19, and 22 after administration. Initial
average weight of mice was set as 100%. Effect of DHA-EE and NB-DHA on estrous cycles. Frequency
of occurrence of cycle stages during the 21 days (n = 6) (C) and estrous cycle regularity (D). Values
in all figures are expressed as the mean & SEM (x + sem, n = 6), ** p < 0.01, *** p < 0.005 (the

same below).
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2.3. Follicle Counting and Morphological Analysis

The effects of DHA-EE and NB-DHA on follicular development were analyzed by
H&E staining of the ovarian sections (Figure 3A). Abundant healthy follicles were observed
in the control group, including primordial, primary, secondary, and atretic follicles, while
the distribution of the four types of follicles in the other groups was altered (Figure 3B-E).
For example, there were fewer primordial, primary, and secondary follicles, but more
atretic follicles in the CTX group than in the control group. Compared with the CTX group,
both CTX+DHA-EE and CTX+NB-DHA significantly increased the number of primordial
follicles, especially in the CTX+NB-M and CTX+NB-H groups. Moreover, there were fewer
atretic follicles in all DHA-treated groups than in the CTX group. The groups ranked as
follows: CTX+NB-H > CTX+NB-M > CTX+DHA-EE > CTX+NB-L.
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Figure 3. Effect of DHA-EE and NB-DHA on the development of follicles. Follicles after H&E
staining (A). Magnification 100 x and 400x. Scale bar: 250 and 50 um. Number of different folli-
cles: primordial follicles (B), primary follicles (C), secondary follicles (D), and atretic follicles (E).
*** p < 0.005.
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2.4. Ovarian Hormone Levels in Serum and mRNA Expression Levels in Ovarian Tissue

As shown in Figure 4A-D, serum gonadotropin levels, including E2 and AMH, were
significantly lower in the CTX group than in the control group, whereas those of serum
FSH and LH were significantly higher. Furthermore, the E2 level was significantly higher
in all treatment groups compared with the CTX group. FSH and LH levels in all treat-
ment groups and E2 levels in the CTX+NB-H group returned to normal. Additionally, the
mRNA expression of five ovarian development-related genes (FOXL2, GDF9, LIF, OCT4,
and SCF) were measured; FOXL2, OCT4, GDF9, and LIF were significantly downregu-
lated (Figure 4E-H), whereas that of SCF was significantly upregulated in the CTX group
compared with the control group (Figure 4I). Compared with those in the CTX group, the
mRNA expression levels of FOXL2 and LIF in CTX+NB-M, FOXL2, GDF9, LIF, and OCT4 in
CTX+NB-H, and FOXL2, LIF, and OCT4 in CTX+DHA-EE were significantly upregulated.
SCF in CTX+NB-M, CTX+NB-H, and CTX+DHA-EE was significantly downregulated.
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Figure 4. Effect of model and treatment on sex hormone levels and mRNA expression in mice. Sex
hormone levels of E2 (A), AMH (B), FSH (C), and LH (D). mRNA expression levels of FOXL2 (E),
GDEF9 (F), LIF (G), OCT4 (H), and SCF (I) in mouse ovarian tissues, as determined by real-time PCR.
*p <0.05 * p <0.01, ** p < 0.005.
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2.5. GC Apoptosis

To analyze ovarian cell apoptosis, the fractured DNA of apoptotic GCs in the antral
follicles was observed using an in situ TUNEL assay. The number of apoptotic cells in
the CTX group was significantly higher than that in the control group. However, after
treatment with DHA-EE and NB-DHA, apoptosis of GCs was significantly decreased
(Figure 5A). These results showed that apoptosis of GCs plays a crucial role in ovarian
function development and growth in ovarian injured mice, and that DHA-EE and NB-DHA
can restore ovarian function by inhibiting apoptosis. The proportion of TUNEL-positive
cells decreased significantly after the additional administration of different doses of DHA-
EE and NB-DHA (Figure 5C), especially in the CTX+NB-H and CTX+DHA-EE groups,
in which the TUNEL-positive cell ratio was similar to that of the control group. This
result reveals that high-dose NB-DHA can be considered suitable for the alleviation of
CTX-induced ovarian cell apoptosis. DHA-EE also reduced GC apoptosis. The groups
ranked as follows: CTX+NB-H > CTX+NB-M > CTX+DHA-EE > CTX+NB-L.

(A) TUNEL Merge

Control

CTX+DHA-EE

CTX+NB-L

CTX+NB-M

CTX+NB-H

Scnnn:isll: cE

Figure 5. TUNEL and immunohistochemical analysis. Apoptosis of granulosa cells in ovarian tissues
was measured via TUNEL assay (A). Green fluorescence: apoptotic cells; blue fluorescence: nucleus;
magnification: 400x. The expression of AMH and FSHR in ovarian tissues were measured by
immunohistochemical analysis (B). Blue: nucleus; brown: cells expressing AMH and FSHR in the
cytoplasm; scale bar: 50 um; magnification: 400 x. TUNEL-positive cell ratios in the treatment groups
were analyzed according to the number of TUNEL-positive granular cells among all granulosa cells
in the follicle (C). Scoring of staining results (D,E). ** p < 0.01, *** p < 0.005.
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2.6. AMH and FSHR Expression in Ovaries

FSHR and AMH expression was detected by immunohistochemical analysis. Positive
immunohistochemical results were scored. As shown in Figure 5B, the expression of
AMH and FSHR in the CTX group was significantly lower than that in the control group.
The expression of AMH and FSHR significantly increased after DHA-EE and NB-DHA
treatment (Figure 5D,E). Notably, the effect of NB-H was better than that of DHA-EE at the
same dosage. The treatments increased the expression of AMH and FSHR in the following
order: CTX+NB-H > CTX+NB-M > CTX+DHA-EE > CTX+NB-L.

3. Discussion

Macamide-rich extract has been reported to stimulate the reproductive system, in-
crease the number of mature follicular cells in female mice, and increase the number of
sperm produced by male mice [25]. NB-DHA is a DHA derivative that belongs to the
macamide family. It is difficult for higher plants to synthesize long-chain PUFAs, causing
the content of NB-DHA in maca to be extremely low [14]. Therefore, in this study, DHA-rich
fish oil was used as the starting material, and NB-DHA was efficiently synthesized with
the carbodiimide condensation method [26]. Commercially available DHA is mainly in
the form of ethyl esters or triglycerides. Theoretically, the degradation of the ester and
benzylamide groups is different in vivo; as DHA-EE and NB-DHA are metabolized and
absorbed at different rates and via different mechanisms, they might display different
bioactive profiles in the human body [27-29].

After modeling with CTX, the mice lost their appetite and caused weight loss. After the
experiment, the ovaries atrophied and the weight of the ovaries decreased, causing ovarian
injury. Compared with the CTX group, the body and ovarian weights of the mice increased
significantly after the administration of CTX+NB-M and CTX+NB-H, and CTX+DHA-EE
treatment has just stabilized their body weight. We speculated that CTX caused changes in
the ovarian microenvironment in mice, causing ovarian damage and leading to ovarian
atrophy, while DHA-EE and NB-DHA alleviated CTX-induced ovarian injury. Our results
indicate that both DHA-EE and NB-DHA reverse ovarian injury by increasing the number
of normal follicles and decreasing that of atretic follicles. Ovarian injury clinically man-
ifests as an abnormal estrous cycle and ovarian function, and severe injury may lead to
premature ovarian failure and infertility [30-32]. CTX-induced ovarian injury mice in the
CTX group exhibited an irregular estrous cycle and changes in ovarian function indicators.
The primordial follicles, which act as the initial unit of follicle maturation or generation,
undergo a series of developmental stages that form primary, secondary, and mature folli-
cles, which then release the oocytes for reproduction. Most primitive follicles eventually
become closed follicles, and only a few reach maturity [33,34]. Therefore, the growth of
primordial follicles is related to the development of the entire ovary. Ovarian injury can
cause a decrease in AMH and E2 levels and an increase in FSH and LH levels, which
are considered four important indices for the evaluation of ovarian injury and abnormal
follicular maturation. Our results indicated that the irregular estrous cycles of mice in the
CTX+DHA-EE, CTX+NB-M, and CTX+NB-H groups were positively regulated to close the
regular cycle of mice in the control group with a prolonged estrus period and shortened
late estrus and interval. CTX-induced ovarian injury resulted in enhanced serum FSH and
LH levels and decreased serum E2 and AMH levels. Meanwhile, the number of primordial,
primary, and secondary follicles was reduced, and the number of atresia follicles increased.
However, the administration of DHA-EE and different doses of NB-DHA to alleviate this
injury increased the number of primordial, primary, and secondary follicles, reduced the
number of atretic follicles, increased serum AMH and E2 levels, and reduced FSH and LH
levels. These results reveal the regulatory function of both DHA-EE and NB-DHA on the
estrous cycle of mice with ovarian injury caused by CTX.

The formation, maturation, and growth of follicles are regulated by many intra- and
extra-ovarian factors. FOXL2 is involved in multiple dysfunctional states in the ovary and
is essential for GC differentiation and maintenance of ovarian function, and is expressed in
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GCs with low differentiation in small- and medium-sized follicles [35]. GDF9 encodes a
protein secreted into the follicle by oocytes [36] and plays a pivotal role in optimizing the
oocyte microenvironment and growth, development, atresia, ovulation, fertilization, and
normal reproduction of the follicle [37]. It also has a role in promoting the proliferation and
apoptosis of GCs while stimulating the expression of Kit ligands on GCs. LIF is expressed in
the ovaries and promotes follicle growth. LIF has also been shown to coordinate follicular
growth and ovulation sequences and can locally regulate follicular growth [38]. Oct4 has the
potential to recruit mature oocytes. Overexpression in ovarian stem/stromal cells enhances
oocyte-like differentiation in vitro and follicle formation in vivo [39]. SCF is essential for
the early follicular development. It stimulates stromal cell function and promotes follicular
growth through the Erk1/2 pathway, and can be used as a crucial regulator of embryo and
ovarian growth to exert its biological effects [40,41]. CTX can cause ovarian injury and
disorders in the expression levels of these mRNA [40]. Our results also revealed that the
mRNA levels of FOXL2, GDF9, LIF, and OCT4 were decreased, while those of SCF were
increased in the CTX group. After high-dose NB-DHA treatment, the levels of FOXL2,
GDF9, LIF, and OCT4 increased, whereas those of SCF decreased. The mechanism of action
of NB-DHA might be to promote the growth and maturation of follicles via the regulation
of the mRNA expression levels of these five genes, thereby reversing ovarian injury caused
by CTX and protecting the ovaries. At the same dose, the effect of NB-H was better than
that of DHA-EE.

According to previous reports, follicular atresia occurs when more than 10% of GCs
undergo apoptosis. Follicular atresia can cause a decline in ovarian function [42,43]. Our
results indicated that apoptotic GCs and atretic follicles were significantly increased in
the CTX group and reduced after both DHA-EE and NB-DHA treatment, whereas that
of other types of follicles increased, suggesting that NB-DHA acts on AMH expression
through cytokines secreted by granulocytes. AMH is produced by GCs of early ovarian
developing follicles and is expressed at high levels throughout follicle formation. When
ovarian GCs undergo apoptosis, DNA is fragmented and 3’-OH is combined with TdT to
generate fluorescence. Our results analyzed the ratio of fluorescent cells and showed that
CTX induced apoptosis of ovarian cells, which was reversed by DHA-EE and NB-DHA
administration. In this case, we infer that DHA-EE and NB-DHA can reduce the apoptosis
of ovarian granulosa cells, thereby achieving the effect of protecting the ovary. However,
the anti-apoptotic activity of NB-DHA remains to be explored. The serum AMH level may
represent the quantity and quality of the follicular pool, which is related to ovarian aging
and failure, and reflects the state of the ovaries. Follicles are surrounded by GCs instead
of membranous cells, oocytes, and ovarian stromal cells [44,45]. In addition, there is no
expression of AMH when the follicle is atresia [43]. FSHR is expressed specifically in the
GCs of the ovary and plays a key role in follicular function by interacting with its ligand
FSH in the ovaries. When the follicle is atresia, FSHR expression is downregulated [46]. The
immunohistochemical analysis results showed that both AMH and FSHR were expressed in
secondary follicles, and the serum levels of AMH and FSHR were consistent with those in
the ovary. The expression of AMH and FSHR in the CTX group was significantly lower than
that in the other groups. The levels of both recovered after NB-DHA treatment, indicating
that NB-DHA facilitates the growth of GCs and the expression of AMH and FSHR, thereby
promoting follicle growth. The decreased primary follicles in the mouse model of ovarian
injury, potentially owing to decreased serum AMH levels, lead to premature depletion of
the original follicular pool. After treatment with NB-DHA, the levels of AMH and FSHR
increased, indicating that NB-DHA increased the number of primordial follicles, reduced
the failure of the primordial follicle pool caused by CTX, restored GC growth, and restored
ovarian function. However, DHA-EE at the same dose as high-dose NB-DHA had no
significant effect on AMH and FSHR expression in the follicles.
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4. Materials and Methods
4.1. Materials

Fish oil (DHA content > 80%) was obtained from Shanxi Taike Biotech Co., Ltd.
(20200712-002, Xi’an, China). Rhizomucor miehei lipase (L8621) was obtained from So-
larbio (Beijing, China). Ethyl dimethylaminopropyl carbodiimide (EDC), benzylamine,
dichloromethane, HOBt -H;O, and triethylamine were obtained from Aladdin Co., Ltd.
(Shanghai, China). The 3,3-diaminobenzidine kit (20x) (CW0125) was obtained from Cw-
bio Co., Ltd. (Beijing, China). Proteinase K (BL104A) and anti-fluorescence quenching
mounting fluid (BL701A) were obtained from Biosharp Co., Ltd. (Hefei, China). Anti-FSHR
(#40941) and anti-Miillerian-inhibiting factor (#42063) polyclonal antibodies were obtained
from SAB Co., Ltd. (Baltimore, MD, USA).

Enzyme-linked immunosorbent assay (ELISA) kits for luteinizing hormone (LH; CSB-
E12770m), follicle-stimulating hormone (FSH; CSB-E06871m), estradiol (E2; CSB-E05109m),
and anti-Miillerian hormone (AMH; CSB-E13156m) were obtained from Cusabio Biotech
Co., Ltd. (Wuhan, China). Evo M-MLV RT Mix Kit with gDNA Clean for qPCR (AG11728)
and SYBR Green Pro Taq HS premixed qPCR kits (AG11701) were obtained from AgBio
Co., Ltd. (Changsha, China). A TUNEL kit (in situ cell death detection; C1086) and DAPI
(4’ 6-diamidino-2-phenylindole; C1005) were obtained from Beyotime Biotech Co., Ltd.
(Shanghai, China).

4.2. Synthesis and Purification of DHA-EE and NB-DHA

Twenty milliliters of fish oil were added to 20 mL of 10% (w/v) lipase solution, mixed
homogeneously, and hydrolyzed at 45 °C for 24 h. The oil layer was collected, washed
alternately with distilled water (40 mL) and n-hexane (40 mL), and the aqueous layer
was discarded. The supernatant was concentrated using a rotating vacuum evaporator at
45 °C for 30 min. The fatty-acid-rich residues were stored frozen for subsequent synthesis
experiments. DHA-EE was synthesized using a transesterification method. In brief, free
fatty acids (700 uL) were mixed with 500 pL of NaOH-ethanol solution at 70 °C for 30 min,
washed twice with saturated NaCl solution, and centrifuged at 5000x g for 10 min to
collect the oil layer containing DHA-EE. NB-DHA was synthesized using the carbodiimide
condensation method. Briefly, 100 mL of dichloromethane, 700 uL of free fatty acids,
528.6 uL of triethylamine, 0.206 g of HOBt H,O, and 0.292 g of EDC were mixed and
agitated at 25 °C for 20 h, and 166 puL of benzylamine was added and stirred at 25 °C for
4 h. Subsequently, 200 mL of 10% HCl was added to the residue after drying, and 200 mL
n-hexane was added, mixed homogeneously, and rested for 10 min. The upper layer was
collected and washed alternately with 10% HCI and 10% NaOH to remove macroscopic
impurities. Finally, DHA-EE and NB-DHA were purified according to our previous method,
and their purities were analyzed by HPLC [14].

4.3. Animals and Treatment

Healthy female mice (20 & 2 g, 7-8 weeks old, C57BL/6) were obtained from the
Guangdong Medical Laboratory Animal Center (Guangzhou, China). The mice were kept
under pathogen-free conditions in a temperature (23 + 2 °C) and humidity (55% + 15%)
control system, and all animal facilities were kept in a 12 h light-dark cycle. Food and
water were provided free access for one week prior to the experiment. A preliminary
experiment was carried out to determine the effective dose range of DHA-EE and NB-DHA.
The mice were randomly divided into six independent groups (n = 6): control, ovarian
injury model caused by CTX, CTX+DHA-EE (100 mg/kg/day), CTX+low-dose NB-DHA
(CTX+NB-L, 25 mg/kg/day), CTX+medium-dose NB-DHA (CTX+NB-M, 50 mg/kg/day),
and CTX+high-dose NB-DHA (CTX+NB-H, 100 mg/kg/day) groups. All drugs were
administered to the mice after dissolving in Tween 80 solution at a concentration of 1%.
Mice in the DHA-EE and NB-DHA groups were gavaged once a day from day 1 to day
21. The CTX, CTX+NB-DHA, and CTX+DHA-EE groups were injected intraperitoneally
with CTX (200 mg/kg) on the eighth day after adaptive feeding. The control group was fed
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normally without any drugs until the end of the experiment. All treatments were started
at the same time and were sustained for 21 days. The survival rate of the mice was 100%
during the experiments.

4.4. Ovarian Index and Estrous Cycle Examination

The mice were weighed prior to euthanasia. The isolated ovaries were repeatedly
rinsed with precooled sterile saline, blotted dry with filter paper, and weighed. Nucleated
cells, keratinized epithelial cells, and leukocytes in vaginal smears were observed under a
light microscope, and the stages of the estrous cycle, including proestrus, estrus, metestrus,
and diestrus phases, were determined based on the identification and proportions of cells.
The estrous cycle was monitored continuously for 21 d.

4.5. Morphological Analysis and Follicle Counting

The ovaries were fixed with paraformaldehyde solution (4%) for 12 h and then washed
with running water for 12 h. Subsequently, ovaries were dehydrated, embedded in paraffin,
and stored at —20 °C. The tissues were sliced serially (4 pm thick), and one every five
sheets was selected for hematoxylin and eosin (H&E) staining. Filming was performed
using a slide scanning system (SQS-40P, Teksqray, Shenzhen, China). The viewing angle
was determined under a microscope at low magnification, while primordial, primary,
secondary, and atretic follicles were counted at high magnification. Six ovarian samples
were randomly selected from each group, and sections were observed in 3 views under
400 to count follicles at all stages.

4.6. ELISA

The mice were fasted for 8 h after the final administration. Blood samples were
collected from the eye veins, placed in anticoagulation tubes, and centrifuged at 4000 g
for 15 min. The levels of serum FSH, LH, E2, and AMH were measured using an ELISA kit.

4.7. RNA Extraction and Reverse-Transcription gPCR

Total RNA was extracted from ovarian tissues using an RNA extraction kit. The
RNA concentration was 500-1000 ng/pL. Then, 1 ug of RNA was reverse transcribed into
cDNA, as required by the reverse transcription kit. The qPCR kit was used to measure the
expression levels of GAPDH, FOXL2, GDF9, LIF, OCT4, and SCE. The primer sequences
were as follows:

GAPDH-forward primer: 5-TGTGTCCGTCGTGGATCTGA-3/,

GAPDH-reverse primer: 5-TTGCTGTTGAAGTCGCAGGAG-3';

FOXL2-forward primer: 5-CACCTCCAGGCCAGGTCTTTA-3,

FOXL2-reverse primer: 5-TTTAGCAAACTCCAAGGCCATTAC-3/;

GDF9-forward primer: 5-GTTCCCAAACCCAGCAGAAGTC-3/,

GDF9-reverse primer: 5'-GTCCAGGTTAAACAGCAGGTCCA-3/;

LIF-forward primer: 5-TTGATCCCGACTCAAGCAACC-3,

LIF-reverse primer: 5'-CTGAAGCCGCTACCATGCAA-3/;

OCT4-forward primer: 5-CAGACCACCATCTGTCGCTTC-3/,

OCT4-reverse primer: 5'-AGACTCCACCTCACACGGTTCTC-3/;

SCF-forward primer: 5'-AGATCTGCGGGAATCCTGTGA-3/,

SCF-reverse primer: 5'-CATCCCGGCGACATAGTTGA-3'.

4.8. In Situ Cell Death Detection

For the in situ TUNEL paraffin staining, a part of each ovarian sample slice was
randomly selected (n = 6). The sections were covered with protease K solution (20 mg/mL)
and incubated in a wet chamber at 37 °C for 30 min. The sections were washed five times
with PBS and then covered with Triton X-100 (1%) at 4 °C for 10 min. An in situ cell
death assay kit was used for the TUNEL assay. The sections were incubated in TUNEL
reaction mixture (TdT enzyme and fluorescent-labeled buffer) for 60 min at 37 °C under
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dark and humid conditions to capture the fragmented DNA of apoptotic cells. The sections
were then incubated with DAPI at 24 °C for 5 min, washed with PBS, dried around the
tissues, mounted with an anti-fluorescence quencher, and observed under a fluorescence
microscope (BX53, Olympus, Tokyo, Japan). Whether the section was intact was established
at 100x magnification, and the apoptosis of atretic follicles was carefully observed at
400x magnification. Image] 1.53a software was used to analyze the proportion of TUNEL-
positive cells in the antral follicles.

4.9. Immunohistochemistry

Paraffin-embedded tissue sections were dewaxed in a microwave oven for antigen
repair. Inmunohistochemical staining was performed using an SP immunohistochemistry
kit. Rabbit anti-AMH (1:100) and anti-FSHR (1:150) antibodies were incubated with the
tissue at 4 °C for 12 h. Six areas on each slide were randomly selected for inspection and
filmed using the SQS-40P slide scanning system. The German immune response scoring
standard (IRS) was used to score the staining results [47].

4.10. Data Analysis

All data were analyzed using GraphPad Prism 8 software, and the results are shown
as the mean =+ standard error of the mean (SEM). One-way analysis of variance was used to
evaluate statistical significance among the experimental groups. All data were considered
statistically significant at * p < 0.05, ** p< 0.01, and *** p< 0.005.

5. Conclusions

In summary, these data demonstrate that NB-DHA alleviates ovarian injury in mice.
NB-DHA reverses the high levels of gonadotropins and low levels of estrogen in the
serum of mice with ovarian injury, promotes follicular development, inhibits follicular
atresia and GC apoptosis via the upregulation of AMH and FSHR expression in GCs, and
regulates the mRNA expression levels of ovarian-related genes to increase the ovarian
reserve capacity. Natural DHA can be used as a beneficial dietary supplement to improve
ovarian function, and NB-DHA is a promising compound for the clinical treatment of
patients with ovarian injury.
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Abstract: Diarrhea-based Irritable Bowel Syndrome (D-IBS) and diarrhea are both associated with
ecological imbalance of the gut microbiota. Low Molecular Weight Peptides (LMWP) from the larvae
of Musca domestica have been shown to be effective in the treatment of diarrhea and regulation of gut
microbiota. Meanwhile, the single polypeptide S3-3 was successfully isolated and identified from
LMWP in our previous studies. It remains unclear exactly whether and how LMWP (S3-3) alleviate
D-IBS through regulating gut microbiota. We evaluated the gut microbiota and pharmacology to
determine the regulation of gut microbiota structure and the alleviating effect on D-IBS through
LMWP (S3-3). The rates of loose stools, abdominal withdrawal reflex (AWR) and intestinal tract
motility results revealed that LMWP (S3-3) from the larvae of Musca domestica had a regulating effect
against diarrhea, visceral hypersensitivity and gastrointestinal (GI) dysfunction in D-IBS model mice.
Additionally, 16S rRNA gene sequencing was utilized to examine the gut microbiota, which suggests
that LMWP induce structural changes in the gut microbiota and alter the levels of the following gut
microbiota: Bacteroidetes, Proteobacteria and Verrucomicrobia. LMWP putatively functioned through
regulating 5-HT, SERT, 5-HT2AR, 5-HT3AR and 5-HT4R according to the results of ELISA, qRT-PCR
and IHC. The findings of this study will contribute to further understanding how LMWP (S3-3)
attenuate the effects of D-IBS on diarrhea, visceral hypersensitivity and GI dysfunction.

Keywords: larvae of Musca domestica; D-IBS; GI dysfunction; 5-HT; gut microbiota

1. Introduction

Irritable Bowel Syndrome (IBS) is a functional disorder of the GI tract that is character-
ized by stomach ache, bloating and altered bowel behavior. Notably, the global prevalence
of IBS was estimated to be around 7-30% [1]. The latest epidemiological study shows that
the global prevalence of IBS is 11.2%, which also showed that D-IBS, C-IBS, M-IBS and
U-IBS subtypes accounted for 23.4%, 22.0%, 24.0% and 22.2% of patients with IBS, respec-
tively [2]. Although IBS is not a life-threatening disease, it seriously affects the normal life of
patients and also creates economic burden. Among the four types of IBS, D-IBS is the most
common. Young and middle-aged groups (18-59 years old) are the main patients who have
the disease [3]. Stress in life comes from various sources, which act as predisposing risk
factors for the development of irritable bowel syndrome (IBS). Physical stressors can affect
visceral events. Additionally, IBS patients are at a greater risk of comorbidities, incur higher
overall medical costs and have a reduced quality of life. Existing evidence suggests that the
pathogenesis of IBS is multifaceted, including immunological, genetic and environmental
influences [1]. Nonetheless, the etiology of IBS remains unclear, although accumulating evi-
dence suggests that visceral hypersensitivity, impaired gastrointestinal motility, disturbance
of microbial equilibrium, inflammation and/or intestinal infection may all be biological
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abnormalities associated with the condition [4-6]. Additionally, IBS can be classified into
four groups based on clinical symptoms: Diarrhea-based Irritable Bowel Syndrome (D-IBS),
Constipation-based Irritable Bowel Syndrome (C-IBS), Mixed Irritable Bowel Syndrome
(M-IBS) and Undefined Irritable Bowel Syndrome (U-IBS) [7], with D-IBS being the most
common. Notably, antispasmodic drugs, anticholinergics, antidiarrheal agents, visceral
analgesics and antipsychotics are currently used to treat D-IBS [8]. Furthermore, treatment
of D-IBS is primarily symptomatic relief medication, although it is associated with adverse
effects that may have severe psychiatric consequences for patients [9]. Having similar
efficacy, natural drugs have safer and less adverse effects as compared to synthetic chemical
drugs. Therefore, it is critical to identify new therapeutic approaches capable of changing
the composition of gut microbiota, enhancing the metabolism of neuroendocrine transmit-
ters, decreasing visceral vulnerability and having a comprehensive regulatory effect on
gut microbiota.

Currently, Musca domestica (housefly, Diptera: Muscidae) larvae are regarded as excel-
lent sources of high-quality protein, polyunsaturated fats, saccharides, vitamins, minerals
and other nutrients, for both human consumption and animal feed. In China, Li Shizhen
demonstrated the role of these larvae in alleviating malnutrition in infants (stool induration
or diarrhea) [10].

These peptides from natural sources were identified and had an alleviative effect on
disease. A recent study showed that a spider-venom peptide with multi-target activity
on sodium and calcium channels alleviates chronic visceral pain in IBS [11]. Bioactive
fish collagen peptides weaken intestinal inflammation by orienting colonic macrophages
phenotype through mannose receptor activation [12]. Musca domestica cecropin, a novel
antimicrobial peptide, possessed potential antibacterial, anti-inflammatory, immunological
functions and had a protective effect on colonic mucosal barrier injury caused by Salmonella
typhimurium, which were reported by our laboratory [13].

Moreover, our previous studies reported that LMWP from the larvae of Musca domestica
had antidiarrheal effects via regulation of the gut microecology and LMWP (S3-3) that
were successfully isolated and identified [14]. Notably, the gut microbiota consists of more
than 100 trillion microbes residing within the GI tract. Furthermore, extensive research has
demonstrated that gut microbiota play a vital role in maintaining human health [15-17].
Additionally, disturbance of microbial equilibrium or dysbiosis has been shown to be closely
related to multiple disorders including D-IBS, obesity, hyperlipidemia, atherosclerosis and
numerous types of cancer. Therefore, the present study hypothesized that LMWP (S3-3)
from the larvae of Musca domestica would be effective in alleviating diarrhea and D-IBS.

Therefore, this study aimed to determine the in vivo effect of LMWP (S3-3) from larvae
of Musca domestica in alleviating D-IBS and gut microbiota imbalance. The psychosocial
stress (restraint) model better simulates the pathogenesis of human IBS and gastrointestinal
dysfunction [18,19]. Similar studies also verified the high efficacy and sustainability of
the model, allowing for a better understanding of the pathological process as well as the
vulnerability and triggering factors in D-IBS [20-22].

2. Materials and Methods
2.1. Preparation of LMWP (S3-3) from the Larvae of Musca domestica

LMWP (S3-3) from the larvae of Musca domestica (purity 94.70%, molecular weight:
1069.4391 Da; the 10 amino acid sequences of S3-3 were Val-Tyr-Arg-Asp-Asn-Val-Leu-Phe-
GIn-Ala) were prepared as described in our previous study [14].

The laboratory strain of Musca domestica was obtained as a kind gift from the Guang-
dong Provincial Center for Disease Control and Prevention CDC, China. The larvae of
Musca domestica were then dried using conventional drying systems. Briefly, third-instar
larvae of Musca domestica were collected, washed for 3 h with running tap water, frozen for
2 h at —20 °C and sun dried for 6 h.

Following that, 1000 g of dried larvae were fried until they turned light yellow and then
sifted using 40-mesh sieves. The larvae was fried to modulate the therapeutic properties of
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treated herbal medicines, i.e., enhancing efficacy, reducing toxicity or side effects, which
is a kind of processing of Chinese medicine [23-25]. Following that, the dried powder
of larvae of Musca domestica (10.0 g) was immersed in deionized water (250 mL) in a
beaker for 30 min [14]. The samples were then simmered for 10 min before removing the
supernatant and centrifuging at 12,000 r/min for 10 min. In addition, an equal volume of
deionized water was added, and the same procedure was repeated. Following that, both
supernatants with a molecular weight of <30 kD were collected by ultrafiltration technology
(ultrafiltration membrane with a molecular weight cut-off of 30 kD) and lyophilized [15].
Finally, the supernatants were freeze-dried and LMWP were collected from larvae of
Musca domestica.

A suitable amount (800 mg) of the LMWP powder was accurately weighed and
dissolved in 2.0 mL of ultra-pure water, and the mixture was filtered on a 0.22 um filter.
Then, the LMWP powder was fractionated according to their molecular masses by using
gel-filtration chromatography (GFC) on a column packed with SuperdexTM 30 and eluted
with deionized water at a flow rate of 0.6 mL/min. Each eluate (3 mL) was collected and
monitored at 280 nm, and the fractions (1 mL) were collected at a flow of 0.25 mL/min.
Based on gel-filtration chromatography, the components of LMWP (S3-3) (t = 3.0 min) were
further separated by RP-HPLC. YMC-Pack C4-HG columns (4.6 mm x 250 mm, 10 pum)
were separately used for S3-3 separation. The fractions were automatically collected at
a flow rate of 1 mL/min and dried by centrifugation under vacuum. The identification
of the LMWP (S3-3) from the larvae of Musca domestica was performed in our previous
study [9]. The purity of the fractions was determined by HPLC, the molecular weight was
identified by MALDI-TOF spectrometer and the N-terminal sequences were determined
using Edman degradation (Supplementary Figures S1-S3, Supplementary Table S1).

2.2. Animals and Experimental Design

A total of 32 male SPF C57BL/6] mice were provided by Medical Laboratory Animal
Center, Guangdong Province (Guangzhou, China approval number SCXK (Yue) 2013-0002).
The 6-week-old male mice were then housed in a specific-pathogen-free facility (room
temperature 22 + 2 °C and 12/12 h light/dark cycle) for 7 days (eating and drinking
ad libitum). This was conducted in accordance with the guidelines by Care and Use of
Experimental Animals. Additionally, the use of animals was approved by the Guangdong
Pharmaceutical University and the Guangdong Pharmaceutical University Animal Care
and Use Committee, China. Animal grouping design is shown in Figure 1. The 32 C57/BL6]
mice (20 + 2 g) were randomly assigned to four groups (n = 8) as shown in Figure 1:
the Control, D-IBS, LMWP and LMWP + ampicillin groups. Among these groups, the
LMWP + ampicillin group was established to identify the role of gut microbiota in D-IBS.
After confirming the successful establishment of the D-IBS model, mice in the Control and
D-IBS groups were given 10 mL/kg of Control saline, the LMWP group was intragastrically
treated with 0.2 g/kg of LMWP (S3-3) from the larvae of Musca domestica (10 mL/kg) and
those in the LMWP + ampicillin group received 500 mg/kg of ampicillin (10 mL/kg) and
0.2 g/kg of the LMWP (S3-3) from the larvae of Musca domestica (10 mL/kg), through the
intragastric route, and all the mice were treated for 7 days. Thereafter, at the end of the
therapy cycle, five fecal samples were randomly collected from each group for 16S rDNA
gene sequencing.
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Figure 1. Timeline of experimental procedures.

2.3. Introduction of D-IBS in Mice

The D-IBS model was then established by chronic restraint stress (24 mice were
immobilized using a plastic restrainer for a duration of 1 h daily) for 14 days [18,19], in
D-IBS, LMWP and LMWP + ampicillin groups. An abdominal withdrawal reflex (AWR)
score > 2 points and a loose stool rate > 0.5 revealed that the D-IBS mice model was
successfully established. Physical stressors can affect visceral events. Animals subjected to
stress result in abnormal intestinal motility and visceral hypersensitivity. Stress-induced
IBS models, e.g., restraint stress, could largely mimic IBS symptoms from intestinal motility
to visceral sensitivity [20-22].

2.4. Determination of the Rate of Loose Stool

The total number of stools and loose stools was determined using the filter paper
imprinting method [26,27]. The mice were placed in individual cages and the cage floor
was covered with filter paper. The number and morphology of the stools were recorded for
6 h. The loose stools were classified into five grades based on the diameters of stain formed
by loose stools on the filter paper: Grade 1 (0 < 1 cm), Grade 2 (1~2 cm), Grade 3 (2~3 cm),
Grade 4 (3~4 cm) and Grade 5 (4~5 cm). Therefore, the rate of loose stool (%) = number of
loose stools/total number of stools x 100%. Loose stool grade was defined as the calculated
mean of the diameters of stain formed by loose stools on the filter paper. Loose stool index
was determined as follows: loose stool index = rate of loose stool x loose stool grade.

2.5. The Abdominal Retraction Reflex (AWR) Score

The mice were subjected to a 24 h fast before inserting the 6F catheter, after paraffin
oil lubrication, through the anus. A double-lumen balloon was then placed about 2.0 cm
from the anus. Then, mice were placed inside a restraint device. After adapting to the new
environment, the mice were gradually injected with water to dilate the balloon. The dilation
capacity was 0.25 mL, 0.35 mL and 0.50 mL and each rectal dilation lasted for 30 s. The
procedure was repeated thrice and the mean value was calculated. Finally, the AWR scores
were determined using the following scale: 0, no behavioral response to Colorectal Disten-
sion (CRD); 1, brief head movement followed by immobility; 2, contraction of abdominal

28



Molecules 2022, 27,4517

muscles; 3, lifting of the abdomen; 4, body arching and lifting of pelvic structures. These
methodologies were performed and modified according to those previously described [28].

2.6. Colonic Bead Expulsion Test

Under anesthesia, glass beads (2 mm in diameter) were inserted into the rectum (about
3 cm from the anus). The mice were then placed in a cage (1 mouse/cage) with no access to
food or water. After the mice were fully awake (the standard was that the mice could turn
over freely and climb up), the study began by observing the time to bead ejection. These
methodologies were performed and modified as previously described [29,30].

2.7. Upper GI Transit

The mice in each group were fasted for 24 h and then orally administered with 0.2 mL
of a suspension of the charcoal meal (10% charcoal in 5% gum arabic). The mice were
sacrificed 20 min after receiving the charcoal meal. The small intestine was removed en bloc
and the length of the small bowel and the distance traveled by the charcoal meal were then
measured for each mouse. The ratio of the distance traveled by the charcoal meal to the
total length of the small bowel was then used as the upper GI transit. These methodologies
were performed and modified according to those previously described [31,32].

2.8. Gastric Emptying

The mice in each group received 0.2 mL of a suspension of the charcoal meal (10% char-
coal in 5% gum arabic) and were sacrificed after 20 min. This was followed by abdominal
dissection and ligation of the gastric cardia and pylorus. The stomach was then dried
using a filter paper and the full weight was obtained. Following that, the stomach was
cut along its bend before washing off the stomach contents and drying with filter pa-
per. Gastric emptying (%) was calculated using the following formula: Gastric emptying
(%) = (full weight of stomach — dry weight of stomach/weight of suspension of charcoal
meal) X 100%. These methodologies were performed and modified according to those
previously described [32,33].

2.9. Histological Analysis

The colonic tissues from 8 mice were examined in each group. Colon sections were
excised to assess histological changes in the colon and were gently irrigated with normal
saline to dislodge the intestinal contents. They were then fixed immediately at 4 °C
overnight in 4% paraformaldehyde solution. Following three washes in tap water, they
were dehydrated with serial ethanol concentrations. They were rinsed with xylene, paraffin-
embedded, sliced into 4 pm sections and stained with Hematoxylin and Eosin (H&E).
They were then examined under a light microscope and photomicrographs of the sections
were taken using a digital camera (DFC495 Digital camera Leica, Leica Microsystems,
Wetzlar, Germany).

2.10. Enzyme-Linked Immunoassay (ELISA)

Blood samples were centrifuged at 3000 rpm for 10 min at 4 °C. Following that,
serum was collected and immediately frozen in liquid nitrogen before being stored at
—80 °C for further analysis. Additionally, the distal colon was homogenized in cold PBS.
Following this, the frozen colonic tissues were homogenized and lysed in the tissue lysis
buffer, followed by centrifugation at 12,000 rpm for 10 min at 4 °C. The supernatant was
then collected. 5-HT, a critical signaling molecule in the gut, activated both intrinsic and
extrinsic primary afferent neurons to initiate peristaltic and secretory reflexes. The levels
of 5-HT in serum and colonic tissues were determined using an ELISA kit (Shanghai
MLBIO Biotechnology Co., Ltd., Shanghai, China), and the operation steps of the kit were
performed following the manufacturer’s instructions.
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2.11. Real-Time Quantitative PCR Detection

RNA from the distal colon was extracted. Total RNA isolation and cDNA synthesis
were accomplished using the Trizol reagent (Accurate Biology Co., Ltd., Changsha, China)
and the PrimeScript™ RT reagent Kit with a gDNA Eraser (Accurate Biology Co., Ltd.,
Changsha, China), respectively. The mRNA levels of particular genes were then determined
by real-time PCR using SYBR Green Pro Taq HS Premix (Accurate Biology Co., Ltd.,
Changsha, China) in the CFX Connect fluorescence quantitative PCR detection system
(BIO-RAD, Hercules, CA, USA). Notably, the 20 uL PCR reaction mixture comprised 10 pL
2x SYBR Green Pro Taq HS Premix, 0.4 uL Forward Primer (10 pM), 0.4 pL Reverse Primer
(10 uM), 2 puL reaction solution (cDNA) and 7.2 uL. RNase-free water. Additionally, the
following protocol was used for the Shuttle PCR: Stage 1 was the initial denaturation of
one cycle at 95 °C for 30 s; Stage 2 was the PCR reaction of 40 cycles at 95 °C for 5s,
and 60 °C for 30 s; Stage 3 was the dissociation step. The data were analyzed using the
comparative threshold cycle (Cq) method and normalized to an endogenous reference,
Glyceraldehyde-3-phosphate Dehydrogenase (GAPDH). 5-HT2AR, 5-HT3AR and 5-HT4R
were 5-HT receptors, and SERT was a 5-HT reuptake transporter, which was involved in
the reuptake and inactivity of 5-HT. The relative expression levels of genes associated with
gastrointestinal movement (5-H2AR, 5-HT3AR, 5-HT4R, SERT) were then determined in
colon tissues and calculated using the 2~ACT method. The primers used in this experiment
are listed in Table 1.

Table 1. The primers used in this experiment.

Gene Name Primer Sequence (from 5" End to 3’ End) Product Size (bp)
5-HT2AR-F ACCGCTTTGGCAGTTTT 140
5-HT2AR-R GCGTTGAGGTGGCTTATT
5-HT3AR-F GCAACCCCAGTCTCTTTGT 143
5-HT3AR-R GCTTGACGCCCTGATAAGT
5-HT4R-F CATGCCCAGCAGATACAG 147
5-HT4R-R GAAACAGAAGCAGCCCAT
SERT-F CTCCTCCCCTCTAAGCCA 185
SERT-R CCTCCTTCCTCTCCTCACA
GAPDH-F GATGGACACATTGGGGTT 148
GAPDH-R AAAGCTGTGGCGTGATG

2.12. Immunohistochemistry (IHC)

Mice were sacrificed at the end of the experiments. Colon tissues were then isolated,
embedded on paraffinized blocks and cut into 4 um-thick sections, individually, using
a microtome (Leica, Wetlar, Germany). Next, the sections were incubated with anti-5-
HT1AR rabbit polyclonal antibody, anti-5-HT2AR rabbit polyclonal antibody, anti-SERT
polyclonal antibody (1:50) (Sangon Biotech, Shanghai, China) and anti-5-HT4AR rabbit
polyclonal antibody (1:100) (Bioss, Beijing, China) overnight at 4 °C in a dilution ratio of
1:100 using the BondTM Primary Antibody Diluent (Servicebio, Wuhan, China). On the
next day, the sections were incubated for 1 h with horseradish peroxidase 4-layered goat
anti-rabbit secondary antibodies at 37 °C (Sangon Biotech) according to the manufacturer’s
instructions. Finally, the sections were treated with diaminobenzidine (DAB) solution
(Servicebio, Wuhan, China) and visualized under a microscope (NIKON, Eclipse, Ci,
Tokyo, Japan). We measured the integrated optical density (IOD) from at least three
fields of each slice using the Image pro-plus 6.0 software (Media Cybernetics, Bethesda,
MD, USA), which could accurately reflect the complete expression of the proteins in
immunohistochemical staining.
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2.13. Gut Microbiota Analysis

The fresh stool was collected from the colons of mice after being sacrificed and im-
mediately frozen at —80 °C. Additionally, bacterial genomic DNA was extracted from
frozen stool samples using the Qiagen QIAamp DNA stool Mini Kit (Hilden, Germany)
according to the manufacturer’s instructions. Following that, the 165 rRNA in the V3-V4
region (341F-805R, F: GATCCTACGGGAGGCAGCA; R: GCTTACCGCGGCTGCTGGC)
was amplified via thermal cycling consisting of initial denaturation step at 98 °C for 1 min,
followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at 50 °C for 30 s and
elongation at 72 °C for 60 s and a final hold at 72 °C for 5 min. Purification was subse-
quently performed using the MinElute Gel Extraction Kit (Qiagen, Shanghai, China) and
samples with 400-450 bps were chosen for further experiments. Sequencing libraries were
generated using the NEB Next Ultra DNA Library Prep Kit for Illumina (NEB, Ipswich,
MA, USA), following the manufacturer’s instructions, and index codes were added. The
PCR results were then subjected to high-throughput sequencing on an Illumina HiSeq2500
platform (Biomarker Technologies Co., Ltd., Beijing, China). Additionally, in the Green-
genes database (13.5 version) (Lawrence Berkeley National Laboratory, Berkeley, CA, USA),
USEARCH software (10.0 version) (Robert Edgar, Tiburon, CA, USA) was used to select
OTUs and the RDP classifier (2.2 version) was used to annotate taxonomic information for
each representative sequence. The alpha diversity indices among groups were compared
after the sequences were rarefied to control for depth. The QIIME software package was
also used to perform UniFrac distance-based Principal Component Analysis (PCA). Per-
mutational Multivariate Analysis of Variance (PERMANOVA) was also performed. The Z
score, the value corresponding to the heatmap, was obtained after the relative abundance
of each row of species had been standardized in the heatmap of the gut microbiota at the
genus level. Finally, Linear discriminant analysis Effect Size (LEfSe) analysis was performed
using Metastats software to identify the biomarker species, Linear Discriminant Analysis
(LDA) highlighting significant biomarker species among each group’s microbiota, LDA
threshold of >4. The relative abundance of significant biomarker species, obtained in gut
microbiota from the LEfSe results, was compared in each group.

2.14. Statistical Analysis

SPSS Statistics 17.0 software (IBM, Armonk, NY, USA) was used to perform statistical
analyses. All data were presented as mean + SD and multiple comparisons were performed
using one-way Analysis of Variance (ANOVA). p values less than 0.05 were considered
statistically significant. Spearman’s correlation was measured to demonstrate the relation-
ships between parameters, the correlation coefficient was always in the range of +1 to
—1. The correlations between gut microbial biomarkers and the phenotype were corrected
by False Discovery Rate (FDR), which was calculated through the Benjamini-Hochberg
(BH) method.

3. Results
3.1. Effects of LMWP (S3-3) from Larvae of Musca domestica on Physiological Conditions and the
Frequency of Loose Stools in D-IBS Mice

After 14 days of D-IBS induction, D-IBS mice had significantly lower body weight
and food intakes than the Control group. On day 1 of treatment, there were no statistically
significant differences in initial body weight and food intake between the D-IBS, LMWP
and LMWP + ampicillin groups. After 7 days of administration of LMWP (S3-3) from
larvae of Musca domestica, the body weight and food intake in the LMWP group were
significantly greater than in the D-IBS group. After seven days of treatment, the body
weight and food intake in the LMWP + ampicillin group were significantly lower than in
the LMWP group (Figure 2A,B). The D-IBS group had a higher loose stool rate, loose stool
grade and loose stool index than the Control group. Additionally, when compared to the
D-IBS group, the LMWP group demonstrated significant improvement in loose stool rate,
loose stool grade and loose stool index. Additionally, as demonstrated in Figure 2C-E, the
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Figure 2. LMWP (S3-3) from the larvae of Musca domestica affects body weight, food intake and
diarrhea in D-IBS mice. (A) Body weight on day 1 and day 7 in the treatment period. (B) Food intake
on day 1 and day 7 in the treatment period. (C-E) Loose stool rate, loose stool grade and loose stool
index. Values are presented as means =+ SD (1 = 8). # p < 0.01 and ## p < 0.001 compared with
Control, ** p < 0.01 and *** p < 0.001 compared with D-IBS, ¥ p < 0.05, % p < 0.01 and %% p < 0.001
compared with LMWP (S3-3) from the larvae of Musca domestica.

3.2. Effects of LMWP (S3-3) from Larvae of Musca domestica on Gastrointestinal Motility and
Visceral Sensitivity in Mice

Intestinal transit in mice was evaluated using the time to bead expulsion, upper GI
transit and degree of gastric emptying. There was an increase in upper GI transit and a
significant decrease in the efflux time of glass beads as well as in the degree of gastric
emptying in mice in the D-IBS group compared to those in the Control group during the
modeling process (Figure 3A-C). This indicated that the frequency of GI transport increased
significantly after the modeling process. Additionally, mice in the LMWP group exhibited a
slower upper GI transit and an increased efflux time for the glass beads, as well as a greater
degree of gastric emptying, compared to those in the D-IBS group. However, there were
significant differences in upper GI transit, efflux time of glass beads and degree of gastric
emptying between the LMWP + ampicillin and LMWP groups. LMWP + ampicillin group
had increased upper GI transit and decreased efflux time of glass beads, as well as a greater
degree of gastric emptying than the LMWP group.

32



Molecules 2022, 27,4517

7 (A) @)
&, 3001 = 80+
] = #4#
"= - *kk =
ﬁ ale A g
£.2001 [l # 555 g 707
2 | x5
E ™ S
= 100+ 2 5 60-
) 2
- =
@
£ | o
= 0 r \ T 50
& &
& N

©) )
~ 60+ 5+
X wat [Z21 Control
~ $5%
&n 44 EE D-IBS
£ o LS
2 40+ 5 ; 3 LMWP
=9 o 34 o
£ - 1 LMWP+ampicillin
7] =4 o
< N
,E 20 E
o

0

Control

0.25mL 0.35mL 0.50mL

LMWP LMWP+ampicillin

Figure 3. LMWP (S3-3) from the larvae of Musca domestica affect intestinal tract motility, visceral
hypersensitivity and colonic histology in D-IBS mice. (A) Time to bead expulsion. (B) Upper gut
transit. (C) Gastric emptying. (D) AWR scores. (E) Morphology found in the colon. Values are
presented as means =+ SD (n = 8). ## p < 0.001 compared with Control, ** p < 0.01 and *** p < 0.001
compared with D-IBS, ¥ p < 0.05 and %% p < 0.001 compared with LMWP (S3-3) from the larvae of
Musca domestica.

Additionally, visceral sensitivity was assessed using the abdominal uplift and back
arch volume thresholds. Compared to the Control group, there was a significant increase
in the AWR scores of the D-IBS group, demonstrating increased visceral sensitivity fol-
lowing the modeling process. However, as compared to the D-IBS group, the AWR scores
decreased significantly following treatment with LMWP (S3-3) from larvae of Musca do-
mestica (Figure 3D), suggesting meliorative visceral sensitivity following treatment with
LMWP (S3-3) from larvae of Musca domestica. In comparison to the LMWP group, the
LMWP + ampicillin group showed significantly higher AWR scores.
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3.3. Effect of LMWP (S3-3) from Larvae of Musca domestica on Colonic Histological Assessment

Figure 3E showed that the colon tissues of the Control, D-IBS, LMWP and LMWP + ampi-
cillin groups were normal. The mucosa was normal and complete, and neatly arranged
villi were observed; the muscle layer was even and moderate, and colonic epithelial cells
were arranged regularly in each group. Moreover, no significant pathological changes were
observed in any group.

3.4. Effect of LMWP (S3-3) from Larvae of Musca domestica on the Expression of Genes and
Proteins Involved in 5-HT-Related Pathways

The levels of 5-HT in the serum and colon of mice were examined to investigate the
effect of LMWP (S3-3) from the larvae of Musca domestica by ELISA. The 5-HT concentrations
in the serum and colon of mice are shown in Figure 4A,B. Notably, the serum and colon 5-HT
concentrations were significantly decreased following treatment with LMWP (S3-3) from
the larvae of Musca domestica. Additionally, the study used qPCR to examine the expression
of the 5-HT2AR, 5-HT3AR, 5-HT4R and SERT genes. The results showed that 5-HT2AR
and 5-HT3AR expression in the colon was higher, whereas 5-HT4R and SERT expression
was lower in the D-IBS group compared to the Control group (Figure 4C-F). However,
LMWP (S3-3) from larvae of Musca domestica resulted in a decrease in the expression of both
5-HT2AR and 5-HT3AR (Figure 4C,D). The treatment of larvae of Musca domestica with
LMWP (S3-3) increased the expression of both 5-HT4R and SERT (Figure 4E,F). However,
the LMWP + ampicillin groups increased the 5-HT concentrations in serum and colon tissue,
increased 5-HT2AR and 5-HT3AR expression and decreased 5-HT4R and SERT expression
(Figure 4). Next, the immunohistological changes in the protein levels of 5-HT2AR, 5-
HT3AR, 5-HT4R and SERT were examined in the colon. The results suggested that stress
caused an increase in the levels of 5-HT2AR and 5-HT3AR on the membrane surface of the
intestinal tissues, which decreased substantially after LMWP (S3-3) treatment (Figure 5A,B).
Furthermore, potential immunohistological changes in the protein expressions of SERT
in the colon were evaluated. The results showed a significant increase in 5-HT4R and
SERT-positive protein expression in the colon in the LMWP (S3-3) group relative to the
IBS group (Figure 6A,B). Furthermore, results showed a significant increase in 5-HT2AR,
5-HT3AR protein and a remarkable decrease in 5-HT4R, SERT protein in the colon tissues
obtained from mouse in the LMWP (S3-3) + ampicillin group as compared to those in the
LMWP (S3-3) group (Figures 5 and 6).

34



Molecules 2022, 27,4517

A) (B)
801 100
7 ##4 = P
S 80-
£ 601 s $3
177]
F E
n [ ]
5 40 5
g ® £ 407
= 20- =
:I E 20
w
0 T 0 T
& N
< O
S
5 5
2© )
9, S
S 3 ### $5$ S 8
7] [}
@ @ $59
g T 5 64
X 2] % !,t
vy -
2 s
Fd oo & 4 Yy
€ P [
' P x
ﬁ e® g 2
= [
I T
‘g 1] T T ':: 0 T
'] ©
< o4 o)
© ©
< <
o ® S ®
[<] [+]
=) L
; 2.0-
520 5
[7] 7]
0 7]
45{ o o159 °
% & Tk
okk o
§ 1.0 g 1.0 .—g
9 AN A
g < L. i‘_ $55 z o®
X 054 —_—— — 0.5
E i
=+ 7]
' 0.0 ' @ 0.0 r
> £ N
E 00 o 00

Figure 4. LMWP (S3-3) from the larvae of Musca domestica affect 5-HT, 5-HT2AR, 5-HT3AR, 5-HT4R
and SERT in D-IBS mice. (A,B) 5-HT levels in serum and colon. (C-F) The relative expression of
5-HT2AR, 5-HT3AR, 5-HT4R and SERT mRNA in the colon. Values are presented as means + SD
(n = 8). ¥ p <0.001 compared with Control, *** p < 0.001 compared with D-IBS, ¥ p < 0.01 and
$5% p <0.001 compared with LMWP (S3-3) from the larvae of Musca domestica.
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Figure 5. Inmunohistochemical staining in the colon. (A,B) 5-HT2AR and 5-HT3AR. Values are
presented as the means + SD (1 = 8). ## p < 0.001 compared to Control, *** p < 0.001 compared to
D-IBS and 5% p <0.001 compared to LMWP (S3-3) from the larvae of Musca domestica.
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Figure 6. Inmunohistochemical staining in the colon. (A,B) 5-HT4R and SERT. Values are presented
as the means + SD (n = 8). b p < 0.001 compared to Control, ** p < 0.01 compared to D-IBS,
*** 1 < 0.001 compared to D-IBS, # p < 0.05 compared to LMWP (S3-3) from the larvae of Musca
domestica and %% p < 0.001 compared to LMWP (S3-3) from the larvae of Musca domestica.

3.5. Effects of LMWP (S3-3) from Larvae of Musca domestica on Gut Microbiota in D-IBS Mice

In this study, 16S rDNA sequencing was conducted to determine whether LMWP (S3-3)
from larvae of Musca domestica influenced the gut microbiota and to define the changes in
the composition of gut microbiota. It is noteworthy that the interaction between LMWP
(S3-3) from larvae of Musca domestica feeding and the gut microbiota has been linked to
D-IBS-related metabolic disorder. Therefore, the present study examined the effects of LMWP
(S3-3) from the larvae of Musca domestica on the composition of gut microbiota by sequencing
the V3 + V4 region of bacterial 165 rRNA. The samples were analyzed using high-throughput
sequencing, which produced 1,600,995 pairs of raw reads. However, pair-end read alignment
and filtering resulted in 1,551,510 clean tags which were subjected to subsequent analysis.
All of the effective reads were then clustered into Operational Taxonomic Units (OTUs)
based on a 97% similarity level. The dilution curve showed an inflection point at about 1000
and then leveled off, indicating that the sequencing amount of this study was enough to
cover almost all bacterial species, indicating that the sample sequence was sufficient. The
graded abundance curve indicates that the abundance and evenness of this study are both
high, which supports the following data analysis (Supplementary Figures S4 and S5). The
functional role of LMWP (S3-3) from the Larvae of Musca domestica in improving species
richness and diversity of gut microbiota was further supported by increased numbers of OTUs
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(Figure 7A), ACE (Figure 7B), Shannon (Figure 7D), Chaol (Figure 7E) index and a lower
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mpson index (Figure 7C). However, the LMWP + ampicillin group showed a decrease in

species richness and diversity compared to the LMWP group.
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Figure 7. The diversity, richness and structure of the gut microbiota in response to LMWP (S3-3) from
the larvae of Musca domestica in D-IBS mice. (A) The number of OTUs in the gut microbiota. (B-E) The
ACE index, Simpson index, Shannon index and Chaol index. Values are presented as means + SD
(n=5). # p <0.01 and #* p < 0.001 compared with Control, ** p < 0.01 and *** p < 0.001 compared
with D-IBS, ® p < 0.05, % p < 0.01 and *%* p < 0.001 compared with LMWP (S3-3) from the larvae of

Musca domestica.
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A deeper examination of the microbial community revealed that LMWP (S3-3) from
larvae of Musca domestica had a significant positive effect on the phylum and genus levels.
According to the findings, the phylum level, the 10 most abundant bacteria in the level of
phylum could be found and compared in all samples, and the most abundant phyla in all
samples were Firmicutes, Bacteroidetes, Proteobacteria and Verrucomicrobia (Figure 8A). At the
genus level (Figure 8B), the 10 most abundant bacteria were found and listed in all samples.
Additionally, unsupervised multivariate statistical methods such as Principal Component
Analysis (PCA) were used to assess structural changes in the gut microbiota. All four
groups presented distinct clustering of microbiota composition, and the LMWP group
had a similar structure to that of the Control group (Figure 8C). The results of PCA were
confirmed through PERMANOVA test, detecting significant differences between groups
(Supplementary Figure S7).
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Figure 8. Gut microbiota diversity at the phylum and genus level. (A,B) Relative abundances of the
gut microbiota at the phylum and genus levels. (C) Weighted UniFrac-based PCA.

Additionally, an overview of the heatmap (Figure 9) suggested a significant effect of
LMWP (S3-3) from the larvae of Musca domestica on the profile of the gut microbiota. As
seen in Figure 9, the abundance increased with the color changing from blue to red; genus-
level species clustering analysis was performed according to the distance between each
genus-level species. The clustering indicated the similarity of the abundance of different
species between samples. The closer the distance between two species was, the shorter the
branch length was, indicating that the abundance of these two species was more similar
between samples. The clustering revealed the similarity of community composition at
each classification level. Therefore, all effective sequences were evaluated using the LEfSe
approach to determine the major phenotypes that were significantly altered in response to
LMWP (S3-3) of larvae from Musca domestica treatment. The findings of the LEfSe analysis
revealed the presence of high-dimensional biomarkers in the gut microbiota in each group
(Supplementary Figure S8).
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Figure 9. Heatmap of the gut microbiota at the genus level.

Collectively, these findings indicated that treatment with LMWP (S3-3) from larvae of
Musca domestica reversed D-IBS-induced dysbiosis of the gut microbiota. In comparison
to the LMWP group, the LMWP + ampicillin group induced a decrease in Bacteroidetes
and Verrucomicrobia but increased Proteobacteria at the phylum level (Figure 10A-C). The
LMWP + ampicillin group induced a decrease in g_uncultured_bacterium_f_Muribaculaceae,
Akkermansia, Lachnospiraceae_NK4A136_group and Lachnoclostridium but an increase in Acine-

tobacter at the genus level in comparison to the LMWP group (Figure 11A-F).
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Figure 11. Relative abundances of the gut microbiota at the genus level. (A-F) Relative abun-
dances of Uncultured_bacterium_f_Muribaculaceae, Akkermansia, Lactobacillus, Acinetobacter, Lach-
nospiraceae_NK4A136_group and Lachnoclostridium at the genus level.
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3.6. Potential Correlations among Phenotypes, Molecular Biology Indicators and Gut Microbiota

To further investigate the potential role of the gut microbiota in D-IBS, correlation
analyses were performed between diarrhea, gastrointestinal motility, visceral sensitivity,
5-HT, 5-HT2AR, 5-HT3AR, 5-HT4R, SERT and changes in the microbiota (Figure 12). 5-HT,
5-HT2AR and 5-HT3AR were positively correlated with the genus Acinetobacter. Negative
correlations between 5-HT4R and SERT with Acinefobacter were also observed. Additionally,
5-HT, 5-HT2AR and 5-HT3AR were negatively correlated with Akkermansia and Lachno-
clostridium, while 5-HT4R and SERT were positively correlated. Lactobacillus was also nega-
tively correlated with 5-HT2AR and 5-HT3AR. g_uncultured_bacterium_f_Muribaculaceae
and Lactobacillus were positively correlated with 5-HT4R and SERT, respectively.
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Figure 12. Association map for three-tiered analyses integrating the gut microbiome, D-IBS pheno-
types and molecular biology indicator. Scale indicates the level of positive (red) or negative (blue)
correlation, * p < 0.05 and ** p < 0.01.

4. Discussion

IBS is a chronic relapsing functional gastrointestinal disorder that is characterized by
diarrhea and abdominal pain, both of which significantly decrease patients” quality of life.
Currently, available management options mainly focus on symptom alleviation and control
of the disease course.

Moreover, our previous study proved intestinal microbiological regulation might be
one of the potential antidiarrheal mechanisms of LMWP from the larvae of Musca domestica
and LMWP (S3-3) successfully isolated and identified from LMWP from the larvae of
Musca domestica [14]. Therefore, this study focused on determining whether LMWP (S3-3)
alleviated D-IBS through regulating gut microbiota. The results suggested that LMWP
(S3-3) could alleviate D-IBS by impacting the gut microbiota.

Therefore, the present study established a restraint stress model of D-IBS in mice.
After 4 weeks, mice in the D-IBS group had a lower body weight and a higher diarrheal
index, indicating that they were experiencing diarrhea. Interestingly, LMWP (S3-3) from
the larvae of Musca domestica decreased diarrhea caused by D-IBS, indicating that LMWP
(S3-3) from the larvae of Musca domestica was capable of relieving diarrhea in these mice.
Additionally, LMWP (S3-3) from the larvae of Musca domestica reduced the AWR scores in
D-IBS mice, implying that it might be able to alleviate intestinal visceral hypersensitivity in
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the animals. LMWP (S3-3) from the larvae of Musca domestica also inhibited colonic motility
and prolonged gastrointestinal transit in mice. These results demonstrated that LMWP
(S3-3) from the larvae of Musca domestica were beneficial for gastrointestinal motility and
possessed antinociceptive properties. Nonetheless, cotreatment with antibiotics (ampicillin
+ LMWP (S3-3) from the larvae of Musca domestica) significantly reduced the beneficial
effects of LMWP (S3-3) from larvae of Musca domestica against D-IBS. Metabolic products
from gastrointestinal microbiota fermentation, such as SCFAs, or peptides can act on the
ENS and affect gut transit [34]. The neuroendocrine system of the gut has also been shown
to interact with microbiota [35] via 5-HT [36]. 5-HT is produced in both the ENS and CNS
and is a key neurotransmitter that plays a pivotal role in mediating motor and secretory
responses in the ENS [37]. 5-HT stimulates local enteric nervous reflexes to initiate secretion
and propulsive motility and acts on vagal afferents to modulate contractile activities [37].

IBS is a complex disorder characterized by changes in sensation, secretion and gas-
trointestinal motility. 5-HT is a critical signaling molecule in the gut that targets enterocytes,
smooth muscles and enteric neurons, activating both intrinsic and extrinsic primary afferent
neurons to initiate peristaltic and secretory reflexes, as well as transmitting information
to the central nervous system. Therefore, the serum and colon 5-HT concentrations were
determined in this study by ELISA. Additionally, the data revealed that LMWP (S3-3) from
the larvae of Musca domestica were capable of lowering 5-HT levels in the serum and colon.
5-HT has been shown to play an important role in regulating intestinal motility [38]. How-
ever, excessive 5-HT production induces high visceral sensitivity, and this is an important
mechanism of D-IBS [38,39]. 5-HT has a remarkable range of effects that are attributable
to the existence of multiple receptor subtypes on enteric neurons, enterochromaffin cells
(EC cells), GI smooth muscle and probably enterocytes and immune tissue. 5-HT recep-
tors are now classified into seven families and subtypes, with 5-HT2AR, 5-HT3AR and
5-HT4R known to affect gut motor functions. Additionally, 5-HT is inactivated by the
SERT-mediated uptake into enterocytes or neurons. Therefore, the genes and proteins of
the 5-HT-related pathway were detected by qPCR and IHC in this study. The present study
demonstrated that LMWP (S3-3) from the larvae of Musca domestica could decrease the
levels of 5-HT in the colon of D-IBS model mice by down-regulating the expression of
5-HT2AR, 5-HT3AR and up-regulating the expression of 5-HT4R and SERT. Furthermore,
the binding of 5-HT and 5-HT2AR was reported to block voltage-gated K+ channels and
increase visceral sensitivity by generating enteric neuron excitation [40]. Moreover, 5-HT3R
are found in a variety of locations, including peripheral primary sensory nerve endings,
autonomic preganglionic and postganglionic neurons, the central nervous system and
the lower brainstem, among other areas. Notably, activation of the 5-HT3R, which has
excitatory effects, mediates the rapid activation of sensory afferents, hence enhancing nerve-
mediated gastrointestinal motility and secretion. Additionally, it generates visceral pain
stimuli, which results in abdominal pain [41]. Furthermore, 5-HT4R is positively associated
with adenylate cyclase, which is located on the mesenteric plexus neurons [42]. 5-HT4R has
also been identified in the intestinal primary afferent neurons [43] and was shown to be
involved in the peristaltic reflex [38,39]. On the other hand, Serotonin Reuptake Transporter
(SERT) is a highly regulated protein, located on the membrane of intestinal epithelial cells
and is involved in the reuptake of 5-HT [44]. Moreover, excess 5-HT is often transported
into epithelial cells via SERT and inactivated there. Therefore, inhibiting the expression of
SERT can induce the sensitivity of primary neurons to 5-HT, and this can, in turn, enhance
visceral sensitivity [44,45].

The findings indicated that the levels of 5-HT in the serum and colon were elevated in
D-IBS mice and that LMWP (S3-3) from the larvae of Musca domestica could decrease the
levels of 5-HT in the serum and colon of D-IBS mice. 5-HT, which is primarily produced in
the gut, regulates intrinsic reflexes (e.g., stimulates motility, secretion and vasodilation) and
may contribute to the development of diarrhea by promoting inflammation [46,47]. The EC
cells are mucosal sensory cells that release mediators (5-HT, among others) in response to
chemical or mechanical stimulation [48]. It is hypothesized that excessive release of 5-HT
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from EC cells may contribute to diarrhea in IBS patients [48]. Rapid intake of 5-HT occurs
via a selective SERT transporter that regulates 5-HT in the gut [48]. The enteric nervous
system (ENS) is also involved in intestinal absorption and secretion, and diarrhea has been
associated with decreased absorption of ions and/or solutes and water [49]. Numerous
studies indicate that 5-HT and the ENS may play an important role in the pathophysiology
of IBS and perhaps in diarrhea [48]. The findings also demonstrated that the SERT levels
in the colon of D-IBS mice were decreased and LMWP (S3-3) from the larvae of Musca
domestica could enhance the levels of SERT in the colon of D-IBS mice SERT decrease can
affect motility and thus contribute to diarrhea [48,50]. Therefore, LMWP (S3-3) from the
larvae of Musca domestica may be used to treat diarrhea in D-IBS mice by regulating 5-HT
and SERT levels.

In our view, LMWP (S3-3) supplemented intestinal nutrition and produced prebiotics,
then regulated gut microbiota through prebiotics, and then regulated SCFAs, which affect
release of 5-HT, through gut microbiota [51-53]. In this study, changes in the composition
of the microbiota were examined using high-throughput sequencing. The results demon-
strated that the alpha diversity of the gut microbiota was reduced in the D-IBS group,
which had a lower Shannon index, ACE index and Chaol index and a higher Simpson
index than the Control group. Nevertheless, treatment with LMWP (53-3) from the larvae
of Musca domestica was able to restore diversity. Additionally, PCoA indicated significant
distances between each group, indicating that the beta diversity of gut microbiota was
different in D-IBS model mice and LMWP (S3-3)-treated mice. According to the findings,
the relative abundance of Lactobacillus was decreased in D-IBS model mice compared to
Control mice. Moreover, treatment with LMWP (S3-3) from the larvae of Musca domestica
increased the relative abundance of Lactobacillus, which has previously been shown to
have positive therapeutic benefits on IBS [54,55]. Short-chain Fatty Acids (SCFAs) are
the primary metabolites of the gut microbiota and can boost the growth of Lactobacillus.
They are also critical signaling molecules that affect intestinal function, and abnormal
changes in SCFA levels have been associated with IBS. Additionally, it was demonstrated
that intestinal microbiota imbalances in IBS patients have a direct effect on the normal
signaling interactions between intestinal microbiota, SCFAs and intestinal epithelial cells,
resulting in a low inflammatory response, increased permeability of the intestinal epithelial
barrier and hypermotility [56]. We also found that LMWP (S3-3) increased related SCFA
concentration, such as propionate and butyrate (Supplementary Figure S6, Supplementary
Methods). On the contrary, the current study found a significant increase in the abun-
dance of Akkermansia after treatment with LMWP (S3-3) from the larvae of Musca domestica.
Akkermansia is a probiotic belonging to the Verrucomicrobia phylum and is involved in
nutrition metabolism. Recent studies also indicate that Akkermansia improves metabolic
health and protects against obesity, diabetes and inflammation in the intestinal tract of
rodents by interacting with intestinal epithelial cells [56,57]. Additionally, Akkermansia
muciniphila is the type species of the genus Akkermansia, which was first proposed in 2004 as
a mucin-degrading, anaerobic Gram-negative bacterium that resides in the mucus layer [58].
Notably, the mucus layer lining the intestinal tract serves as a lubricant and physiological
barrier between the luminal contents and mucosal surface. Furthermore, the presence of A.
muciniphila in IBS mice may play an important role in preserving the integrity of the mucin
layer. However, it is unclear whether LMWP (S3-3) from the larvae of Musca domestica
increases the abundance of A. muciniphila by providing the primary source of energy for
this bacterium, thereby favoring its growth. Additionally, it is unknown if an increase in A.
muciniphila increases mucus production and degradation. However, it was discovered that
treatment with LMWP (S3-3) from the larvae of Musca domestica inhibited the proliferation
of Acinetobacter, which are mostly opportunistic microbes whose population increased
significantly in mice with diarrhea [59]. According to the findings, the relative abundance
of g_uncultured_bacterium_f_Muribaculaceae was decreased in D-IBS model mice compared
to Control mice, which belong to Muribaculaceae. LMWP (S3-3) also increased the relative
abundance of g_uncultured_bacterium_f_Muribaculaceae. Schmidt et al. also found that the
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abundance of Muribaculaceae was strongly correlated with the concentration of propionate
belonging to SCFAs [60].

The findings also showed that gut microbiota play a key role in D-IBS by enhancing the
function of LMWP (S3-3) from the larvae of Musca domestica. This is because when LMWP
(S3-3) from larvae of Musca domestica were combined with an antibiotic, the regulatory
effect on physiological conditions, diarrhea, gastrointestinal motility, visceral sensitivity,
colon histology, levels of 5-HT, expression of associated pathway genes and proteins, and
gut microbiota were significantly reduced. Ampicillin is a -lactam antibiotic that has
the potential to disrupt gut microbiota and cause diarrhea [61,62]. The mechanism of
ampicillin-induced diarrhea may be related to disruption to the normal composition and
functional attributes of the gut microbiota [63], where 5-HT was related to diarrhea [64].
Compared with the LMWP group, for LMWP (S3-3) from larvae of Musca domestica that
were combined with ampicillin, the regulatory effect on physiological conditions, diarrhea,
gastrointestinal motility, visceral sensitivity, colon histology, levels of 5-HT, expression of
associated pathway genes and proteins, and gut microbiota were significantly reduced,
which suggested that the changes in gut microbiota composition might alter colonic motility.
Gut microbiota regulated SCFAs, which affect release of 5-HT [51,52]. 5-HT has been shown
to play an important role in regulating GI motility [38]. Additionally, several studies
have revealed that the germ-free condition is characterized by increased plasma 5-HT
concentrations. Plasma 5-HT levels are thought to be mostly derived from intestinal EC
cells of the gut [65,66].

In this study, these data suggested that LMWP (S3-3) from the larvae of Musca domestica
had an obvious protective effect on D-IBS through regulating 5-HT-pathway-related genes
and proteins and adjusting gut microbiota.

5. Conclusions

According to the current study’s findings, treatment with LMWP (S3-3) from the
larvae of Musca domestica regulates gut microbiota by increasing the relative abundance of
Akkermansia and Lactobacillus. Additionally, LMWP (S3-3) treatment decreases Acinetobacter
levels, resulting in favorable benefits against diarrhea, increased visceral sensitivity and
excessive gastrointestinal motility. This also regulates the 5-HT levels in serum and colon
as well as the expression of 5-HT-pathway-related genes and proteins (Figure 13). The data
of this study suggested that LMWP (S3-3) from larvae of Musca domestica had an obvious
protective effect on D-IBS, potentially by adjusting gut microbiota, down-regulating 5-HT,
5-HT2AR and 5-HT3AR, up-regulating 5-HT4R and SERT, relieving diarrhea, decelerating
the gastrointestinal motility and alleviating intestinal visceral hypersensitivity. These
findings could enhance our understanding of the effect and mechanism of LMWP (S3-3)
from larvae of Musca domestica on D-IBS and contribute to developing effective therapies in
the future.
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Figure 13. A schematic presentation of the therapeutic effect of LMWP (S3-3) from the larvae of
Musca domestica on D-IBS.
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Abstract: Natural products, with their array of structural complexity, diversity, and biological activ-
ity, have inspired generations of chemists and driven the advancement of techniques in their total
syntheses. The field of natural product synthesis continuously evolves through the development of
methodologies to improve stereoselectivity, yield, scalability, substrate scope, late-stage functionaliza-
tion, and/or enable novel reactions. One of the more interesting and unique techniques to emerge
in the last thirty years is the use of chemoenzymatic reactions in the synthesis of natural products.
This review highlights some of the recent examples and progress in the chemoenzymatic synthesis of
natural products from 2019-2022.

Keywords: chemoenzymatic; natural product synthesis; biocatalysis

1. Introduction

The biodiversity of organisms from plants to microbes to mammals on Earth has led
to a vast wealth of natural products. Throughout history from ancient civilizations to our
contemporary one, these natural products have been an invaluable source of bioactive
molecules capable of improving their quality of life. Natural products and their derivatives
found success in modern drug discovery for a wide range of disease states ranging from
diabetes and cardiovascular disease to viral infections and inflammatory diseases with
notably high success as antibiotic and anticancer agents [1]. Despite the continued success
of natural products in the clinical setting, the pharmaceutical industry divested resources
from their discovery in the 1990s due to challenges associated with the rediscovery of
known chemical entities, target deconvolution, and resources being allocated to alternative
methods of drug discovery [2,3]. More recently there has been a resurgence in natural
product discovery, structure elucidation, and progression of natural products to the clinic
as a consequence of increased resources and advances in methodologies.

The field of natural product synthesis dates back to 1828, fascinating and inspiring
generations of chemists [2,4]. Natural products are often characterized for their high struc-
tural complexity stemming from an enriched number of stereocenters, sp> carbons, oxygen
atoms, and rigid carbon skeletons as compared to synthetically designed molecules [1]. The
combination of the rich, diverse, and structurally complex structures of natural products
and the drive, creativity, and talent within the synthetic community makes the synthesis
of natural products one of if not the most important fields for both training chemists and
developing novel synthetic methods [4]. The pursuit of these diverse targets has seen the
field of organic chemistry expand its capabilities in leaps and bounds in areas such as but
not limited to retrosynthetic analysis, stereoselective and regiospecific C-C bond forma-
tions, cascade reactions, orthogonal protecting groups, protecting group free synthesis,
organometallic catalysis, convergent synthesis, atom efficiency, and green chemistry [4]. To
this point, many modern organic techniques have been applied to natural product synthesis.
For example, organometallic mediated C-H activation bond activation chemistry (directed
and non-directed) such as in the synthesis of (—)-epicoccin G and artemisinin [5]. The
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boundaries and application of electrochemical reactions such as decarboxylative couplings
have been extended into to the synthesis of R-(Z)- nerolidol [6]. Photochemical reactions
such as cycloadditions, arene couplings, and C-N bond formations are an emerging method-
ology in the synthesis of natural products such as (—)-pavidolide B, (+)-flavisiamine F, and
(+)-iosocorynantheol [7].

Over the past twenty years, chemists have been going back to nature and its biosyn-
thetic pathways to develop new advantageous bond forming methodologies through
chemoenzymatic syntheses [8-14]. These pioneering scientists have enriched our synthetic
landscape across numerous reaction types such as chiral resolutions (many of the first appli-
cations of chemoenzymatic processes), saponifications, hemiacetal formations, oxidations
and reductions, and C-C bond forming reactions as well as classes of molecules including
glycans, peptides or derivatized amino acids, polyketides, and terpenoids. The benign
nature, stereospecificity, and potential of chemoenzymatic processes has led researchers to
invest heavily in their development.

As chemoenzymatic methods became more widely available and applicable, their ben-
efits to the synthetic communities are greater than just expanded methodologies. Enzyme-
catalyzed reactions incorporate the majority of the twelve principles of green chemistry
that seek to reduce our impact on human health and the environment [15]. Enzymes are
inherently non-toxic and natural (less hazardous chemical synthesis and use of renewable
feedstocks). Their catalytic nature affords reactions that can be run at ambient to slightly el-
evated temperatures in biphasic or completely aqueous media (catalysis, design for energy
efficiency, safer solvents and auxiliaries) and impart regio- and stereoselectivity (atom econ-
omy, waste prevention) [16]. Since chemoenzymatic methods combine high regioselectivity
and stereoselectivity with environmental and cost benefits, they are attractive method for
large scale synthesis and as such have been adopted for the synthesis of several high value
pharmaceutical agents such as sitagliptin, simvastatin, and darunavir [16,17].

The continued application and success of chemoenzymatic syntheses in these settings
has continued to fuel the diversity and pace of research into biocatalytic approaches.
This research has produced advances in the variety and number of chemoenzymatic
processes and increased their capabilities through scalability, multiple enzyme cascades,
and flow processes. The importance of the chemoenzymatic synthesis of natural products
can be seen in the explosion of recent syntheses and review articles highlighting their
accomplishments [11,18-30]. This report is organized by classification of molecule and
aims to highlight the diversity and power of this field through selected chemoenzymatic
syntheses of natural products from 2019-2022.

2. Selected Natural Product Syntheses Incorporating Chemoenzymatic Methods
2.1. Terpenoids

One of the principal scientists featured throughout this review, Hans Renata, pushes
the boundaries of the utility and elegance of chemoenzymatic synthesis across multiple
complex classes of molecules. The work of the Renata group is often impressive in its
nuanced design which is integrated within traditional synthetic sequences [20,22,23,31-33].
In a recent paper they disclosed the synthesis of chrodrimanin C (3), verruculide A, and
polysin using multiple chemoenzymatic steps (Scheme 1) [33]. A key step featured in these
syntheses is an enzymatic hydroxylation of a 6,6,5 or 6,6,6, steroid core, intermediate 1 in the
case of chrodrimanin C (3). These reactions were performed on gram scale, 67 & 83% yields,
depending on starting material, selectivity for oxidation of a single methylene despite
the presence of 6 or 7 other oxidizable methylene groups, and with enantioselectivity of
course. This scale is an impressive feature for chemoenzymatic methods, considering the
importance of this feature for transformations in total synthesis.
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Scheme 1. Selective chemoenzymatic hydroxylation towards the synthesis of chrodrimanin C (3) [32].

Tang and co-workers’” synthesis of the bicyclic terpenoid nepetalactolone, the active
molecule in catnip and a natural insect repellent, features a one-pot multienzyme (OPME)
system that is stereoselective setting three contiguous stereocenters while utilizing geraniol
(4) as a precursor (Scheme 2). [34]. This synthesis features a ten-enzyme cascade, half
of which are necessary to perform the requisite biosynthetic steps, and half of which are
required for auxiliary needs or cofactor regeneration. The chemical steps performed by
the enzymes are allylic hydroxylation, alcohol oxidation, aldehyde reduction, cyclization,
and a hemiacetal oxidation. One of the more elegant aspects of this system is the ability to
perform oxidative and reductive steps in the same pot, with the same NAD/NADH system.
Although the experiments were run on a small scale, the yields are excellent (93%) with
potential to produce approximately 1 g nepetalactone per liter of solution at a reasonable
cost (<$120/g).

TfG8H
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9 4 I MLPL nepetalactone
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Scheme 2. One-pot multienzyme cascade synthesis of nepetalactone (5) from geraniol (4) [34].

A novel method using an OPME cascade of enzymatic reactions to synthesize triter-
penes of highly varied structures, including cyclized variants was recently reported by
Allemann and coworkers [35]. Noteworthy is that the scope of starting material, enzy-
matic variance, and enzymatic combinations, as many as four enzymes total, all within
a OPME framework to generate simple but highly varied triterpenoids. The enzymatic
transformations utilized include monophosphorylation by EcTHIM, diphosphorylation
by MjIPK, synthesis of natural and unnatural farnesyl diphosphosphates by GsFDPS, and
cyclization and/or bicyclization using a variety of enzymes. Pyruvate kinase (PK) acts as
a supplementary enzyme to replenish the ATP substrate pool throughout the phospho-
rylation reactions. Seven sesquiterpenoid compounds, many first reported in this study,
and the antibacterial/antifungal (S)-germacrene D (8) are synthesized. Prenol (6) and
isoprenol (7) were mixed in a 1:2 ratio with ECTHIM, MjIPK, PK, GsFDPS, and ScGDS
to yield germacrene D (Scheme 3). Advantages of their methodology include using less
expensive 4- or 5-carbon starting materials and producing both natural and unnatural
products in a modular fashion on a milligram scale.
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Scheme 3. OPME system utilized in the activation, condensation, and cyclization of prenol (6) and
isoprenol (7) for the synthesis of (S)-germacrene D (8) [35].

2.2. Polyketides

The area of chemoenzymatic synthesis to produce polyketide natural product targets
is so critical that it can be said that it is the driver of advancements in the field as a
whole. Alison Narayan and David Sherman have been and will continue to build on
their pioneering work [14,18,26,28,36—40]. The importance of these two scientists to the
field is evidenced by the previous coverage in the literature, including other reviews.
Therefore, this work will not include it but allow for interested readers to explore it within
these references.

Stereoselective reductions of simple organic moieties are an easy way to introduce
stereocenters: if it can be done. To afford the desired diol products selectively, Husain et al.
have applied the use of T;HNR to reduce ketones and enols selectively in naphthol systems
(Scheme 4a) [41]. Intriguingly this process reacts very differently with 2-hydroxy and
3-hydroxyjuglone starting materials. The phenol orients the molecule within the enzyme
active site to provide the selectivity for the adjacent ketone to be reduced. While exhibiting
a high level of selectivity, the reduction of 3-hydroxyjuglone affords an 82:18 d.r. for 10a and
10b which is comparatively modest for an enzymatic transformation. Building off this initial
strategy, the Husain group recently reported the small-scale synthesis (R)-scytalone (12)
from simple accessible starting materials using the anthrole reductase ARti-2 and a NADPH
cofactor (Scheme 4b) [42]. Notable about this chemoenzymatic transformation is that
scytalone, generated by the desymmetrization of a perfectly flat tetrahydroxynaphtalene
in a stereoselective fashion, also includes another phenol, which is oxidized to a ketone.
Despite a small scale and modest yield (23%), the selectivity was >99% for the observed
stereoisomer is exceptional.

a. 0
1
2 A\ T.HNR
HO
NS OH
d NADPH

Glu/GDH
9a=1-OH
9b = 4-OH 10a 10b
b. OH OH OH O

ARt|2
HO/“\ OH SIVGDH HO “OH

(R)-scytalone
12

Scheme 4. (a) Stereoselective chemoenzymatic reductions using T4AHNR to form polyketide metabo-
lites 10a, 10b. (b) Stereoselective chemoenzymatic reductions using Arti-2 to synthesize (R)-scytalone
(12) [41,42].
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Husain and coworkers continued studies utilizing a system of T,HNR, NADPH,
and glucose with GDH to synthesize polyketide natural products in the nodulone family
(Scheme 5) [43]. The synthesis of both nodulone C (14) and an unnatural diastereomer of
nodulone D are featured. In the case of nodulone D, two stereocenters were set with near
perfect d.r. Their ability to doubly hydrogenate the hydroxynapthoquinone selectively,
while leaving a benzylic ketone untouched, would be difficult to duplicate using tradi-
tional synthetic organic techniques as overreduction would be facile. In nodulone C they
once more selectively reduced a hydroxynaphthalene to a phenol, enacting a single enol
reduction in a naphthalene with three hydroxy groups selectively in an excellent 90% yield.

OH O
OH OH T.HNR
OO KPIBuffer 24h HO “OH
OH  cat. NADPH
13 GDH/glucose nodulone C
14
90% yield

Scheme 5. High yielding stereoselective reduction in the synthesis of nodulone C (14) [43].

A recent synthesis of fasamycin A (6) from the precursor naphthacemycin B1, utilizing
a highly unusual enzymatic halogenation, was recently reported by the Renata group
(Scheme 6) [33]. The report involved a convergent synthesis that culminated with a
halogenation via a chemoenzymatic system that contained a flavin-dependent halogenase,
CtcQ as a reductase, Opt13 to regenerate NADH, and NADH/NADPH. The success of
the synthesis hinges on a single halogenation of a polyphenol (15), at a specific site, with
regioselectivity to afford the product in 5% yield. There are 4 rings in precursor (15) which
could be halogenated, two of which are almost identical electronically and sterically making
the regioselectivity achieved even more impressive. The author notes that low yield has
been previously reported with halogenases and that enzyme engineering may assist with
the issue. Progress in the area of halogenases as a whole will allow this methodology to be
used by the broader synthetic community.
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OH
e ¢
OH O HO
FasV OH O OH
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Scheme 6. Regioselective halogenation for the synthesis of fasamycin A (16) [33].
2.3. Glycans

Glycans are a diverse set of natural products whose size and purpose vary greatly.
The range in size from small monosaccharides to enormous polysaccharides possessing
hundreds of glycan units correlates with their variety of biological targets and purposes
of sugars. Given their versatility, they are used in multiple fields such as food chemistry,
medicinal chemistry, and investigations of fundamental biological processes [44-53].
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The Chen group has continued their focused efforts to improve synthetic routes to
create structurally diverse libraries of gangliosides, specifically GM3 (19) [54]. Comprised
of glycan and lipid moieties, GM3 has been implicated as a risk factor in metabolic diseases
as well as placed on a prioritized cancer antigen list. An OPME strategy was employed to
install sialic acid variants on lactosyl sphingosine (LacbSph) followed by subsequent acyla-
tion of a fatty acyl chain to form multiple GM3bSph gangliosides (Scheme 7). The six sialic
acid variants (ManNAc) were attached to LacbSph forming the GM3 sphingosines in high
yields (85-95%) utilizing a OPME approach containing three enzymes, including PmNanA
(P. multocida sialic acid aldolase), NmCSS (N. meningitis CMP-sialic acid synthetase), and
PmST3 (P. multocida a2-3 sialyltransferase). Subsequent acylation with stearoyl chloride
(98-100%) or alternate fatty acyl chains (98-100%) produced ten GM3 gangliosides. Advan-
tages of the synthetic strategy include gram-scale production of LacbSph from an L-serine
derivative with minimal purification and efficient mg scale (average 25 mg) production of
diverse GM3 gangliosides with fluorine, azide, and diazirine sialic acid derivatives.

NH2

ManNAc OH_OH
\/Y\/C13H27 5 ﬁ/ \/\‘/\/C13Hz7
SiaO
18
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Scheme 7. Chemoenzymatic installation of sialic acid in the synthesis of GM3 (19) [54].

Glycosphingolipids (GSLs) comprised of a glycan and ceramide component are a major
component of the cell membrane and are notable signaling molecules essential to numerous
biological processes and diseases. Future studies related to mechanisms of these processes,
diseases, and applications are contingent on the ready availability of pure and structurally
characterized GSLs. To meet this need, the Guo group envisioned a diversity-oriented strat-
egy involving chemoenzymatic glycan synthesis in conjunction with the chemoselective
modification of the sphingolipid chain [55]. A series of eight natural and non-natural GSLs
were synthesized including Gb3 (22), Gb4 (24), GM3, and GD3, all of which are known
cancer biomarkers. The synthesis of Gb 3 starts with the core intermediate of the strategy
being diversified enzymatically by adding Gal using an «-1,4-galactosyltransferase to form
the trisaccharide (21). The trisaccharide is the chemically modified via a Grubbs-Hoveyda-
II catalyzed cross metathesis, Boc removal, and amide formation via an acyl chloride to
cleanly yield the fully elaborated GSL Gb3 (Scheme 8). The strength of this strategy is its
readily amenable to other targets with the same core intermediate and route/steps being
utilized with an extra enzymatic step to further diversify the glycan with GalNAc to a
tetrasaccharide (23) before the chemoselective transformations to yield Gb4 (24).
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Scheme 8. Variable chemoenzymatic glycosylation strategy for the synthesis of Gb3 (23) and Gb4
(24) [55].

Glycopeptides are another class of glycan-based molecules that have implications
in normal cellular signaling and disease progression. Again, a major issue with conduct-
ing proper studies to understand the biological underpinnings of these molecules is the
difficulty of obtain sufficient quantities of pure homogeneous samples. The Li group de-
vised a robust streamlined chemoenzymatic approach to the synthesis of 16 well-defined
SARS-CoV-2 O-glycopeptides, 4 complex MUCT1 glycopeptides, and a 31-mer glycosylated
glucagon-like peptide-1 [56]. Using the SARS-CoV-2 O-glycopeptides as an example, the
authors utilized a combination of liquid-phase peptide synthesis (LPPS) and chemoenzy-
matic glycan synthesis (Scheme 9). First the authors used LPPS to build the core 9mer
peptide on a 105 mg scale. This was an efficient process using only 1.2 equivalents of amino
acid and coupling reagents and leveraging a hydrophobic tag for quick purification by
centrifugation and removal of supernatant liquid. Once the 9mer was constructed with
the first glycan unit (GalNAc) attached to the T residue a 2-step global deprotection of
all sugar, amino acid protecting groups, and the hydrophobic tag yielded the clean core
glycosylated peptide. Enzymatic diversification of the GaINAc moiety through the use of
varying combinations and orders of glycosyltransferases including C1GalT1, ST6GalNAc1,
ST6Gall, Pd2, 6ST, ST3Gall, ST3Gal4, GCNT1, B4GalT1 allowed for the formation a and
b glycosidic bonds at varying positions with varying substrates to quickly form highly
complex glycans highlights the power of this technique.
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Scheme 9. Enzymatic diversification of core peptide for the synthesis of SARS-CoV-2 O-glycopeptides
26 and 27 [56].

2.4. Peptides and Amino Acids

Peptide and amino acid-based natural products have been some of the most versatile
and important natural products used in the clinical setting including molecules such as
Vancomycin and Insulin [57]. As such, there is a rich library of literature involving their
syntheses and specifically their chemoenzymatic syntheses [58].

An area which has been developing recently in chemoenzymatic synthesis is the use of
enzymes to create stereocenters in small molecules which can be used as a new “chiral pool”
to work from towards natural product synthesis. Commonly this is done by dynamic kinetic
resolution (DYKAT) or by enzymatic reductions to make enantiomerically enriched alcohols.
A recent Renata publication in this area showcases this trend by performing a DYKAT,
completed by an enantioselective reductive amination to set two stereocenters: one which
was epimerized, one which was generated by the reduction [31]. This reductive amination
is actually a transamination from sacrificial glutamine. The scope of this DYKAT was shown
through 25 molecules with varying aryl substitutions, one of which was elaborated over
four steps to complete the first synthesis of jomthonic acid (Scheme 10) (30). Significantly,
a scaleup to a half gram with >20:1 d.r. was shown by the authors.

o - O
0 Gin,PLP o :
TtArAt 4 steps O/\;)kOH
oH — OH — NH :
66% NH, o
jomthonic acid
29 30

Scheme 10. Biocatalyzed DYKAT within the synthesis of jomthonic acid (30) [31].

Bruner and coworkers disclosed a recent strategy to synthesize deacetylated mi-
croviridin J (32) and explore the activity of engineered enzymes MdnB and MdnC, which
perform the tricyclization of the 13mer MdnA core peptide sequence (Scheme 11) [59].
Fusion expression constructs were engineered with the MdnA leader peptides crosslinked
to both MdnB and MdnC, using varying lengths of glycine/serine linkers (GS,, n = 5,
10 & 15). This strategy allows for cyclizing just the synthetically produced core 13mer
MdnA since the 36 AA leader sequence is already in place on MdnB and C rendering them
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constitutively active. Upon incubation of these various engineered enzymes with the core
peptide, it was found that GS, n = 10 & 15 provided the necessary length and flexibility for
efficient tricyclization to deacetylated microviridin J. This strategy is an excellent example
of engineering and expressing the necessary enzymes for complex macrocyclizations that
allowed for a much simpler synthesis of the 13mer core protein versus the endogenously
expressed 39 AA leader and core peptide.

synthetic core protein HN HN -
31 g

deacetylated microviridin J
32

Scheme 11. Chemoenzymatic lactonization and lactamization for the synthesis of deacylated mi-
croviridin J (32) [59].

In planta syntheses of moroidin (33, previously unsynthesized), and celogentin C (34,
previously synthesized in 23 steps) were recently reported by the Weng group (Figure 1) [60].
Intriguingly, they did this by cloning a gene from K. Japonica, the predicted precursor gene
for Moroidin, and then expressing it in tobacco. They were able to then grow the to-
bacco with this newly inserted gene, and modified versions thereof, to produce different
extractable natural products on the ~10 mg scale. The only synthetic organic chemistry
performed during this synthesis was by the plant itself—enforced by the cloned gene.

N\
N = NH
H .
‘COOH
moroidin celogentin C
33 34

Figure 1. Structures of the peptide-based moroidin (33) and celogentin C (34) synthesized in
planta [60].

2.5. Alkaloids

Alkaloid natural products have a rich history as both biologically active molecules
and synthetic targets. This class of molecules has also proven to be a remarkable boon
for chemoenzymatic syntheses [61,62]. Several syntheses are highlighted here to give
exemplars of the diversity of molecule structure and enzymatic reaction. However, as there
is not enough space in this report for a thorough coverage of the breadth of the syntheses,
an alkaloid specific review can be found in by Cigan et al. [27].
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Taday et al. published a hybrid bio-organocatalytic approach to the synthesis of the
small piperidine-based natural product pelletierene (Scheme 12) (37) [63]. This work built
upon a previously reported elegant one-pot 2-biocatalytic step approach to norsedaminone
that utilized cadaverine, a transaminase, CalB, and a decarboxylative Mannich reaction to
synthesize 14 different alkaloids but was unable to synthesize pelletierene [64]. The authors
developed a system where transaminase ATA256 generated the reactive imine intermediate
(36) with acetone playing the dual role as the nitrogen acceptor in this biocatalytic step as
well as the nucleophile in the subsequent organocatalyzed Mannich reaction to yield the
desired pelletierene. This system was optimized to produce pelletierene in 60% yield with
85 mg isolated. The only weakness of the system is the natural product was isolated as the
racemate despite using D- or L-proline in the system. Based upon the lack of difference in
ee for the proline isomers, the authors conclude this was most likely due the piperidine
racemizing after the reaction [65]. The authors have established a sound system and now
are looking to expand the scope of hybrid bio-organocatalytic approaches and further
optimize their system to an in vivo model.

ATA256 O 0 D- or L-proline (tI_H o
2 0L =L

H

rac - pelletierene
37

0 NH, 36

Scheme 12. ATA256 biocatalyzed transamination reaction for the synthesis of pelletierene (37) [63].

Indole containing alkaloids are abundant throughout nature and often serve as biolog-
ically relevant scaffolds. As such there has been an exciting recent push into the utilization
of Pictet-Spangelrases for the synthesis of natural products. The Kroutil group published
a concise 2-step chemoenzymatic synthesis of (R)-harmicine (Scheme 13) (41) [66]. The
authors were exploring the substrate scope for non-natural substrates for strictosidinesyn-
thases (STRs), an important class of Pictect-Spangelerases that could be leveraged for
natural product synthesis. Four STRs from different organisms were cloned and expressed
in E. coli. The best result was obtained by deleting the signal peptide and adding an
N-terminal His-tag. Utilizing the STR from Rauvolfia serpentina, tryptamine (38) and methyl-
4-oxobuta-noate (39) were enzymatically condensed with concomitant cyclization to form
product (40) in 67% yield with >98% ee on 75 mg scale. Smooth reduction of the carbonyl
yielded the desired (R)-harmicine in a total yield of 62% with >98% ee. This report high-
lights the power of the enzyme via the concise high yielding synthesis as well the potential
for a broad applicability for the future of other targets.

0
o Rs-STR N 1step N
_— A\ —— N )
+ OMO/ spontaneous N N “
cyclization H H
39 67% ee>98% 40 (R)-harmicine
41

Scheme 13. Synthesis of (R)-harmicine (41) via chemoenzymatic Pictet-Spangler reaction [66].

A 2020 report from the Andrade lab details the first synthesis of the complex bis-
indole (—)-melodinine K (45) via a convergent chemoenzymatic synthesis (Scheme 12) [67].
The authors were cognizant of both the efficiency and sustainability of this synthesis and
thoughtfully devised their scheme based on the isolation of 1.6 g complex biosynthetic
precursor (—)-tabersonine (42) from V. africana seeds (Scheme 14). Beyond the isolation
of the carbon skeleton, a critical biotransformation of (—)-tabersonine (42) was employed
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(-)-tabersonine
42

utilizing the cytochrome P450 monooxygenase tabersonine 16-hydroxylase (T16H) [68,69].
A modified yeast strain, Saccharomyces cerevisine (WAT11 strain) was engineered, and the
reaction conditions optimized to allow the site-selective oxidation of (—)-tabersonine (42)
to (—)-16-hydroxytabersonine (43) in 64% yield on the gram scale. (—)-Tabersonine (42) is
converted to activated epoxide (44) in four steps, followed by dimerization with a modified
(—)-16-hydroxytabersonine intermediate, which underwent two more synthetic steps to
obtain the final product (—)-melodinine K. This synthesis highlights both the power and
efficiency of isolating a complex precursor and the selective and efficient site selective
chemistry of chemoenzymatic syntheses.

\45,:eps

(-)-melodinine K

Scheme 14. Convergent synthesis of (—)-melodinine K (45) featuring chemoenzymatic oxidation of
isolated biosynthetic precursor, (—)-tabersonine (42) [67].

2.6. Miscellaneous

As chemoenzymatic synthesis has expanded, there are many interesting natural prod-
ucts and syntheses that fall into molecule classes outside of those listed above that are
noteworthy and deserve highlighted in this report.

Prostaglandins (PGs) are lipid-based hormone-like signaling molecules that play
multiple functions in humans and several such as cloprostenol (50) and bimatoprost (51)
are marketed drugs for veterinary purposes and antiglaucoma treatment, respectively. The
Chen lab devised a divergent flow-based chemoenzymatic synthesis capable of producing
both cloprostenol and bimatoprost and three other PGs [70]. This synthesis a powerful
combination of synthesis, biocatalaysis and flow chemistry that utilizes 11-12 steps from
a common starting material to synthesize five high value PGs (Scheme 15). The strategy
is highlighted chemoenzymatically by a novel stereoselective oxidation to lactone 47 in
99% ee by a Baeyer-Villager monooxygenase (BVMO) and a diastereoselective reduction
in 87:13 to 99:1 d.r. by a ketoreductase (KRED) to alcohol 49. From here three synthetic
transformations yield the desired prostaglandins. The authors have demonstrated two
unique biotransformations that are responsible for setting stereocenters with high ee and
d.r., respectively.

The synthesis of sorbicillins requires a dearomatization to afford a sensitive, cyclo-
hexadienone diol. This challenging transformation has been implemented by Gulder
and coworkers, using a SorbC monooxygenase enzyme, in order to afford sorbicillinoids
which could then be elaborated to natural products including Saturnispol C (54), D, and
Trichosorbicillin A (Scheme 16) [71]. Interestingly enough, the only requisite reaction to
afford these three natural products was a Diels-Alder reaction, which was facile using the
electron rich cyclic diene afforded by the dearomative hydroxylation of the enzyme under
atmospheric conditions. One limitation of this report is potential scalability; reactions were
below 0.15 mmol scale, though it is not clear whether this due to cost or a true limitation.
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Scheme 15. Synthesis of cloroprostenol (50) and bimatoprost (51) via a combination of synthetic
chemistry, flow chemistry, and two stereochemical chemoenzymatic steps [70].
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54

Scheme 16. Stereoselective chemoenzymatic oxidation towards the synthesis of saturnispol C
(54) [71].

The conversion of abundant natural compounds to other high-value natural products
is a valuable path towards synthesizing them. Hydroxytyrosol (56) is a sought-after
antioxidant with a high scale of demand and a deceptively simple chemical structure.
Recently several patents and papers have been published for the synthesis of this compound
among others, many of which are chemoenzymatic syntheses [72-74]. One such report by
Pinto et al. leverages 10-20% of the mass of dry olive leaves isolated as intermediate 55 to
form hydroxytyrosol (56), a potentially useful antioxidant compound (Scheme 17a) [75].
This is performed by sequential enzymatic hydrolysis of a hemiacetal moiety and an ester
moiety using a glucosidase and an acyl transferase acting as an esterase.

As an alternative strategy, Pinto et al. published a constant-flow chemoenzymatic
synthesis of hydroxytyrosol. Their method was to oxidize tyrosol (57) aerobically in the
presence of a tyrosinase from Agaricus bisporus, in an ascorbic acid/phosphate buffer
(Scheme 17b) [76]. Although unable to obtain complete conversions, they were able to
design a facile flow-based separation method to afford pure hydroxytyrosol. The authors
also demonstrated a flow-based chemoenzymatic acylation of tyrosol and hydroxytyrosol
using sacrificial ethyl acetate, catalyzed by an immobilized acyl transferase MsAcT. A
current limitation of this is scale: the maximum 0.25 mL/min flow rates were limited the
yields obtainable in a 24 h period. This marriage of two frontier tactics in organic synthesis,
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flow and chemoenzymatic synthesis, is impressive. It is also an elegant solution to one of
the classic issues of chemoenzymatic syntheses: low concentrations are common, which
means it is difficult to make large amounts of material. Automated flow syntheses mostly
sidestep this issue as the product is made without human involvement, and generally at a
rate exceeding that of simply scaling batches.

OH OH
Ahe/H20 HO
—_
then MsAct/pH 8 OH
hydroxytyrosol
56
OH
HO Tyrosinase  HO
— >
oH  O2pH7 OH
tyrosol hydroxytyrosol
57 56

Scheme 17. (a) Two-step chemoenzymatic hydrolysis in the synthesis of high demand antioxidant
hydroxytyrosol (56). (b) One-step chemoenzymatic oxidation to yield hydroxytyrosol (56). [75,76].

3. Conclusions

Natural products continue to fascinate and inspire isolation, synthetic, and bioorganic
chemists with their rich library of molecular complexity and biological applications. Push-
ing the boundaries of synthetic chemistry and biochemistry by using chemoenzymatic
syntheses to create these molecules has become a field on to itself. As is the case in reaction
methodology-based fields of synthetic chemistry, progress is achieved in incremental steps
through the pioneering work of many scientists. Often the first efforts are accomplishments
that have limitation in yield, scale, or substrate scope, but the ingenuity and persistence of
researchers continues to advance the field. The discovery of new enzymes/reactions, im-
provement of yields and stereospecificity, and engineering of systems that utilize multiple
enzymes, flow chemistry, and other emerging technologies is a testament to the talented
scientists working in the field of chemoenzymatic synthesis of natural products. The
molecular diversity and breadth of molecule classes to which chemoenzymatic synthesis
is applied, as highlighted in this report, is truly remarkable and we look forward to the
evolution and expansion of work in this area in the coming years.
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Abstract: The present study is to explore the anticancer effect of loonamycin (LM) in vitro and
in vivo, and investigate the underlying mechanism with combined multi-omics. LM exhibited
anticancer activity in human triple negative breast cancer cells by promoting cell apoptosis. LM
administration inhibited the growth of MDA-MB-468 tumors in a murine xenograft model of breast
cancer. Mechanistic studies suggested that LM could inhibit the topoisomerase I in a dose-dependent
manner in vitro experiments. Combined with the transcriptomics and proteomic analysis, LM has
a significant effect on O-glycan, p53-related signal pathway and EGFR/PI3K/AKT/mTOR signal
pathway in enrichment of the KEGG pathway. The GSEA data also suggests that the TNBC cells
treated with LM may be regulated by p53, O-glycan and EGFR/PI3K/AKT/mTOR signaling pathway.
Taken together, our findings predicted that LM may target p53 and EGFR/PI3K/AKT/mTOR
signaling pathway, inhibiting topoisomerase to exhibit its anticancer effect.

Keywords: loonamycin; triple negative breast cancer; p53; PI3K/AKT/mTOR; O-glycan

1. Introduction

Triple negative breast cancer (TNBC) is a special subtype of breast cancer, accounting
for about 12.7% of breast cancer [1], which is characterized by negative estrogen receptor
(ER), progesterone receptor (PR) and human epidermal growth factor receptor-2 (HER2)
with high recurrence rate, strong invasiveness, and poor prognosis characteristics. Due to
the lack of corresponding targets and high heterogeneity, the treatment of TNBC is mainly
limited to chemotherapy [2]. It is valuable to develop novel chemotherapeutics that can
broadly target TNBCs to render this highly deadly disease subtype curable.

Marine natural products provide an important source of lead compounds for new
drug research and development because of their unique structure and diversity biological
activity. At present, more than 35,000 marine natural compounds have been discovered in
the world, most of which possess unique structures and present diverse biological activity.
Loonamycin (LM) is an indole carbazole compound rebeccamycin analog produced from
Nocardiopsis flavescens NA01583 isolated from marine sediment in Yongxing Island, South
China Sea [3] (Figure 1A). To the best of our knowledge, rebeccamycin is a cytotoxicity
compound that binds to topoisomerase I to inhibit the reconnection at the DNA strand
incision [4], leading to the break of DNA single strand and double strand. This compound
showed an impressive cytotoxicity in vitro but could not be further developed because
of poor water solubility. Some rebeccamycin analogues (e.g., becatecarin [5] and edote-
cacin [6]) have entered clinical research. LM has a rare sugar group and hydroxyl group
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compared with rebecamycin [3], which could increase its water solubility, and improve its
pharmaceutical potential.
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Figure 1. LM targets TNBC in vitro and in vivo. (A) The structure of LM; (B) the cell viability
experiment of LM on human TNBC cell line MDA-MB-468. The MDA-MB-468 cells were treated
with 0, 0.0625, 0.125, 0.25, 0.5, 1, 2,4 uM LM for 48 and 72 h, and the cell viability was detected by
the CCKS assay; (C) effects of LM at 0.8 uM and 1.6 uM on MDA-MB-468 cell cycle arrest after 48 h
of incubation. Cells were stained with Annexin V and analyzed by flow cytometry. The vertical
bars represent the standard deviation of means (SD) (1 = 3 experiments); * p < 0.05 and ** p < 0.01,
vs. negative control. The G1, G2 and S represent the phase of the cell cycle. (D) The inhibitory
effect of LM on topoisomerase I activity. The plasmid was treated with 5, 10, 20 uM LM and the
20 uM camptothecin (CPT) was used as positive control. (E) The quantification of electrophoretic
band. The Y axis is SC DNA /total DNA. (F) The images of tumors from each group. Tumor-bearing
mice were administered the vehicle (negative control), 15 mg/kg Paclitaxel (positive control), LM
(10 or 20 mg/kg per day). (G) The average tumor weight in each group. Data are presented as the
mean = S.D.n =4, *p <0.05 and ** p <0.01, vs. negative control. (H) The average tumor volume in
each group recorded during the treatments. Data are presented as the mean + S.D., n =4, * p < 0.05
and ** p < 0.01, vs. negative control. (I) The average body weight in each group. (J) The HE staining
on stripped tumor tissue.
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Our previous studies showed that LM had strong cytotoxic activities against various
tumor cell lines, especially to the human TNBC cell line MDA-MB-468. In this article, we
used RNA-seq and TMT quantitative proteomics technology to uncover the mechanism of
LM in TNBC cells.

2. Results
2.1. LM Targets TNBC In Vitro and In Vivo

First, LM was investigated for its inhibitory effects on several breast cancer cell lines
(Table 1). LM displayed a preferential anticancer activity against the cell lines with ICs
values of 0.517 uM, 0.197 uM and 0.372 uM in the MCF-7 cell line, MDA-MB-231 cell line
and MDA-MB-468 cell line. The ICsy of LM for LO2 was 1.022 uM. The LO2 was used as a
control cell line and the result suggested that LM was less toxic to LO2 than the cancer cell
line. Then, we further investigated the inhibitory effects of LM on TNBC MDA-MB-468 cells.
As exhibited in Figure 1B, LM displayed a good anticancer activity against MDA-MB-468 in
a dose-dependent manner with ICsg values of 0.372 uM and 0.235 uM after 48 h and 72 h.

Table 1. IC5, value of LM on multiple tumor cell lines in 48 h.

Cells 1Cs9 (uM) Cells 1Csp (uM)
L-02 1.022 £+ 0.084 L-02 1.02 £ 0.084
MDA-MB-468 0.372 + 0.201 PANC-1 0.591 + 0.091
MDA-MB-231 0.197 + 0.043 SMMC-7721 0.623 + 0.044
A549 0.578 + 0.096 HelLa 0.609 + 0.037
SH-SY5Y 0.629 + 0.028 NCI-H446 0.664 + 0.062
PC-3 0.689 + 0.102 U251 0.935 + 0.205
MCE-7 0.517 + 0.146 SW1990 1.30 £ 0.022

Second, we examined the effect of LM on cell cycle in MDA-MB-468 cells. In MDA-
MB-468 cells, after 48 h of incubation, LM induced cell cycle arrest in the G2 phase in a
dose-dependent manner (Figure 1C). At 1.6 uM LM, the value of G1-phase declined to
24.46%, while G2-phase increased to 48.90%. The values of the S phase showed a slight
change. Growing lines of evidence indicate that eukaryotic topoisomerase activity is
monitored and regulated throughout the cell cycle [7]. As rebeccamycin is a cytotoxicity
compound which is bound to the topoisomerase I, we detected the inhibitory effect of
LM on topoisomerase I activity (Figure 1D,E). Topoisomerase I (Topo I) relaxes the super
helix structure of DNA by cutting its single strands [8]. The normal plasmid DNA is a
closed double stranded DNA. In the process of electrophoresis, the plasmid may have
three configurations: the superhelical DNA (SC DNA), the open circular DNA (OC DNA)
and the linear DNA (L DNA). The SC DNA is at the front of gel, OC DNA is at the back,
and L DNA is between SC DNA and OC DNA. After the cleavage of topoisomerase I, the
structure of SC DNA will be destroyed. The experiment showed that LM could inhibit
topoisomerase I activity in a dose-dependent manner.

Next, the effects of LM on the growth and formation of subcutaneous xenograft
nodes derived from the inoculated MDA-MB-468 cells in vivo in BALB/c nude mice were
investigated. Both the volumes and weights of the formed MDA-MB-468 cells tumor nodes
were reduced by LM administration every 2 days for a total of 17 days at a concentration
of 10 mg/kg or 20 mg/kg LM by i.v., compared to 15 mg/kg for paclitaxel as a positive
control [9] by i.p. and 2% DMSOQ as vehicle by i.v. The low-dose group was of no statistical
significance compared with the negative control group. The volumes and weights of
tumors in high-dose group reduced significantly (Figure 1F-I). The frozen section and HE
staining on the stripped tumor tissue was performed, and obvious tumor-like tissues were
observed under the microscope, such as large cell volume, big nucleus and deformity loose
arrangement of tumor cells (Figure 1J). There were no detectable toxic or necrotic effects on
the heart, liver, spleen, lung or kidney tissues after LM treatment and no significant weight
loss. Taken together, these data suggest that LM exhibits good therapeutic activity.
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2.2. Functional Annotation Enrichment of LM-Regulated Genes

To uncover the LM regulatory mechanism in TNBC MDA-MB-468 cells, we performed
RNA-seq analysis to profile the transcriptomes of MDA-MB-468 cells when treated with
1.6 uM LM. Differentially abundant genes (DAGs) were those meeting the qualified data
(fold change > 1.2 and p < 0.05) under comparison of LM vs. the control group. A total
of 1764 DAGs were shown in the volcano map, of which 737 genes were upregulated and
1027 genes were down-regulated (Figure 2A). GO (Gene ontology) is a comprehensive
database that describes gene functions. GO enrichment analysis basing on the DAGs in-
cluding up-regulated genes and down-regulated genes, were mapped the differential genes
to the entries in the three aspects of cell components (CC), molecular functions (MF), and
biological processes (BP) (Figure 2B). Through GO enrichment analysis, we can roughly
understand which biological functions, signal pathways, or cell locations are enriched
of the DAGs. In terms of the CC, the up-regulated genes were mainly enriched in the
extracellular matrix, anchored component of membrane, collagen trimer and MHC protein
complex. The down-regulated genes were mainly enriched in postsynapse, synaptic mem-
brane, receptor complex, ion channel complex. In terms of the ME, the up-regulated genes
were mainly enriched in the receptor ligand activity, receptor regulator activity, cytokine
receptor binding, extracellular matrix structural constituent. The down-regulated genes
were mainly enriched in actin binding, ion gated channel activity, Ras GTPase binding,
passive transmembrane transporter activity. In terms of the BP, the up-regulated genes
were mainly enriched in the regulation of signaling receptor activity, regulation of en-
dothelial cell proliferation, endothelial cell proliferation, positive regulation of locomotion
and wound healing. The down-regulated genes were mainly enriched in trans-synaptic
signaling, chemical synaptic transmission, anterograde trans-synaptic signaling, regulation
of membrane potential and neurotransmitter levels.

KEGG (Kyoto Encyclopedia of Genes and Genomes) is a comprehensive database
integrating genome, chemistry and system function information. It stores information on
gene pathways of different species. KEGG pathway enrichment analysis was conducted
to describe the significant changes in signal pathways of DAGs (Figure 2C). The results
showed that the up-regulated differential genes were mainly centered on the pathways in
cancer, hippo signaling pathway, p53 signaling pathway, etc. The down-regulated proteins
were mainly concentrated on the glucagon signaling pathway, calcium signaling path-
way, phosphatidylinositol signaling system, propanoate metabolism, inositol phosphate
metabolism, pyruvate metabolism, other types of O-glycan biosynthesis and so on.

GSEA enrichment analysis was conducted to explore the changes of gene expression
in the pathway and find the upstream factors leading to these changes(Figure 2D). In our
studies, the curated gene sets as the exploration set showed that p53 and downstream
signal pathway were up-regulated, and O-glycan and PI3K-AKT-mTOR signaling pathway
were down-regulated in LM treatment group.

2.3. Proteomic Expression Profiling of LM-Treated TNBC Cells

To further elucidate cellular mechanism and molecular function, we performed TMT
quantitative proteomics analysis to assess the protein expression profiles in MDA-MB-
468 cells treated with 1.6 uM LM. Differentially abundant proteins (DAPs) were those
meeting the qualified data (fold change > 1.2 and p < 0.05) under comparison of LM
vs. control group. A total of 1314 DAPs were shown in the volcano map, of which
778 proteins were upregulated and 536 proteins were down-regulated (Figure 3A). Wolf
PSORT software was used for localization analysis of differential proteins, which show
that the DAPs were mainly distributed in cytoplasm, nucleus, mitochondria, and plasma
membrane (Figure 3B). In total, 119 GO terms were obtained based on the DAPs including
up-regulated proteins and down-regulated proteins (Figure 3C). GO enrichment analy-
sis showed that in terms of the cell components (CC), the up-regulated proteins were
mainly enriched in the cytosol (GO:0005829), ficolin-1-rich granule lumen (GO:1904813)
and nucleus (GO:0005634). The down-regulated proteins were mainly enriched in the mito-
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chondrial matrix (GO:0005759), integral component of plasma membrane, (GO:0005887)
and nBAF complex (GO:0071565). In terms of biological process (BP), the up-regulated
proteins were mainly enriched in the processes related to gluconeogenesis (GO:0006094),
negative regulation of ryanodine-sensitive calcium-release channel activity (GO:0060315)
and proteasomal ubiquitin-independent protein catabolic process (GO:0010499). The down-
regulated proteins were mainly enriched in the processes related to isoleucine catabolic
process (GO:0006550), O-glycan processing (GO:0016266) and leucine catabolic process
(GO:0006552). In terms of molecular function (MF), the up-regulated proteins were mainly
enriched in S100 protein binding (GO:0044548), RAGE receptor binding (GO:0050786) and
threonine-type endopeptidase activity (GO:0004298). The down-regulated proteins were
mainly enriched in polypeptide N-acetylgalactosaminyl transferase activity (GO:0004653),
biotin binding (GO:0009374) and signaling receptor activity (GO:0038023).

KEGG pathway enrichment analysis was conducted to describe the significant changes
in pathways of DAPs (Figure 3D). The results showed that the DAPs including up-regulated
proteins and down-regulated proteins were classified into 34 terms. The up-regulated differ-
ential proteins were mainly centered on the changes of metabolic pathway, like amino acid
biosynthesis, glucose metabolism, nucleotide metabolism, glutathione metabolism, and p53
pathway, etc. The down-regulated proteins were mainly concentrated on the pathway of
amino acid degradation, mTOR signaling pathway, PI3K-Akt signaling pathway, O-glycan
biosynthesis, etc. Among these DAPs, the expressions of classical tumor related signaling
pathway p53 were up-regulated and the EGFR/mTOR pathway were down-regulated.

GSEA enrichment analysis was conducted to explore the changes of gene expression
in the pathway and find the upstream factors leading to these changes (Figure 3E). In our
studies, the curated gene sets as the exploration set showed that p53 and downstream signal
pathway were up-regulated, and the EGFR and mTOR related pathway, and O-glycan were
down-regulated in LM treatment group.

2.4. Validation of Transcriptomic and Proteomic Results

According to the combined analysis of RNA-seq and TMT-based quantitative pro-
teomic, it is suggested that LM may have a significant effect on O-glycan, p53-related signal
pathway and EGFR/PI3K/AKT/mTOR signal pathway in enrichment of the KEGG path-
way. The GSEA data also suggests that the TNBC cells treated with LM may be regulated
by p53 and EGFR/PI3K/AKT/mTOR signaling pathway.

The Cys124 located in the loop1/sheet3 (L1/S3) pocket of the p53 protein plays a key
role in maintaining p53 stable conformation (Figure 4A). The covalently binding model
between LM and p53 (L1/S3) was investigated by molecular docking. The binding energy
was —26.8 k]/mol. The main combination modes were the hydrogen bonds, as shown in
Figure 4D. The ether bond of LM formed hydrogen bond with Thr102 of p53. The methoxy
group on the rare sugar group of LM formed hydrogen bond with Phel13 of p53. The
hydroxyl group of LM formed one hydrogen bond with Leul14, His115, Cys124 and His
233 separately. The hydroxyl and ether group of LM formed three hydrogen bonds with
Thr123. The above results suggested that LM can target the pockets of wild-type p5311/s3,
improving the stability of p53 and activating p53 related pathways.

To verify the combined analysis of transcriptomic and proteomic results, the western
blot of key proteins was performed. It is determined that expression of p53 was increased
after treated with LM for 48 h on MDA-MB-468 (Figure 4B,C), but there was no statis-
tical significance. The expressions of EGFR, PI3K, mTOR and BCL-2 were significantly
down-regulated (Figure 4B,D). The expression of p-p53 was significantly up-regulated
(Figure 4B,C), and the expression of p-EGFR, p-PI3K and p-mTOR were significantly down-
regulated (Figure 4B,D). It was shown that LM could activate p53 and inhibit the expression
of EGFR, PI3K, mTOR and BCL-2.
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3. Discussion

In this study, we evaluated the anticancer activity of LM, an indole carbazole rebec-
camycin analog from Nocardiopsis flavescens NA01583. Our data showed that LM could
inhibit tumor cell growth both in vitro and in vivo. The inhibitory effect of LM in cancer
cells demonstrated that it could inhibit the topoisomerase I in a dose-dependent manner
in vitro experiments like other rebeccamycin analogs [10]. Topo I cut one strand of DNA
to form single-strand breaks, allowing supercoiled DNA to relax, otherwise it can hinder
DNA replication and transcription, and thus block cell growth [11-13]. For rapid cell
division, cancer cells need high Topo I activity to finish the DNA metabolic processes.
Topoisomerase I inhibitors can block the reconnection of DNA strands, lead to the accu-
mulation of Topo I-breaking complexes, inhibit replication and transcription, and cause
DNA damage, thus activating DNA damage checkpoints and inhibiting the progress of
cell cycle [14]. Topoisomerase were recognized as promising targets in cancer, and various
DNA Topos inhibitors have been on the market [15]. Some rebeccamycin analogues like
becatecarin and edotecacin have entered clinical research. Becatecarin intercalates into
DNA and inhibits the catalytic activity of topoisomerases I/II [16]. Edotecarin is a potent
inhibitor of topoisomerase I and also has an effect on protein kinase C [17].
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Next, the RNA-Seq and TMT were conducted to investigate the changes in transcrip-
tomic and proteomic profile of MDA-MB-468 cells treated with LM (LM). The combined
transcriptome and proteome analyses revealed that LM may activate p53 and inhibit the
O-glycans, inhibiting EGFR/PI3K/mTOR signaling pathway to exhibit its cytotoxicity
activity. The tumor suppressor p53 functions mainly as a transcription factor. A mutation
of the TP53 gene that encodes p53 protein is the main way of inactivating p53. p53 is a key
tumor suppressor in the process of preventing tumorigenesis. The dysfunction of p53 often
leads to cancer. When cells suffer from DNA damage, excessive proliferation, hypoxia, lack
of nutrition, telomere loss, or in the environment of oxidative stress, lack of nucleotides or
replication pressure, p53 will be activated to induce cell cycle arrest, apoptosis, aging or
autophagy, preventing cells from growing and dividing and killing cells before they become
cancerous [18]. p53 removes cells with high mutation risk in this way, inhibiting tumor
formation. In normal cells, p53 remains at a low level and dormant state under non-stress
conditions to prevent its adverse effects on cell growth. Its low expression is mainly by
its interaction with ubiquitin E3 ligase MDM2 [19]. A stress response can prevent MDM2
mediated p53 degradation by various mechanisms, promoting the stability and activation
of p53. About 50% of cancers still express wild-type p53, but these p53 proteins usually
lose its function, because of the over activation of MDM2 and MDMX. The stability and
transcriptional activity of p53 depend on its phosphorylation [20]. According to research,
the phosphorylation of p53 protein Ser15, Ser20, Ser33 and Ser37 could enhance its binding
to P300, thereby activating the transcriptional activity of p53.The phosphorylation of Thr18
can not only enhance p53-p300 binding, but also interfere with p53-MDM2 binding [21].
Reactivating p53 and restoring its function is a feasible and promising tumor treatment
strategy. Moreover, p53 is the most common mutant gene in human cancer, of which p53
mutations are found in more than 50% of tumors. For example, approximately 80% of
TNBCs express an inactive, mutant form of the p53 tumor suppressor protein (mtp53),
resulting in rapid tumor growth and metastasis [22]. Many mutations occur in the DNA
binding domain of p53 gene and the altered mutant p53 protein (mtp53) is subsequently not
degraded, in which high levels of mtp53 protein accumulate within the cell, leading to the
development of tumors. Therefore, converting the mtp53 protein back into its functional
wild-type conformation is also a promising means to prevent or reverse tumor development.
Restoring the function of wild-type p53 and developing drug candidates for mutant p53
to restore the normal function of p53 can activate p53 to inhibit tumor. At present, many
anti-cancer drugs targeting p53 have been developed. For example, the arsenic trioxide,
which is used for acute primary myeloid leukemia, can restore the transcriptional activity
of p53 mutants by arsenic ions binding to three cysteine residues in the DNA-binding
domain [23]. HDAC6 (Histone deacetylase 6) can promote the combination of HSP90 (heat
shock protein 90) and mutant p53 protein by catalyzing HSP90 deacetylation and thus
make mutant p53 molecule more stable. So, some HDACG6 inhibitors (e.g., statin) or HSP90
inhibitors (e.g., Ganetespib) have been found to induce mutant p53 degradation [24,25].
Small molecule compounds like RG7112 and some nucleic acid drugs can activate p53 by
promoting the expression of TP53 gene or inhibiting the expression of MDM2 [26-28].

In 2002, PRIMA-1 was discovered as a mutant p53 reactivator based on the tumor
cells screening of the mutated p53 [29]. The specific mechanism was not studied that
it directly bound to the Cys124 of mutant p53 protein until 2009 [30]. Cys124 locating
in loop1/sheet3 (L1/S3) pocket of p53 protein, plays a key role in maintaining stable
conformation. Loop1 can directly interact with helix2 in the p53 DNA binding domain,
suggesting that the stability of p53 can be improved by small molecules compounds to
stabilize loop1. The compounds targeting wild-type p53 L1/S3 pockets could improve
the stability of p53. L1/S3 pocket was a target for pharmaceutical reactivation of p53
mutants [31]. We constructed the computer virtual screening system with wild-type p53
as the target. In the computer docking experiment, LM could bind with L1/S3 pockets of
P53 protein well, forming one hydrogen bond with Cys124. Subsequent WB experiments
showed that LM could activate p53 signal pathway. Although, the molecular docking
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did not provide direct proof that LM interacts with p53, but explored a potential route to
influence the p53 pathways.

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that belongs
to the ErbB family and is involved in angiogenesis, cell proliferation, metastases as well
as inhibition of apoptosis. It was demonstrated that EGFR is overexpressed in TNBC
cells [32]. Its expression was an independent poor prognostic factor associated with worse
DFS and OS [33,34]. In light of the high expression level of EGFR and its strong effect
on cell proliferation and motility, EGFR has been considered as an attractive therapeutic
target for TNBC [35]. EGFR is on the upstream of PI3K and activates PI3K/AKT/mTOR
pathway. The PI3K/AKT/mTOR pathway is associated with cell metabolism, proliferation,
differentiation, and survival. PI3Ks are heterodimers composed of regulatory (p85) and
catalytic (p110) subunits and exist in four isoforms («, 3, o, and ) [36]. The signaling
pathway is activated by stimulation of receptor tyrosine kinases, which in turn trigger PI3K
activation, followed by phosphorylation of AKT and mTOR complex 1 (mTORC1). It is
speculated that on one hand, LM could restore the function of wild-type p53 to activate
p53, on the other hand, LM may inhibit the classical EGFR/PI3K/AKT/mTOR pathway to
inhibit the growth of the cells; the specific mechanism needs to be further explored.

Glycosylation is one of the most important post-translational modifications of the pro-
tein, including N-glycosylation and O-glycosylation. O-linked glycosylation is considered
more complicated than N-linked for its unknown initiation [37]. O-glycosylation added
single monosaccharides one by one through enzymatic reaction. The linking monosaccha-
ride GalNAc is added directly to Ser/Thr/Tyr residues in glycoproteins within the Golgi
apparatus from the nucleotide sugar donor uridine diphospho-GalNAc (UDP-GalNAc).
This linking sugar is commonly modified in all cells by the addition of galactose (Gal)
from the donor UDP-Gal to create the disaccharide Galp1-3GalNAcax1-O-Ser/Thr, known
as core 1. Such O-glycans can be further modified and extended within the Golgi appa-
ratus to generate an incredible diversity of many tens of thousands of different glycan
structures. Meanwhile, the changes in the core structure of several types of O-glycans
are related to multiple cancers, which abnormal O-linked glycosylation has been widely
proved to act biological functions to directly result in cancer growth and progression. The
T antigen and sialyl-Tn antigen (STn), tumor-associated carbohydrate antigens (TACAs),
are truncated O-glycans commonly expressed by carcinomas on multiple glycoproteins
which serve as potential biomarkers for tumor presence and stage both in immunohisto-
chemistry and in serum diagnostics [38]. CA199 and CA125 are used as circulating tumor
biomarkers. In 90% of breast cancers, altered O-glycosylation has been observed to have
a correlation with cancer progression, worse prognosis, and metastatic potential; like the
number of O-GalNAc glycans in glycoproteins changes, the core structure of O-GalNAc
glycosylation changes, and breast cancer cells with shorter O-glycans (abnormal glycosyl-
transferase activity, premature sialylation of polylactosamine chain blocking the addition
of more glycans or truncation of O-glycans at core 1 level). These abnormalities lead to the
expression of TACA, such as Tn antigen, St antigen and STn antigen [39]. The polypeptide-
N-acetylgalactosaminy] transferase (GT) is a key enzyme of O-linked glycosylation. In our
validation experiment, LM down-regulated the GalNAc-T2 with no statistical difference. It
is speculated that some other members of GTs should be validated in the future.

In general, the study showed that LM was a potential antitumor compound in vitro
and in vivo. LM may target p53 and EGFR/PI3K/AKT/mTOR signaling pathway, inhibit-
ing topoisomerase to exhibit its anticancer activity according to the combined transcriptome
and proteome analyses. Our study provided important information for the specific cytotox-
icity mechanism of LM and explanation of the anticancer activity of rebeccamycin analog.

4. Materials and Methods
4.1. Reagents

LM was isolated from Nocardiopsis flavescens NA01583 from marine sediment and
provided by research group of Prof. Ge Huiming, Nanjing University. It was dissolved
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in dimethyl sulphoxide and stored at —20 °C until use. The Cell Cycle Analysis Kit,
penicillin/streptomycin were acquired from Beyotime. The fetal bovine serum (FBS),
phosphate-buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM) and Lei-
bovitz’s L-15 medium (L-15) were obtained from Gibco (Thermo Fisher Scientific, Waltham,
MA, USA). The cell counting kit-8 (CCK8) was purchased from Dojindo Molecular Tech-
nology. Specific primary antibodies against $-actin, mTOR, P-mTOR, PI3K, P-PI3K, EGFR,
p-EGFR, AKT, P-AKT, BCL-2, p53, p-p53 were acquired from CST (Cell Signaling Tech-
nology, Danvers, MA, USA); 0.25% trypsin and 0.2% EDTA were purchased from Gibco
(Thermo Fisher Scientific, Waltham, MA, USA).

4.2. Cell Culture

TNBC cell line MDA-MB-468 (Cat.TCHu136) were cultured in 90% L-15 medium
supplemented with 10% fetal bovine serum and 100 mg/L streptomycin-100 U/mL peni-
cillin mixture. Cells were cultured at 37 °C in an incubator with controlled humidified
atmosphere. The cell dispersed liquid was prepared by 0.25% trypsin plus 0.2% EDTA for
subculturing and then spun down by centrifugation at 800 rpm for 5 min, after which the
supernatant was removed and precipitated cells was resuspended in culture medium.

4.3. Growth Curve Measured by CCK-8 Method

The MDA-MB-468 cells were seeded in 96-well E-plates with the density of 5000 cells/well.
After 24 h, the cells were treated with LM or 0.06% DMSO as control for 48 h or 72 h. LM
treatment concentrations were 0.0625 uM, 0.125 uM, 0.25 uM, 0.5 uM, 1 uM, 2 uM and 4 pM,
and each group was performed in triplicate; 10 L. CCK-8 reagent was added for 1 h after
treatment and the optical density value (ODys50) was measured at the wavelength of 450 nm.
The IC50 of LM was calculated by the cell growth curves drawn with Prism-GraphPad.

4.4. Topoisomerase I-Mediated DNA Relaxation and Cleavage Assays

The different concentrations of LM (5 uM, 10 uM, 20 uM) and camptothecin (CPT,
20 M) were incubated with supercoiled pUC19 plasmid DNA in relaxation buffer (50 mM
Tris-HCI (pH?7.5), 100 mM KCl, 0.5 mM EDTA and 30 pg/mL BSA) for 15 min at 37 °C
to ensure binding equilibrium. Then, the recombinant topoisomerase I enzyme (from
calf thymus, Beytime, China) was added for a further 30 min of incubation at 37 °C. The
mixture of sodium dodecyl sulfate (SDS) and protease K (the final concentration was 0.25%
and 250 g/mL, respectively) was added for a 30 min incubation at 50 °C to terminate the
reaction. To obtain single stranded DNA, samples were loaded onto a 1% agarose gel
lacking ethidium bromide at room temperature for 2 h at 120 V in TBE buffer. Gels were
stained after migration using Gelred and then washed and finally photographed under
UV light.

4.5. RNA-seq Analysis

Total RNA was extracted from cells using TRIzol® reagent, and genomic DNA was
removed using DNase I. RNA integrity was detected by Agilent 2100 BioAnalyzer. The
library was built by the NEB method. AMPure XP Beads were used to screen cDNA, con-
duct PCR amplification, and purify PCR products. NEBNext® Ultra™ RNA Library Prep
Kit for Illumina® was used for Library construction. The library was initially quantified
by Qubit2.0 Fluorometer and was diluted to 1.5 ng/uL. The insert size of the library was
detected using Agilent 2100 BioAnalyzer. qRT-PCR was used to quantify the effective con-
centration of the library to ensure the quality of the library. Then, the Illumina sequencing
was conducted. The basic principle is sequencing by synthesis.

The raw data was filtered by the removal of reads with adapter, the removal of reads
with N (N indicates that the base information cannot be determined), and the removal of
low-quality reads. At the same time, the Q20, Q30 and GC contents of clean data were
calculated. All subsequent analyses were based on clean data. Hisat2v2.0.5 was used to
compare clean reads of paired terminal with genomic species: human genes (GrCH38.p12).
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String Tie (1.3.3b) (Mihaela-Pertea et al., 2015) was used for new gene prediction. Feature
Counts (1.5.0-P3) were used to calculate recounts mapped to each gene. The FPKM of each
gene was calculated based on the length of the gene and the readout mapped to the gene
was calculated to obtain the expression value matrix.

Gene expression analysis of the different groups was performed by The DESeq2
software (V1.16.1) (n = 3). The p-value was adjusted using Benjamini and Hochberg’s
method. Genes with an adjusted p-value (FDR) < 0.05 were defined as differentially
expressed genes (DEGs). Gene Ontology analysis (GO) and KEGG pathway enrichment
analysis of DEGs were implemented by cluster Profiler (3.4.4). GSEA enrichment analysis
was performed using GSEA (V4.1.0).

4.6. TMT Labeling and LC-MS/MS Analysis

The MDA-MB-468 cells were treated with 1.6 uM LM or 0.06% DMSO control medium
for 48 h. SDT buffer was added to the sample. The lysate was sonicated and then boiled
for 15 min. After centrifuged at 14,000 g for 40 min, the supernatant was quantified
with the BCA Protein Assay Kit (P0012, Beyotime, Shanghai, China). The protein was
digested by Filter aided proteome preparation (FASP) method, and 100 ug peptide mixture
of each sample was labeled using TMT reagent according to the manufacturer’s instructions
(Thermo Fisher Scientific, USA). TMT labeled peptides were fractionated by RP chromatog-
raphy using the Agilent 1260 infinity Il HPLC. The collected fractions were combined into
10 fractions and dried down via vacuum centrifugation at 45 °C.

Each fraction was injected for nano LC-MS/MS analysis. The peptide mixture was
loaded onto the C18-reversed phase analytical column (Thermo Fisher Scientific, Acclaim
PepMap RSLC 50 um x 15 cm, nano viper, P/N164943) in buffer A (0.1% Formic acid) and
separated with a linear gradient of buffer B (80% acetonitrile and 0.1% Formic acid) at a
flow rate of 300 nL/min. The linear gradient was as follows: 6% buffer B for 3 min, 6-28%
buffer B for 42 min, 28-38% buffer B for 5 min, 38-100% buffer B for 5 min, hold in 100%
buffer B for 5 min.

LC-MS/MS analysis was performed on a Q Exactive HF mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) that was coupled to Easy nLC (Thermo Fisher
Scientific, Waltham, MA, USA) for 60 min. The mass spectrometer was operated in positive
ion mode. MS data was acquired using a data-dependent top 10 method dynamically
choosing the most abundant precursor ions from the survey scan (350-1800 /z) for HCD
fragmentation. Survey scans were acquired at a resolution of 60,000 at 72/z 200 with an
AGC target of 3 x 10° and a maxIT of 50 ms. MS2 scans were acquired at a resolution of
15,000 for HCD spectra at 71/z 200 with an AGC target of 2 x 10° and a maxIT of 45 ms,
and the isolation width was 2 m/z. Only ions with a charge state between 2 and 6 and
a minimum intensity of 2 x 10> were selected for fragmentation. Dynamic exclusion for
selected ions was 30 s. Normalized collision energy was 30 eV.

MS/MS raw files were processed using MASCOT engine (Matrix Science, London,
UK; version 2.6) embedded into Proteome Discoverer 2.2. The protein database was
Uniprot_HomoSapiens_20367_20200226. The search parameters included trypsin as the
enzyme used to generate peptides with a maximum of 2 missed cleavages permitted.
A precursor mass tolerance of 10 ppm was specified and 0.05 Da tolerance for MS2 frag-
ments. Except for TMT labels, carbamidomethyl (C) was set as a fixed modification.
Variable modifications were Oxidation(M) and Acetyl (Protein N-term). A peptide and
protein false discovery rate of 1% was enforced using a reverse database search strategy.
Proteins with fold change > 1.2 and p value (Student’s t-test) < 0.05 were considered to be
differentially expressed proteins. Wolf PSORT software was used for localization analysis
of differential proteins. Gene Ontology analysis (GO) and KEGG pathway enrichment
analysis of DEGs were implemented by clusterProfiler (3.4.4). GSEA enrichment analysis
was performed using GSEA (V4.1.0).
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4.7. Molecular Docking

Molecular docking was performed using the Schrodinger software (Schrodinger, Inc.,
New York, NY, USA). The 3D structure of p53 were retrieved from the protein data
bank (PDB ID: 1TSR). In LM-p53 covalent docking, the protein p53 was prepared by
Protein Preparation Tool in Schrodinger including optimized hydrogen bond network at
pH 7.0 with PROKA tool. The ligand LM was prepared by Avogadro Tool to obtain the
structural optimization.

4.8. Western Blot Analysis

The MDA-MB-468 cells were treated with 1.6 uM LM or 0.06% DMSO control medium
for 48 h. Cells were harvested with trypsin/EDTA and then total proteins were extracted by
using RIPA lysis buffer (RIPA lysis buffer (Beyotime, Shanghai, China)), 100 ug/mL PMSF
(Beyotime, Shanghai, China), and 1 x protease inhibitor (Sigma, St. Louis, MO, USA). The
protein was quantified by BCA methods according to the instructions (Beyotime, Shanghai,
China). The proteins extracted from cells were separated by SDS-PAGE electrophoresis
and transferred to nitrocellulose membrane. The membrane was incubated with primary
antibodies and anti-rabbit IgG (HRP-linked). The bands were detected by ECL Western
blot system (Kodak, Rochester, NY, USA). Western blotting bands from three independent
measurements were quantified with Image].

4.9. Xenograft Model

Twenty-five female BALB/c nude mice aged 6-8 weeks were kept at constant tem-
perature and humidity. The body weight was 2024 g. Animals were supplied by Labo-
ratory Animal Business Department of Shanghai Family Planning (certificate of quality:
20210715Abzz0619000729). Each mouse was inoculated subcutaneously at the right flank
with MDA-MB-468 tumor cells (1 x 107) in 0.2 mL of PBS with Matrigel (1:1) for tumor
development. Treatments were started on day 27 after tumor inoculation when the average
tumor size reached 160 mm?>. The animals were assigned into groups randomly based
upon tumor volumes. Each group consisted of 4 tumor-bearing mice. The vehicle was
2%DMSO + 15% Solutol + 83%Saline. The mice in control group were injected 2.5 mL/kg
vehicle by i.v. The mice in the positive control group were injected 15 mL/kg Paclitaxel by
i.p. The mice in the low-dose group were injected 10 mL/kg LM by i.v. The mice in the high
dose group were injected 20 mL/kg LM by i.v. The animals were checked daily for any
effects of tumor growth and treatments on normal behavior, and body weights were mea-
sured every 3 days. Tumor size was measured every 3 days by a caliper using the formula:
V =0.5a x b? where a and b are the long and short diameters of the tumor, respectively.

4.10. Statistical Analysis

One-way ANOVA analysis was used for comparison between groups, and Student’s
t-test was used for pair-wise comparison within groups. All statistical analyses were
processed with GraphPad Prism 7.0 software (GraphPad Software, San Diego, CA, USA).
p < 0.05 was considered statistically significant.
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Abstract: Marine fungi Aspergillus sp. is an important source of natural active lead compounds with
biological and chemical diversity, of which sesquiterpenoids are an extremely important class of
bioactive secondary metabolites. In this paper, we review the sources, chemical structures, bioac-
tivity, biosynthesis, and druggability evaluation of sesquiterpenoids discovered from marine fungi
Aspergillus sp. since 2008. The Aspergillus species involved include mainly Aspergillus fumigatus,
Aspergillus versicolor, Aspergillus flavus, Aspergillus ustus, Aspergillus sydowii, and so on, which originate
from sponges, marine sediments, algae, mangroves, and corals. In recent years, 268 sesquiterpenoids
were isolated from secondary metabolites of marine Aspergillus sp., 131 of which displayed bioactivi-
ties such as antitumor, antimicrobial, anti-inflammatory, and enzyme inhibitory activity. Furthermore,
the main types of active sesquiterpenoids are bisabolanes, followed by drimanes, nitrobenzoy], etc.
Therefore, these novel sesquiterpenoids will provide a large number of potential lead compounds for
the development of marine drugs.

Keywords: marine fungi; sesquiterpenoids; Aspergillus; bioactivity

1. Introduction

More than 70% area of the earth is covered by oceans, which is the largest known
habitat for life. The marine environment is characterized by high salinity, high pressure,
low oxygen, low temperature, darkness, scarce nutrients, etc. To adapt to the special
environment and obtain advantages in the competition of limited resources, marine mi-
croorganisms could produce novel secondary metabolites with unique structures and
potent biological activities during evolution [1,2]. Rich marine microorganisms, mainly
derived from marine actinomycetes and marine fungi, are ubiquitous in the natural envi-
ronment [3]. Diverse active natural products exist in endophytic fungi from the marine
environment, which can be the resources for new lead compounds [4,5].

Aspergillus is a typical filamentous fungus, which is divided mainly into Aspergillus fu-
migatus, Aspergillus versicolor, Aspergillus flavus, Aspergillus ustus, Aspergillus sydowii, and so
on [6]. Fumiquinazolines were isolated by Numata from marine Aspergillus sp. for the first
time in 1992, which opened the door to the study of the metabolites of marine Aspergillus [7].
Recent studies have found that many organic compounds with unique structures, which
showed a lot of physiological activities, were found in marine Aspergillus sp., including
terpenoids, alkaloids, and polyketones [8]. Sesquiterpenoids, the most abundant among
all the terpenoids skeletons, exhibit excellent biological activities, such as cytotoxicity,
antibacterial, antifungal, antiviral, anti-inflammatory, and enzyme inhibitory activity, and
have aroused widespread interest of many scholars [9,10]. This paper attempts to review
the sources, bioactivities, biosynthesis, and other studies of sesquiterpenoids discovered
from marine fungi Aspergillus sp. in the last 15 years.
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2. Characteristics of Sesquiterpenoids from Marine Aspergillus sp.

Secondary metabolites of marine fungi have become one of the most active subfields
of natural pharmaceutical discovery [11]. Sesquiterpenoids are an extremely important
class of secondary metabolites and have been associated with a wide variety biological
activities [12]. Approximately 268 sesquiterpenoids isolated from 56 strains of marine fungi
are reviewed in this work. Furthermore, research has found that 37.5% of the sesquiter-
penoid compounds came from marine animals (sponges, 21.4% and corals, 8.9%), 28.6%
from marine plants (algae, 16.1% and mangroves, 12.5%), and the remaining compounds
from the marine environment (21.4% from marine sediments and 1.8% from seawater), and
8.9% from unknown sources (see Figure 1).

Unknown
8.9%

Marine animals
o
Marine plants 31.5%

28.6%

Marine environment
25%

Figure 1. The main sources of the sesquiterpene-rich marine fungi.

Marine fungus Aspergillus is a huge community that occupies a great proportion in
the fungus family, which is widely distributed in marine plants, marine organisms, marine
sediments, and other environments. According to incomplete statistics, there were more
than 180 species of fungus Aspergillus, such as Aspergillus fumigatus, Aspergillus flavus,
Aspergillus terreus, and Aspergillus versicolor [13]. The proportions of the 56 species (Table 1)
reviewed in this paper are as follows: Aspergillus versicolor (14.3%), Aspergillus sydowii
(12.5%), Aspergillus ustus (10.7%), Aspergillus fumigatus (5.4%), Aspergillus insulicola (3.6%),
Aspergillus ochraceus (3.6%), Aspergillus carneus (3.6%), Aspergillus terreus (3.6%), Aspergillus
flavus (3.6%), Aspergillus flavipes (3.6%), and Aspergillus unknown (26.8%) (see Figure 2).

Table 1. List of sesquiterpenoids isolated from marine fungi Aspergillus sp. with potential biological activity.

Compound Name/Chemical Class Marine Source Type of Strains Activity (MIC) Reference
Compounds 1,3 and 5 Marine-sponge-derived not reported not reported
Compound 2 funeus AI; ergillus S. albus, M. tetragenus 1.25-5 uM [14] 2012
Compound 4 8 Pers S. albus, B. subtilis 2.5-5uM
A. hydrophila and K.
Compound 6 Marine-sponge-derived pne uym(r;;fml aan 4.3 and 21.4 uM
Compound 7 fz"g]‘)g;ls ?gperglllus sydowii K. pneumonia 107 uM [15] 2014
Compound 8 a E. faecalis 18.8 uM
Flavilane A(9) Fresh-seawater-derived Pathogenic bacteria
Compound 10 fungus Aspergillus flavipes Pathogenic bacteria and 264 uM (1612021
p 297 Pathogenic fungus V. mari

Compounds 11,12 Deep sea sediment fungus A ydrop hzlm,{ E. coli, E. tarda, 2-8 uM

Aspergillus versicolor SD-330 and V. haroeyi (1712021
Compound 13 E. coli 1uM
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Table 1. Cont.

Compound Name/Chemical Class Marine Source Type of Strains Activity (MIC) Reference
Seawater-derived fungus . .
Compound 14 Aspergillus sydowwii SW9 E. coli and S. pneumonise 2-4 uM [18] 2019
Compounds 15,16 ) E. coli, E. trada, V. hq:‘veyz, 8 uM
Deep sea sediment fungus and V. parahaemolyticus [19] 2019
Aspergillus versicolor SD-330  E. coli, Aeromonas hydrophilia,
Compound 17 E. tarda, V. anguillarum, and 1-4 uM
V. harveyi
Compound 18 not reported not reported
Marine-gorgonian-derived Inhibition zones were
Compounds 19-21 fungus Aspergillus S aureus 5-11 mm at 100pug/mL 202010
Mangrove endophytic
Compounds 22-28 fungus Aspergillus xy02 S. aureus 31.541.9 uM [21] 2018
Asperchondols A, B(29, 30) i\/Iarlne-Sp ongg-derlved S. aureus 25-50 uM [22] 2016
ungus Aspergillus
. . Marine-alga-derived fungus . Inhibition zones were
Albican-11,14-diol (31) Aspergillus versicolor E. coli and S. aureus 7-10.3 mm at 30 pg/ disk [23] 2012
. . V. harveyi, V. splendidus, V.
Marine-alga-derived fungus L
Compounds 32-35 Aspergillus RR-YLW-12 parahgemolytzcs, and V. not reported [24] 2021
anguillarum
Marine-coral-derived
Compounds 36-38 fungus Aspergillus versicolor S. aureus and S. albus 2.6-6.4 UM [25] 2012
Z]J-2008015
Marine-sponge-derived
Compounds 39,40 fungus Aspergillus insuetus N. crassa 140-242 uM [26] 2011
OY-207
Activity
Compound Name/Chemical Class Marine Source Cell lines (ICs9/ECs0/EDsp/inhibition  Reference
rate)
Asperorlactone (41) Marine sediment fungus x <100 uM
Echinolactone D (42) Aspergillus oryzae A549, Hep(G2, and MCF-7 not reported (2712021
. R Marine fungus Aspergillus A549, HeLLa, MGC-803, and
Asperienes A-D (43-46) flaous CF13-11 MCE.7 1.4-8.3 uM [28] 2019
Marine sediment fungus
Compounds 47,48 Aspergillus flocculoss Neuro-2a and 22Rv1 3-31.5 uM [29] 2019
H1975, U937, K562,
Marine fungus Aspergillus BGC-823, MOLT-4, MCF-7 >
Compounds 49,50 ochraceus JemalF17 A549, Hela, HL60, and 1.95-6.35 uM [30] 2014
Huh-7
Marine-sponge-derived
Insulicolide A (51) fungus Aspergillus insulicola ~ H-460 6.9 uM [31] 2016
MD10-2
Compounds 52, 53 Marine fungus Aspergillus 2.3-11 uM
Compound 54 ochraceus JemalF17 786-0, ACHN, and O5-RC-2 0.89-1.5 uM (32] 2018
Compounds 57, 58 Marine-sponge-derived AsPC-1 and PANC-1 23-46 M [33] 2022
ungus Aspergillus insulicola
Compounds 59, 61 Marine-sponge-derived L5178Y 0.6-5.3 uM. [34] 2009
Compound 60 fungus Aspergillus ustus L5178Y, PC12, and HeLa 0.6-7.2 uM .
Mangrove endophytic
Compound 62 fungus Aspergillus ustis P388 8.7 uM [35] 2011
Compounds 63, 65 Marine-sponge-derived . 2.91-12.4 uM
Compound 64 fungus Aspergillus HePG-2 and Caski not reported (3612012
B-D-glucopyranosylaspergillusene Marine-sponge-derived
glucopyranosylasperg fungus Aspergillus sydowii HePG-2, HCT116,and KB 50-70 uM [37] 2017

A (66)

JO5B7F-4

85



Molecules 2022, 27,7376

Table 1. Cont.

Compound Name/Chemical Class Marine Source Type of Strains Activity (MIC) Reference
Compound 67 Mangrove endophytic MCEF-7, HL-60 3.43-4.49 M
Compound 68 fungus Aspergillus terreus MCE-7 2.79 uM [38] 2013
Compound 70 GX3-3B HL-60 0.6 uM
. Coastal saline soil fungus
Aspergiketone (71) Aspergillus fumigatus HL-60 and A549 12.4-22.1 uM [39] 2016
. Sea-urchin-derived fungus
Oxalicine B (72) Aspergillus fumigatus P388 55.9 uM [40] 2012
Compound 73 Marine fungus Aspergillus 20.6-30 uM
Compounds 74, 75 ustus 094102 HL-60 and A549 9-10.5 uM [41] 2009
Compound 76 ?’[a““e'sl’ong?'de“"ed L5178Y 1.9 uM [42] 2008
ungus Aspergillus ustus
Compound 77 Marine sediment fungus U937 84.9 UM [43] 2015
Aspergillus fumigatus YK-7 :
L Marine fungus Aspergillus
Asperflavinoid A (78) flavipes 297 HepG2 and MKN-45 26.8-38.5 uM [44] 2021
Compound Name/Chemical Class Marine Source Target Enzyme rAaiz)V ity (ICso/inhibitory Reference
Mangrove endophytic o Lo
7-Deoxy-7,14-didehydrosydonol (79)  fungus Aspergillus versicolor 1[?11\1\1/?/1,(22107 f;gigg;;;g 12.5 uM [45] 2018
SYSU-SKS025 :
. . inhibit LPS-stimulated
Compounds 80-82 Xarelfei;b}sgazli%(ﬁlgfi fungus RAW264.7 macrophages not reported [46] 2015
perg inhibit LPS-stimulated
RAW?264.7 macrophages and o
Compound 83 exhibited an inhibitory effect 69%at 40 uM
against IL-6 production
Compound 84,85 Marine fungus Aspergillus 1nh1b1tory activity of NO 37.3% and 47.7% at 40 M [47] 2018
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Table 1. Cont.
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Figure 2. The proportions of marine fungi reviewed in this paper.

In recent years, more and more sesquiterpenoids were found in marine fungi As-
pergillus, which consisted of the molecular skeleton structure with three isoprene units and
contains 15 carbon atoms [56]. In addition, the number and skeleton types of sesquiter-
penoids are the most abundant among all the terpenoids. According to the number of
carbon rings, sesquiterpenoids can be divided into acyclic sesquiterpenes, monocyclic
sesquiterpenoids, bicyclic sesquiterpenoids, tricyclic sesquiterpenoids, tetracyclic sesquiter-
penoids, etc., [57]. Acyclic sesquiterpenes are also known as chain sesquiterpenes but
rarely reported in fungi. The monocyclic sesquiterpenes referred mainly to bisabolanes,
humaranes, and cybrodins, while the bicyclic sesquiterpenes consist mainly of drimanes,
lacticinanes, and eudesmanes. This paper finds that the main types of sesquiterpenoids
isolated from marine fungi Aspergillus were bisabolanes (46.6%), drimanes (27.2%), ni-
trobenzenes (6.3%), and unknown structure (9%) (see Figure 3).

Unknown

9%

Other structure
10.8%

Nitrobenzenes
6.3%

Drimanes
27.2%

Figure 3. The main types of sesquiterpenoids isolated from Aspergillus sp.
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Recent studies have indicated that the metabolic pathway of marine fungi—that results
in the production of a number of secondary metabolites with various chemical structures
and specific physiological activities—is very different from that of terrestrial fungi [37].
This article concludes that 131 of the 268 sesquiterpenoids isolated from marine fungi
Aspergillus have significant biological activities. Moreover, the structure types of inactive
sesquiterpenoids are mostly bisabolanes and drimanes [58-62]. The relatively large number
of sesquiterpenoids shows a variety of biological activities such as antitumor, antibacterial,
anti-inflammatory, enzyme inhibitory, antioxidant, antiviral, and other activities. Overall,
30.5% of sesquiterpenoids exhibited antibacterial activity, followed by antitumor activity
(29%), anti-inflammatory activity (22.9%), enzyme inhibitory activity (8.4%), and other
activities (10.7%) (see Figure 4).

Olher activities

Antibacterial
uctivity
30.1%

activity
8.3%

Anti-inflammatory
activity
22.6%

Antitumor activity
28.6%

Figure 4. The bioactivity of sesquiterpenoids from Aspergillus sp.

3. Bioactivity of Sesquiterpenoids from Aspergillus sp.
3.1. Antibacterial Activity

In recent years, inappropriate and irrational use of antibiotics provides favorable
conditions for resistant microorganisms to emerge and spread, which has become a global
public health problem [63]. Therefore, it is urgent to develop new antibiotics with new
structures and significant biological activities. To that end, the secondary metabolites of
microorganisms in the marine environment are a great source for new antibacterial agents
screening and much attention has been attracted to the relevant studies. This section covers
40 bioactive sesquiterpenoids (Figure 5) with antibacterial activity described to date from
marine-derived Aspergillus sp.

Li et al. [14] isolated four new and one known bisabolane-type sesquiterpenoid from
secondary metabolites of Aspergillus sp. from sponge. Compounds 1-5 showed different an-
tibacterial activity against six pathogenic bacteria and two marine bacteria, and compounds
2 and 4 showed selective antibacterial activity. Compound 2 had strong inhibitory effects
on Staphylococcus albus and Micrococcus tetragenus, with minimum inhibiting concentrations
(MIC) values of 5.00 and 1.25 uM, respectively. The MIC values of compound 4 with S.
albus and Bacillus subtilis were 5.00 uM and 2.50 M, respectively. Notably, compound 1
represents the rare example of a bisabolane-type sesquiterpenoid with a 1, 4-disubstituted
benzene ring isolated from marine organisms. Compounds 2 and 3 were the enantiomers
of (+)-sydonol and (+)-sydonic acid, respectively. This fact suggests that fungi isolated from
different marine organisms may produce different stereochemisty compounds. Further-
more, there were three sesquiterpenoids, 6-8, from the sponge-associated fungus Aspergillus
sydowii ZSDS1-F6, which has certain antibacterial activities; among them, compound 6 and
7 displayed antibacterial activities against Klebsiella pneumonia, with MIC values of 21.4
and 10.7uM, respectively [15]. In addition, compound 6 showed moderate antibacterial
activity against Aeromonas hydrophila (MIC, 4.3 uM), while compound 8 showed moderate
antibacterial activity against Enterococcus faecalis (MIC, 18.8 uM). Chen et al. [16] isolated
two phenolic bisabolane sesquiterpenoids (PBS) compounds (9-10) from Aspergillus flavipes
297, including a pair of new enantiomers (+)-flavilane A (9). However, compounds 9 and
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10 represent the rare PBS-containing methylsulfinyl group and showed selective antibac-
terial activities against several pathogenic bacteria; their MIC values were 2-64 nug/mL.
Furthermore, compound 10 exhibited mild antifungal activity against plant pathogenic
fungus Valsa mari.
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Figure 5. Chemical structures of antimicrobial compounds (1-40).

Aromatic bisabolene-type sesquiterpenoids 11-13 were isolated from the marine fun-
gus Aspergillus versicolor SD-330 in the deep-sea sediments [17]. Compounds 11 and 12 had
significant inhibitory activities against A. hydrophilia, Escherichia coli, Edwardsiella tarda, and
Vibrio harveyi, with MIC values ranging from 2.0 to 8.0 ug/mL. Moreover, compound 13 had
significant inhibitory activity against E. coli (MIC value was 1.0 pg/mL), which was better
than the positive control chloramphenicol (MIC value was 2.0 ug/mL). A new aromatic
bisabolene-type sesquiterpenoid (14) was discovered in Aspergillus sydowii SW9, whose
absolute configuration is (S). Compound 14 had significant inhibitory effect on E. coli, and
its MIC value was 2.0 ug/mL, which was similar to that of positive control chlorampheni-
col (MIC 2.0 pg/mL). Compound 14 also exhibited potent activity against S. pneumonise,
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with an MIC value of 4.0 ug/mL [18]. Wang et al. [19] obtained four sesquiterpenoids
15-18 with antibacterial activity from marine Aspergillus versicolor SD-330. Compounds
15 and 16 showed significant antibacterial activity against E. coli, E. trada, V. harveyi, and
Vibrio parahaemolyticus, and the MIC values were less than or equal to 8.0 pg/mL. How-
ever, compound 17 exhibited significant antibacterial effect on E. coli with MIC value of
1.0 ug/mL, which was more potent than that of positive control chloramphenicol (MIC
2.0 pg/mL). Moreover, compound 17 showed strong inhibitory activity against A. hy-
drophilia, E. tarda, Vibrio anguillarum, and V. harveyi, each with MIC value of 4.0 ug/mL.
Compound 17 showed a stronger antibacterial activity than compounds 15 and 16, suggest-
ing that C-15 carboxyl group methyl ester or the methylated C-7 hydroxyl group could
reduce their antibacterial activity.

Wei et al. isolated three phenolic bisabolane-type sesquiterpenoids compounds 19-21
from Aspergillus sp., which is the first report of natural metabolites from marine fungus
Aspergillus from gorgonian Dichotella gemmacea [20]. All of them exhibited weak antibacterial
activity against Staphylococcus aureus, with the diameters of inhibition zones of 11, 7, and
5 mm at 100 ug/mL, respectively. Seven phenolic bisabolane sesquiterpenoids 22-28
were obtained from the endophytic fungus Aspergillus sp. xy02 from a Thai mangrove
Xylocarpus moluccensis [21] and displayed moderate inhibitory activities against S. aureus,
with ICs values ranging from 31.5 to 41.9 uM. Two new phenolic bisabolane sequiterpenes,
asperchondols A (29) and asperchondols B (30), were obtained from the sponge-derived
fungus Aspergillus sp. and showed antibacterial activity against S. aureus, with the MICs
of 50 and 25 uM, respectively [22]. Furthermore, structure—activity relationship found
that the coexistence of phenolic bisabolane sesquiterpene and diphenyl ether moieties
seems to be very important since the hybrid 30 was more active than phenolic bisabolane
sesquiterpenoid 29 and phenyl esters.

A series of phenolic bisabolane-type sesquiterpenoids have been discovered from
different marine invertebrates such as sponges [64] and gorgonians [65] in the last century.
In addition, such compounds were also found in bacterium CNH-741 and fungus CNC-979
isolated from marine sediments [66]. These results indicate that the real producers of these
compounds from marine invertebrates, sponges, and corals may be constituents of microor-
ganisms. Albican-11,14-diol (31) is a sesquiterpene compound isolated from the cultures
of the endophytic fungus Aspergillus versicolor, which is isolated from marine green alga
Codium fragile [23]. The diameters of inhibition zones of compound 31 against E. coli and
S. aureus were 7 and 10.3 mm, respectively, at the concentration of 30 ug/disk. Fang et al.
isolated a drimane-type sesquiterpenoid (32) and three unknown-type sesquiterpenoids
(33-35) from the algicolos fungus Aspergillus sp. RR-YLW-12, which exhibited little in-
hibitory activity against four marine-derived pathogenic bacteria, V. anguillarum, V. harveyi,
V. parahaemolytics, and Vibrio splendidus [24]. Zheng et al. isolated and purified three
bisabolane sesquiterpenes 36-38 from the fermentation products of Aspergillus versicolor
Z]J-2008015, which were obtained from a soft coral Sarcophyton sp. [25]. The results showed
that compounds 36-38 exhibited potent antibacterial activity with MICs of 5.3, 6.4, and
5.4 uM against S. albus and 2.6, 6.4, and 5.4 uM against S. aureus, respectively. Cohen
et al. [26] isolated two drimane sesquiterpenes (39-40) from the sponge-derived fungus
Aspergillus insuetus (OY-207), which exhibited anti-fungal activity against Neurospora crassa,
with the MICs of 140 and 242 uM, respectively.

3.2. Antitumor Activity

The marine environment represents a unique resource that encloses a massive chem-
ical and biological diversity, which leads to an important source of potential antitumor
drugs [67]. Among antitumor compounds, sesquiterpenes (including bisabolane, drimane,
illudalane, etc.) are obtained mainly from marine fungi, including Aspergillus sp. [68,69].
Therefore, more and more researchers pay close attention to looking for effective antitumor
drugs from marine Aspergillus. In recent years, there were about 38 bioactive sesquiter-
penoids (Figure 6) with antitumor activity isolated from marine-derived Aspergillus sp.
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Figure 6. Chemical structures of antitumor compounds (41-78).

Orfali et al. [27] first discovered two illudalane sesquiterpenes, asperorlactone (41)
and echinolactone D (42), from marine sediment ascomycete Aspergillus oryzae, in which
compound 41 has an absolute configuration of (5R). Compounds 41 and 42 showed an-
tiproliferative activity against human lung cancer (A549), liver cancer (HepG2), and breast
cancer (MCF-7) cell lines, with half maximal inhibitory concentration (ICs) values of asper-
orlactone (41) <100 uM. Furthermore, compounds 9 and 10 isolated from Aspergillus flavipes
297 exhibited promising cytotoxic effects on MKN-45 and HepG2 cells, respectively, indi-
cating that the methylsulfinyl substituent enhanced the cytotoxicity, to a certain degree [16].
Gao et al. [28] isolated four drimane sesquiterpene esters asperienes A-D (43-46) from
marine-derived fungal Aspergillus flavus CF13-11, which was the first successful isolation of
two pairs of C-6’/C-7' isoforms. Moreover, compounds 43-46 showed significant activity
against four tumor cell lines (HeLa, MCF-7, MGC-803, and A549), with ICs, values of
1.4-8.3 uM. Notably, compounds 43 and 46 showed lower toxicity to normal GES-1 cells
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than did 44 and 45, suggesting their great potential for the development of an antitumor
agent. Yurchenko et al. [29] isolated two drimane sesquiterpenes (47-48) from marine-
sediment-derived fungus Aspergillus flocculosus, which exhibited potent cytotoxic effect
toward mouse neuroblastoma neuro-2A and human prostate cancer 22Rv1 cells, with the
ICsp values were 24.1, 4.9 uM and 31.5, 3.0 uM, respectively. It is well known that human
prostate cancer 22Rv1 cells are resistant to hormone therapy because of the expression of
the androgen receptor splice variants AR-V7 [70]. Therefore, the results indicated that com-
pounds 47 and 48 could be used in the treatment of human drug-resistant prostate cancer.
Fang et al. [30] isolated two nitrobenzoyl sesquiterpenoids (49-50) from the marine-derived
fungus Aspergillus ochraceus JemalF17, which was the first time nitrobenzoyl sesquiter-
penoids obtained from this fungal were reported. Both compounds displayed significant
cytotoxic effects on 10 human cancer cell lines (H1975, U937, K562, BGC-823, MOLT-4,
MCcF-7, A549, Hela, HL60, and Huh-7), with IC5, values ranging from 1.95 to 6.35 uM.

Insulicolide A (Nitrobenzoyl substituted sesquiterpene, 51) was isolated from the
marine-sponge-associated endozoic fungus Aspergillus insulicola MD10-2 [31]. Compound
51 showed cytotoxic effects against human lung cancer cell line H-460, with an ICs, value
of 6.9 uM. However, the cytotoxic activity of the acetylated derivatives of compound 51
decreased markedly, indicating that the double at C-7 might be involved in the cytotoxic
activity. Tan et al. isolated three nitrobenzoyl sesquiterpenoids (52-54) from the marine
fungus Aspergillus ochraceus Jcma 1F17 [32]. Compound 54 displayed potent cytotoxicities
against three renal carcinoma ACHN, OS-RC-2, and 786-O cells lines (ICs( of 0.89-1.5 uM).
The cytotoxic effects of compounds 52 and 53 on 786-O cells (IC5p of 2.3 and 4.3 uM,
respectively) were exhibited more strongly than those of OS-RC-2 (ICsj 5.3 and 8.2 uM)
and ACHN (ICs of 4.1 and 11 uM, respectively), suggesting that the C-9 hydroxy group
may contribute more to the cytotoxic activities against renal carcinoma cells. Additionally,
compound 52 showed stronger inhibitory activity at low concentration levels, compared
with the positive control sorafenib, a drug approved for the treatment of primary kidney
cancer (advanced renal cell carcinoma). Further investigation revealed that the cell cycle
was arrested at Go/G; phase after being treated with compound 52 at 1 uM, whereas
after being treated at 2 uM for 72 h, the late apoptosis of 786-O cells were induced. Four
nitrobenzoyl sesquiterpenoids (55-58) were isolated from an Antarctica-sponge-derived
Aspergillus insulicola by Sun et al. [33], in which compounds 57 and 58 showed selective
inhibitory activity against human pancreatic ductal adenocarcinoma (PDAC) cell lines,
whereas compounds 55 and 56 were inactive, indicating that hydroxyl groups at C-9 is
essential for cytotoxicity. Furthermore, the ICsy values of compounds 57 and 58 against
PDAC cell lines AsPC-1 and PANC-1 were 2.7, 4.6 pM and 2.3, 4.2 uM, respectively.
Numerous studies have shown that most of nitrobenzoyl sesquiterpenes were obtained
from the marine-derived fungus Aspergillus ochraceus, suggesting that Aspergillus ochraceus
may be a good resource for the production of these compounds.

Liu et al. [34] found three drimane sesquiterpenoids (59-61) from marine sponge-
derived fungus Aspergillus ustus, which showed cytotoxic activities against mouse lym-
phoma cell line L5178Y, with half maximal effective concentration (ECs() values between
0.6 and 5.3 pM. In addition, the ECsy value of compound 60 against PC12 and HeLa cells
were 7.2 uM and 5.9 uM, respectively. Zhou et al. [35] isolated drimane sesquiterpenoid
(62) from mangrove-derived fungus Aspergillus ustus and exhibited moderate cytotoxic
effects against the mice lymphocytic leukemia P388 cell line with IC5( value of 8.7 uM. Sun
et al. [36] isolated three bisabolane sesquiterpenoid dimers (63-65) from the sponge-derived
fungus Aspergillus sp., and the cytotoxic activity against HePG-2 human hepatoma cell line
and Caski human cervical cell line were determined in vitro. Significantly, compounds
63 and 65 with (7S) and (7'S) configuration displayed better potent cytotoxicity toward
the tumor cell lines than did compound 64. The ICs, values of compound 63 and 65 were
9.31,12.40 uM and 2.91, 10.20 uM, respectively. These results suggest that the cytotoxic
activity of the compound may be weakened due to the mesomeric effect since the activity
of the compounds is stereoselective. 3-D-glucopyranosyl aspergillusene A (66) from the
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sponge-derived fungus Aspergillus sydowii JO5B-7F-4 exhibited mild cytotoxicity against KB
(human nasopharyngeal carcinoma cells), HepG2 (human liver cancer cells), and HCT 116
(human colon cancer cells), with ICsy values between 50 and 70 uM [37].

Deng et al. [38] found four sesquiterpenoids containing 16 carbon atoms (67-70) from
the mangrove endophytic fungus Aspergillus terreus GX3-3B, of which compound 67 showed
inhibitory activity against human breast cancer cells (MCF-7) and human promyelocytic
leukemia cells (HL-60), with the IC5 values were 4.49 and 3.43 puM, respectively. In addition,
compound 68 exhibited promising inhibitory effect on MCF-7 cells, with an IC5( value of
2.79 uM, whereas compound 70 showed potent inhibitory effect on HL-60 cells, with an
IC5¢ value of 0.6 uM. The structure-activity relationship indicated that the presence of C or
D lactone ring may be helpful for the inhibitory against the human breast cancer cell line
MCEF-7. Compounds 67 and 70 showed stronger activities than did compounds 68 and 69,
indicating that hydroxyl group at the C-7 position could improve the cytotoxicity toward
HL-60 cell.

Aspergiketone (71) is the first sesquiterpenoid derivative isolated from Aspergillus
fumigatus, which exhibited obvious cytotoxicity against HL-60 and A-549 cells, with ICsq
values of 12.4 and 22.1 uM, respectively [39]. Oxalicine B (72), a unique pyridino-«-
pyrone sesquiterpenoid, was obtained from the sea-urchin-derived fungus Aspergillus
fumigatus and exhibits moderate cytotoxicity to murine P388 leukemia cells, with ICsg of
55.9 uM [40]. Three drimane sesquiterpenes (73-75) were isolated from marine Aspergillus
ustus 094102 [41], of which compounds 74 and 75 showed moderate cytotoxicity against
A549 and HL-60 cells, with ICs, values of 10.5 and 9.0 uM, respectively. Moreover, com-
pound 73 exhibited weak cytotoxic effect to A549 and HL-60 cells, with ICs, values of
20.6 and 30.0 uM, respectively. Proksch et al. found a drimane sesquiterpene (76) from
marine-sponge-derived fungus Aspergillus ustus, which exhibited selective inhibition on
lymphoma cell line L5178Y cells (median effective dose (EDsp), 1.9 uM) [42]. Wang et al.
found a 3-bergamotane sesquiterpenoids (77) from marine-sediment-derived fungus As-
pergillus fumigatus YK-7, which exhibited weak inhibitory activities against U937 cells, with
an ICsq value of 84.9 uM [43]. Asperflavinoid A (78), a drimane-type sesquiterpenoids, was
isolated from Aspergillus flavipes 297 and exerted toxic effect on HepG2 and MKN-45 cells,
with the ICsq values of 38.5 and 26.8 1M, respectively [44].

3.3. Anti-Inflammatory Activity

Inflammation is a comprehensive array of physiological response to a foreign or-
ganism, which has been considered as a major factor for the progression of various
chronic diseases/disorders [71]. Therefore, development of effective and economical
anti-inflammatory drugs (NSAIDs) is an area of importance in drug discovery while natu-
ral anti-inflammatory supplements are becoming more popular and have been the focus
of many scientific investigations. This section covers 30 sesquiterpenoids (Figure 7) with
anti-inflammatory activity which isolated from marine-derived Aspergillus sp.
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Figure 7. Chemical structures of anti-inflammatory compounds (79-108).

Cui et al. [45] isolated a sesquiterpene derivative (79) from the mangrove endophytic
fungus Aspergillus versicolor SYSU-SKS025, which was found to inhibit nitric oxide (NO)
production RAW 264.7 macrophages, with an ICsj value of 12.5 uM (positive control, in-
domethacin, ICsy = 37.5 uM). Wang et al. [46] found four triketide-sesquiterpenoids A—D
(80-83) from the marine-algal-associated fungus Aspergillus sp. ZL0-1B14, which exhib-
ited anti-inflammatory activity in LPS-stimulated RAW264.7 macrophages. In addition,
compound 83 inhibited the production of IL-6 with an inhibition rate of 69% at 40 uM. Wu
et al. [47] firstly discovered two brasilane sesquiterpenoids (84-85) with « and 3 unsatu-
rated ketones from marine-derived fungus Aspergillus terreus, both of which showed moder-
ate inhibitory effects; the inhibitory rates of nitric oxide were 47.7% and 37.3%, respectively,
at 40 uM. Chung et al. [48] isolated five sesquiterpenoids (86-90) with anti-inflammatory
activity from Aspergillus sydowii in marine sediments. Among them, compounds 88 and
90 displayed selective inhibition against fMLP/CB-induced superoxide anion generation
by human neutrophils, with ICsy values of 5.23 and 6.11 uM, respectively. At the same
time, they also exhibited the most potent inhibitory activity against the release of elastase
induced by fMLP/CB, with the ICs values of 16.39 and 8.80 uM, respectively. Interestingly,
the anti-inflammatory activity of compound 88 was better than that of compound 86 in-
dicating the important role of hydroxy group on C-7. Moreover, compounds containing
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methylene alcohol on C-3 (86, 88, and 90) showed more potent anti-inflammatory activity
compared with the derivatives with carboxylic acid functional groups (87 and 89). Four
Eremophilane sesquiterpenoids (91-94) were isolated from deep-marine-sediment-derived
fungus Aspergillus sp. SCSIOW2, and all showed inhibitory activity of NO production in
a dose-dependent manner [49]. Additionally, five sesquiterpenoids (95-99) were isolated
from the mangrove endophytic fungus Aspergillus sp. GXNU-MA1 by Zhou et al., which
exhibited moderate inhibitory activities against NO production, with ICsy values ranging
from 16.15 to 27.08 uM [50]. Niu et al. isolated six phenolic bisabolane (100-105) and two
cuparene sesquiterpenoids (106-107) from Aspergillus sydowii MCCC3A00324 derived from
deep sea sediments [51]. Compounds 100, 101, and 103-105 showed anti-inflammatory
activity against NO secretion in LPS-activated BV-2 microglia cells, with the inhibition rates
of more than 45% at 10 M, while those of compounds 102, 106, and 107 were 32.8%, 32.6%
and 45.4%, respectively. Furthermore, compound 101 exerted an anti-inflammatory effect
by inhibiting NF-«B activation pathway in a dose-dependent manner. Tan et al. isolated
a new nitrobenzoyl sesquiterpenoid (108) from Aspergillus ochraceus, which could suppress
the RANKL-induced osteoclats formation and bone resorption by targeting NF-«B [52].
Additionally, compound 108 attenuated inflammatory bone loss in vivo.

3.4. Enzymatic Inhibitory Activity

Enzyme inhibitors are of value in treating many diseases in clinical use, and have
become a very attractive target for drug development and discovery. In recent years,
the prominence of various enzyme inhibitors has been discussed extensively by many
researchers in comprehensive systematic reviews [72]. In this section, the inhibitory ac-
tivities of sesquiterpenoids (Figure 8) from marine Aspergillus sp. against three enzymes
(x-glucosidase, cholinesterase, and neuraminidase) are briefly reviewed.
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Figure 8. Chemical structures of enzymatic inhibitory compounds (109-118).

«-Glucosidase is a membrane-bound enzyme present in the small intestinal epithe-
lium [73], whose role is to promote the absorption of glucose in the small intestine by
catalyzing the hydrolysis of oligosaccharides into absorbable glucose. a-Glucosidase in-
hibitors are the most widely used drugs in the clinical treatment of diabetes in China. By
inhibiting the activity of a-glucosidase, the formation and absorption of glucose can be re-
duced to achieve the goal of lowering blood glucose. At the same time, it can also reduce the
stimulation of blood glucose on the pancreas, effectively preventing and relieving diabetic
complications [74]. 7-Deoxy-7,14-didehydrosydonol (79) was found from the mangrove
endophytic fungus Aspergillus versicolor and possessed a significant inhibitory effect on
a-glucosidase, with an ICs value of 7.5 uM (acarbose as 350 tM), and the terminal ethylene
group at C-7 may play a key role in x-glucosidase inhibition activity [45]. Wu et al. [53] iso-
lated four phenolic bisabolane sesquiterpenoids (109-112) from the mangrove endophytic
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fungus Aspergillus flavus QQSG-3. The inhibitory activity studies of x-glucosidase showed
that the compounds (109-112) had strong inhibitory effects, with ICs( values of 4.5, 3.1, 1.5,
and 2.3 uM, respectively (all lower than the positive control drug acarbose).

Alzheimer’s Disease (AD) is a degenerative disease with unknown causes, mainly
involving cerebral cortical neurons, which is the major cause of dementia [75]. The currently
accepted pathogenesis is the cholinergic deficiency hypothesis [76]. Cholinesterase inhibitors
(ChEI) are a class of drugs that can bind to cholinesterase (ChE) and inhibit ChE activity; they
are also approved as first-line drugs for the treatment of mild-to-moderate AD [77]. Feng
et al. firstly isolated the potential reversible cholinesterase inhibitor cyclopentapentalane
sesquiterpenoid subergorgic (113) and its analogues 2-deoxy-2(3-hydroxysubergorgic (114)
from the soft-coral-derived fungus Aspergillus sp. EGF15-0-3 [54].

Neuraminidase (NA) is the most critical enzyme for influenza virus replication and
diffusion in host cells and has become an important target for anti-influenza virus drug
design [78]. Li et al. [55] isolated four drimane sesquiterpenoids (115-118) from the ascidian
endophytic fungus Aspergillus ustus TK-5, which showed significant inhibitory activity
against neuraminidase, with ICsy values of 31.8, 37.3, 28.4, and 36.8 uM, respectively.
Further results showed that the degree of unsaturation of 11-OH and C-6 linked side chains,
which can improve their neuraminidase inhibitory activity.

3.5. Other Activities

Hu et al. isolated an aromatic bisabolane sesquiterpenoid (75,85)-8-hydroxysydowic
acid (119, Figure 9)) from the marine red algae endophytic fungus Aspergillus sydowii
EN-434, which exhibited DPPH free radical scavenging activity, with an ICsy value of
113.5 uM [79]. An et al. found two sesquiterpenoids (120-121, Figure 9) with weak DPPH
radical scavenging activity, with ICs values of 1.8 mM and 0.6 mM, respectively (V¢
as 0.04 mM) [80]. Zhong et al. isolated three sesquiterpenoids (122-124, Figure 9) from
the marine-offshore-mud-derived fungus Aspergillus pseudoglaucus [81]. Among them,
compounds 122 and 123 showed strong DPPH radical scavenging activity, with ICsq values
of 2.42 and 1.86 pg/mL (V¢ was 3.25 ug/mL), respectively, while compound 124 exhibited
moderate antioxidant activity (ICsp was 10.89 pg/mL).

COOH
CHO

o
123 124 125/126 127

Figure 9. Chemical structures of other biological compounds (119-127).

Two bisabolane-type sesquiterpenoids (4-5) were derived from sponge-derived fun-
gus Aspergillus sp., among which compound 4 completely inhibited larval settlement at
25.0 ug/mL, while compound 5 displayed an obvious toxic effect on larvae at the same
concentration [14]. Compound 7 also showed weak anti-H3Nj activity, with ICsy values of
57.4 uM [15]. (—)-(7S)-10-hydroxysydonic acid (28) was found to have a mild DPPH radical
scavenging activity, with an ICsy value of 72.1 uM [21]. Nitrobenzoyl sesquiterpenoids
(49) also showed moderate antiviral activities against H3N, and EV71, with ICs( values of
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17.0 and 9.4 uM, respectively [30]. Liu et al. [82] isolated three drimane sesquiterpenoids
(125-127, Figure 9) from the marine-green-alga-derived fungus Aspergillus ustus. In the
brine shrimp (Artemia salina) toxicity assay, there was more than 75% lethality at the con-
centration of 100 pg/mL, and the LCs( values were 41.8, 62.2 and 48.9 ug/mL, respectively.

4. Chemical Synthesis and Biosynthesis of Sesquiterpenoids from Marine Aspergillus sp.
4.1. Chemically Induced Synthesis

Aspergillus sp. is the important source for the discovery of natural active products with
novel and diverse structures. However, in recent years, the continual study of secondary
metabolites of marine fungi has led to a high frequency of repeated discovery of known
compounds [83]. This encourages us to develop new strategies to obtain new natural
products. Studies have found that a large number of secondary metabolite biosynthesis
gene clusters exist in the genome of Aspergillus fungi. Furthermore, the genome can be
segmented into active and silent clusters, while the silent clusters are inactive under normal
environmental conditions [84-86]. In order to obtain more active metabolites, researchers
have applied a variety of methods to activate silenced biological genetic gene clusters,
such as transcription factor regulation, targeted genome mining, heterologous expression
of gene clusters, and chemical epigenetic regulation [87-89]. Because of its simplicity
and effectiveness, chemical epigenetic regulation has been widely used in marine fungi
to activate silenced gene clusters, which could lead to the production of new secondary
metabolites or known components with a higher concentration. Wang et al. [90] cultivated
the gorgonian-derived fungus Aspergillus sp. SC-20090066 with a DNA methyltransferase
inhibitor 5-azacytidae (5-AZA) in the culture medium and led to the isolation of six new
bisabolane-type sesquiterpenoids (Figure 10). Among them, compounds (128-130) exhib-
ited broad spectrum activities against S. aureus, Bacillus cereus, Rhizophila, Pseudomonas
putida, and Pseudomonas aeruginosa, with MICs of less than 25 pM. In particular, compound
130 exhibited significant antibacterial activity against S. aureus, with MIC value of 3.13 uM,
which was close to the positive control ciprofloxacin (MIC value was 2.5 pM). In order to
trigger the chemical diversity of marine-derived fungus Aspergillus versicolor XS-2009006,
epigenetic agents (histone deacetylase inhibitor SAHA and DNA methyltransferase in-
hibitor 5-AZA) were added to the culture medium by Wu et al. [91] Interestingly, the
secondary metabolites was significantly increased and a new bisabolane sesquiterpene
aspergillusene E (131, Figure 10) was isolated, which showed anti-larval attachment activ-
ity against bryozoan B. neritina, with the EC5y and (lethal concentration 50%) LCs values
of 6.25 pg/mL and 25 ug/mL, respectively. In addition, compound 131 showed certain
antibacterial activities against Staphylococcus epidermidis and S. aureus, with MIC values
ranging from 8 to 16 uM. By adding DNA methyltransferase inhibitors to the medium of
Aspergillus sydowii, the composition of secondary metabolites was further changed and
new bisabolane sesquiterpenoids (86-87) were isolated [48]. In addition, Wang et al. [49]
applied chemical epigenetic manipulation to Aspergillus sp. SCSIOW2 and obtained four
eremophilane sesquiterpenes with anti-inflammatory activity (91-94).

H HOH,C
©OH

129

Figure 10. Structures of sesquiterpenoids obtained from chemical synthesis and biosynthesis from
the Aspergillus sp. (128-132).
4.2. Biosynthetic Pathways

The skeleton structures of sesquiterpenoids were derived from farnesyl diphosphate
(FPP) and underwent a series of reaction steps, including intramolecular rearrangement,
cyclysis, and other biosynthetic transformations, leading to their structural diversity [92].
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Ingavat et al. [93] studied the proposed biosynthesis of sesquiterpene compound 132 in
Aspergillus aculeatus, which starts from a double-bond migration (C1/C2 to C2/C3) of
silphineneene intermediate 2, and then the double bond of C2/C3 undergoes oxidative
cleavage to generate intermediate 3, which, in turn, undergoes a series of oxidation and
lactonizations to finally give 132 (Figure 10).

Wang et al. [46] proposed a biogenetic pathway for the synthesis of aspertetranones
A-D (80-83). Common drimane-type merosesquiterpene were obtained by cyclization of
farnesylated pyrone, followed by oxidation and retro-aldo/aldo rearrangement to produce
the unique terpenoid part of aspertetranones. After nucleophilic attack and dehydration,
the leaborate preaspertetranone was obtained. Illudalanes derive biosynthetically from
a humulene precursor after cyclization, producing a protoilludanes, which is eventually
rearranged to form the irudane derivative [94]. According to this report, Orfali et al. specu-
lated a biosynthetic pathway of asperorlactone (41), in which illudol was a key intermediate.
The iluane-type sesquiterpene asperorlactone can be synthesized by dehydration, oxidation,
and four-membered ring opening [27].

5. Potency of Sesquiterpenoids from Marine Aspergillus sp.

Secondary metabolites of microorganisms in the marine environment, mainly derived
from marine fungi, are a great source for new drug screening. Currently, the marine drug
library includes 15 approved drugs (primarily for cancer treatment), 7 phase I compounds,
12 phase IT compounds, and 5 compounds in phase III clinical trials, the latter including
a recently recommended drug for symptomatic treatment of COVID-19 (Plitidepsin) [95,96].
Compound 13 displayed significant inhibitory activity against E. coli (MIC 1.0 ug/mL), and
its antibacterial effect was more potent than that of the positive control chloramphenicol
(MIC 2.0 ug/mL), which was expected to be a lead compound for antibiotics [17]. The
sesquiterpene compound (79) isolated from Aspergillus versicolor exhibited better inhibitory
effect on a-glucosidase than acarbose, while its anti-inflammatory effect was also stronger
than that of indomethacin [45]. Compound 88 derived from marine sediments, showed
a significant anti-inflammatory effect and hypoglycemic effect. In addition, compound 88
could also inhibit fat accumulation in adipocytes [48]. These results indicated compound 79
and 88 has the potential to be a lead compound targeting the vicious diabetes-inflammation
cycle. Feng et al. found that sesquiterpene compound 113, the reversible cholinesterase
inhibitor, is a promising new drug candidate for the treatment of Alzheimer’s Disease and
a preclinical trial is already under way [54].

6. Conclusions and Perspective

In this paper, the biosources, bioactivities, structural types, biosynthetic, and phar-
macogenic potential of sesquiterpenoids found from marine fungi Aspergillus sp. were
reviewed. A total of 268 sesquiterpenes were isolated, including 131 bioactive sesquiter-
penes, most of which were bisabolanes, followed by drimanes and nitrobenzoy], etc. Most
Aspergillus species derived from sponges, marine sediments, algae, mangroves, corals,
etc. The main Aspergillus species involved are as follows: Aspergillus fumigatus, Aspergillus
versicolor, Aspergillus flavus, Aspergillus ustus, Aspergillus sydowii, and so on. These sesquiter-
penes exhibited excellent pharmacological activities such as antibacterial, antitumor, anti-
inflammatory, and enzyme inhibitory activities. Additionally, the biosynthesis and total
synthesis of sesquiterpenes derived from marine Aspergillus sp. have also promoted the
in-depth understanding of these sesquiterpenes. Because of the chemical and biological
activity of these sesquiterpenoids, it is worthwhile to find promising lead compounds for
the development of marine drugs in further studies from marine fungi.
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Abstract: Trapa bispinosa Roxb. is an economical crop for medicine and food. Its roots, stems, leaves,
and pulp have medicinal applications, and its shell is rich in active ingredients and is considered
to have a high medicinal value. One of the main functional components of the Trapa bispinosa
Roxb. shell is 1-galloyl-beta-D-glucose (fG), which can be used in medical treatment and is also
an essential substrate for synthesizing the anticancer drug beta-penta-o-Galloyl-glucosen (PGG).
Furthermore, gallate 1-beta-glucosyltransferase (EC 2.4.1.136) has been found to catalyze gallic acid
(GA) and uridine diphosphate glucose (UDPG) to synthesize G. In our previous study, significant
differences in 3G content were observed in different tissues of Trapa bispinosa Roxb. In this study,
Trapa bispinosa Roxb. was used to clone 1500 bp of the UGGT gene, which was named TbUGGT, to
encode 499 amino acids. According to the specificity of the endogenous expression of foreign genes
in Escherichia coli, the adaptation codon of the cloned original genes was optimized for improved
expression. Bioinformatic and phylogenetic tree analyses revealed the high homology of TbUGGT
with squalene synthases from other plants. The ToUGGT gene was constructed into a PET-28a
expression vector and then transferred into Escherichia coli Transsetta (DE3) for expression. The
recombinant protein had a molecular weight of 55 kDa and was detected using SDS-PAGE. The
proteins were purified using multiple fermentation cultures to simulate the intracellular environment,
and a substrate was added for in vitro reaction. After the enzymatic reaction, the levels of G in the
product were analyzed using HPLC and LC-MS, indicating the catalytic activity of TOUGGT. The
cloning and functional analysis of TbUGGT may lay the foundation for further study on the complete
synthesis of 3G in E. coli.

Keywords: Trapa bispinosa Roxb.; TOUGGT; molecular cloning; expression analysis

1. Introduction

Trapa bispinosa Roxb. is an annual herbaceous floating plant belonging to Myrtle’s
Trapa bispinosa family and is mainly distributed in tropical and temperate regions [1,2]. Ripe
Trapa bispinosa Roxb. has a hard deep red shell and creamy white flesh with a sweet taste.
It can be used to treat common diseases, such as gastric ulcers, esophageal cancer, and
dysentery [3]. The fruit hulls are rich in phenols and flavonoids and have been extensively
studied. The extracts from Trapa bispinosa Roxb. shell contain many phenolic compounds,
such as gallic acid, caffeic acid, naringin, and 1,2,3,4,6-pentagalacyl-3-D-glucose [4-6].
These phenolic compounds have specific physiological antioxidant, anti-inflammatory, and
anticancer properties [7-10]. Trapa bispinosa Roxb. chestnut is native to Europe and Asia
but is only cultivated in China and India [11]. The plant exists in most water bodies in
China but is considered one of the aquatic specialties of the Hubei Province and has high
economic value.

The compound 1-galloyl-beta-D-glucose (BG) exists in plants such as oak leaves,
Trapa bispinosa Roxb., and pomegranate and possesses a variety of pharmacological activi-
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ties. Studies have shown that 3G is a noncytotoxic and selective AKR1B1 inhibitor of aldose
reductase, which can protect against oxidative stress and treat secondary complications of
diabetes [12]. In a previous study, the protective properties of 3G and its mitochondrial
antioxidative mechanism reduced the effects of oxidative stress in glaucoma [13]. In Raw
267.4 macrophages, PG prevented LPS-induced activation of JNK and p38 and lowered
ROS levels [14]. APRE-19 cells pretreated with BG demonstrated decreased apoptosis
induced by retinal microglia [15]. Furthermore, 3G inhibited the activation of the NLRP3
and TLR4/NF-«B pathways and decreased the expression of pro-inflammatory cytokines,
protecting against LPS-induced sepsis in mice and reducing organ toxicity [16]. The sub-
stance has a wide range of applications in clinical practice, but G is primarily produced
via plant extraction, which does not yield high quantities. Therefore, chemical synthesis
methods are also being developed but are in opposition to the green concept of modern
production. At the same time, biosynthesis has become a popular method for material
acquisition. In this study, we aim to develop a BG production method using biosynthesis
to meet the medical application demand.

Glycosyltransferase (EC 2.4.x.y) is an enzyme that can transfer activated glycol groups
to other small-molecule compounds to complete glycosylation reactions [17]. UGT is a
soluble enzyme in plants, with UDPG being the leading sugar donor [18]. According to the
different substrate small molecules, the UGT family can be divided into UGGT with gallic
acid as the substrate and UDP-glucose with flavonoids as the substrate, such as flavonoid
3-glucosyltransferase (UFGT) [19], etc. UGGT plays an essential role in catalyzing the
formation of BG in plant tannin biosynthesis.

U-glutamyl transpeptidase (UGGT) catalyzes the synthesis of 3G from gallic acid (GA)
and uridine diphosphate glucose (UDPG) [20]. In some higher plants, GA is synthesized
via the shikimic acid pathway and converts 3-dehydroshikimic acid to 3,5-dehydroshikimic
acid through aroDE enzymes. In addition, 3,5-dehydroshikimic acid can be spontaneously
converted to GA via enolization [21-23]. Figure 1 displays the chemical reaction scheme
for BG synthesis.
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j 1\ 0 OH [o} OH HO* OH
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Figure 1. Biosynthesis of 3G in some higher plants.

Our previous research study identified this substance in Trapa bispinosa Roxb., with
varying amounts in different tissues [24]. So far, most of the studies on Trapa bispinosa Roxb.
have focused on the separation and pharmacological effects of active monomer compounds.
However, the specific biosynthetic mechanism of the active components of Trapa bispinosa
Roxb. has rarely been explored. Currently, the secondary metabolites identified in Trapa
bispinosa Roxb. contain multiple types of galacyl glucose, using the biosynthetic fG of
galacyl glucose as the substrate. However, the gene for its synthesis has not been reported.

The TbUGGT gene sequence was obtained with gene annotation and screening using
transcriptomics technology. After codon optimization, the recombinant expression vector
was constructed and expressed in Escherichia coli, and the enzyme activity was determined.
This study lays the foundation for future research on the complete synthesis of G in
Escherichia coli.
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2. Results
2.1. TWUGGT Gene Cloning and Sequence Analysis

The BG biosynthesis pathway starts from phosphoenolpyruvate and D-erythritose
4-phosphate (Figure 2a). Combined with the transcriptome data of Trapa bispinosa Roxb.,
the Unigene expression belonging to this pathway detected using RNA-Seq was analyzed
and displayed with a heat map (Figure 2b). A total of 44 Unigenes belonging to this
pathway were identified using the transcriptome, which was involved in four genes of the
pathway, namely, 3-deoxy-D-Arabino-Heptulosonate 7-phosphate synthase (EC 2.5.1.54),
3-dehydroquinate synthase (EC4.2.3.4), 3-Dehydroquinate dehydratase/Shikimate dehy-
drogenase (EC 4.2.1.10/EC 1.1.1.25), and gallate 1-beta-glucosyltransferase (EC 2.4.1.136).
The primary glycosyltransferase gene TOoUGGT (CL7060.4) was obtained.

a b

G
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Figure 2. 3G biosynthesis pathway (a) and the expression of related genes (b).

The Trapa bispinosa Roxb. transferase gene ToUGGT was amplified with PCR using spe-
cific primers and the preferred codon optimization of Escherichia coli. The gene had a total
length of 1500 bp, encoding 499 amino acids. The molecular weight of the protein sequence
predicted using ProtParam was about 55.8 kDa and was an unstable hydrophilic protein.

qRT-PCR was used to detect the expression pattern of TOUGGT and identify the
expression of the TOUGGT gene in different tissues of Trapa bispinosa Roxb., namely, shell
(FR), leaf (LR), stem (ST), and root (RT) (Figure 3). Apparent differences in transcription
levels were observed in different parts, the highest being shell (FR) expression, and the root
(RT) expression being the second. In contrast, the stem (ST) and leaf (LR) yielded relatively
low expressions.

According to the conservative structural domain analysis (Figure S1 Supplementary
Material), CD Search predicted that the ToOUGGT protein belonged to the glycosyltrans-
ferase_GTB-Type (PLN02555) superfamily with a domain range of 1aa—473aa (Figure Sla).
ScanProsite predicted that the protein belonged to the UDP Glycosyltransferases superfam-
ily with a domain range of 343aa—386aa (Figure S1b), while Pfam predicted that the protein
belonged to the UDPGT family. The domain range was 238aa—423aa (Figure Slc). ProtScale
indicated that the TOUGGT protein was hydrophilic (Figure S2). The signal peptide predic-
tion showed no signal peptides in this protein, and the probability of amino acids in each
point appearing outside the membrane was close to 1, demonstrating a low probability
to appear in the transmembrane region. Therefore, this protein was not a membrane or
secreted protein (Figure S3).
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Figure 3. Differential expression of TobUGGT:TbUGGT in different growth sites, including shell (FR),
leaf (LR), stem (ST), and root (RT).

2.2. Structure and Phylogenetic Analyses

SOPMA showed that the secondary structure of the TbUGGT protein sequence con-
tained o helices (blue), extended chains (red), § rotations (green), and random curls
(purple), accounting for 40.48%, 14.23%, 4.21%, and 41.08%, respectively (Figure S4). The
protein structure of TbUGGT was predicted using AlphaFold2, in which the model pLDDT
was as high as 91.8. (Figure 4a). pLDDT > 90 means that the residue has very high model
confidence, which the model can use for later molecular docking analyses. The homology
modeling structure was analyzed using PyMOL software (Figure 4b). The docking results
between the protein model and the substrate GA molecule showed a binding energy of
—6.3. A smaller binding energy indicated a tighter binding between the receptor and the
ligand. Visualization revealed that the binding sites were mainly concentrated in Glu at
position 139, in Ile at position 143, in Cys at position 145, and in Lys at position 218.

Figure 4. AlphaFold2 predicted ToUGGT protein structure model (a) and PyMOL software molecular
docking results (b).

In the homology analysis of the ToOUGGT protein sequence, the compared species
included Punica granatum, Syzygium oleosum, Eucalyptus Grandis, Corymbia Citriodora subsp.
Variegata, Eucalyptus Camaldulensis, Rhodamnia argentea, Juglans regia, Carya illinoinensis,
and Vitis Vinifera. The results showed a similarity of 87.60% between the protein and the
compared sequence (Figure 5). About 44 amino acid residues in the blue underlined part of
Figure 5 correspond to the conservative domain PSPG of glycosyltransferase [25], which
is the binding region of glycosyl donors, suggesting that the cloned gene was the UDP
glycosyltransferase gene.
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Figure 5. Comparison of TbUGGT amino acid sequences obtained from GenBank. The species, protein
names, and GenBank accession number of the aligned sequences are as follows: Corymbia Citriodora
subsp. variegata (KAF8013769.1); Eucalyptustus grandis (XP 01 0028410.1); Rhodamniania argentea
(XP 030523235.1); Syzygiumium oleosum (XP 030445800.1); Punicaica granatum (XP 031382117.1); Euca-
lyptus Camaldulensis (BBB21213.1); Vitis Vinifera (XP 002285379.1); Caryaya illinoinensis (KAG7977068.1);
Juglansins regia (XP 018827666.1).

MEGA was used to discuss the phylogenetic relationship between TbUGGT protein
sequences and the corresponding proteins in different species. The UGT amino acid
sequences of 20 plants were downloaded from the GenBank database for a cluster analysis
(Figure 6). Higher scores indicated a closer relationship (the maximum score was 100). The
closest relationship occurred between Trapa bispinosa Roxb. and pomegranate.
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Figure 6. Phylogenetic tree of TOUGGT from various species. e Trapa bispinosa Roxb.*: The target
gene TbUGGT in this study. The species, protein names, and GenBank accession number are Eucalyp-
tus Grandis (XP010028410.1), Corymbia Citriodora subsp. Variegata (KAF8013769.1), Vitis amurensis
(CZS70601.1), Syzygium oleosum (XP030445800.1), Punica granatum (XP031382117.1), Eucalyptus Camald-
ulensis (BBB21213.1), Jatropha curcas (KDP45909.1), Ricinus communis (XP002518668.1), Hevea brasiliensis
(XP021664419.1), Manihot esculenta (XP 021619116.1), Vitis Riparia (XP 034681626.1), Vitis labrusca
(ABHO03018.1), Vitis Vinifera (XP002285379.1), Vitis quinquangularis (ASR73556.1), Rhodamnia argentea
(XP030523235.1), Cephalotus follicularis (GAV61182.1), Canarium album (QZM06937.1), Mangifera indica
(XP044479746.1), and Pistacia vera (XP031284307.1).

2.3. Prokaryotic Expression of T0UGGT

To obtain the recombinant expression strain, the recombinant plasmid PET-28a-Tbuggt
was transformed into the Escherichia coli BL21(DE3) expression strain after colony PCR
identification. IPTG was used as the inducer to induce fusion protein expression, and
the bands were verified using SDS-PAGE electrophoresis (Figure 7a). Compared with the
blank control group, specific protein bands of about 55 kDa (theoretically predicted value
of 59.6 kDa) appeared in the experimental group, as indicated by the arrow in the figure.

Furthermore, the recombinant protein was purified with mass culture to eliminate
the interference of other proteins, and the bacteria and the bacterial liquid were detected
using SDS-PAGE (Figure 7b). The target protein band appeared in the bacterial lane at
around 55 kDa, while the protein band did not appear in the bacterial liquid lane, indicating
that the protein was expressed in Escherichia coli. However, the expressed proteins were
mainly concentrated in the bacterial solution, and most of them existed in the form of
inclusion bodies, which were broken to release the proteins. SDS-PAGE was used to detect
the protein before and after purification (Figure 7b), and the target protein bands appeared
at about 55 kDa, indicating that the protein was successfully expressed and purified in
Escherichia coli.

108



Molecules 2022, 27, 8374

a 'km M c1 C2 C3 ca b M CLL sLe
180 N kDa
180
130 . 130
- = 95
- wiBlE S
70 - 70
53
55 W
40
40

" ~ 33
e Lk

Figure 7. SDS-PAGE results of whole bacterial protein of recombinant strain containing pET-28a-
TbUGGT (a) and SDS-PAGE results of purified protein (b). (a) Lane M, protein marker; Lane C1,
non-induced whole bacterial protein containing recombinant plasmid; Lane C2, non-induced whole
bacterial protein containing empty vector; Lane C3, whole bacterial protein containing recombinant
plasmid after induction; Lane C4, whole bacterial protein containing empty carrier after induction.
(b) Lane M, protein marker; Lane CL1, supernatant before bacterial fragmentation; Lane CL2, purified
protein concentrate.

2.4. Determination of Enzyme Activity of T0UGGT Protein In Vitro

The standard substances of 3G, GA, and UDPG were detected under unified-liquid-
phase conditions. The liquid-phase detection results (Figure 8) showed that the retention
times of the three reference substances were 2.487 min for GA, 7.662 min for UDPG, and
6.662 min for G. The experimental group showed a signal peak at 6.700, with a retention
time similar to that of standard G, indicating the successful production of BG. In order
to confirm that the produced substance was indeed BG, LC-MS was used to verify the
material composition of the sample and the blank control (Figure 9). The results showed
contrast peaks at 7.28 min~7.90 min. There were 3G characteristic ion fragments in the
mass spectrum at 7.52 min m/z = 331.06760. The molecular formula was Ci3H;5010,
and the molecular formula of G is Ci3H;5019, which aligned with the negative ion
scanning situation.

a DAD1 A. Sig=280.4 Ref=off (001-P2-A1-BETA D)
mAU s
@
2000
1500 “
I o
1000 - | l
|
\ "
- |
| “8
s s i
° Nag_ge. o) ]
s B g T g T T g T T Tad

Figure 8. Cont.

109



Molecules 2022, 27, 8374

b DADT A $ig+280 4 Ref=of (002-P2-A2-GA D)

f®

k)
1%
13304
| Wi
1565
261
2455

@
8
811
8

z 'y =
Cc ORGT A 557380 4 Refeafl (054 A4-SAHBETA G}
] O

| prees

15 20 25 0 =

Figure 8. Determination of recombinant TOUGGT enzyme activity using HPLC. (a) UDPG((D) and
GA(®@) standard; (b) BG((®) standard; (c) experimental group.

Therefore, it is speculated that the recombinant TOUGGT protein has some enzymatic
activity and can catalyze the reaction between GA and UDPG to generate 3G. However,
the product peak area was small, and the conversion rate was low. Subsequent experiments
may consider expanding the culture or increasing the amount of enzyme reaction to increase

the yield.
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Figure 9. Determination of recombinant TbUGGT enzyme activity using LC-MS. (a) blank control
group; (b) sample experiment group (c) G mass spectrometry results.

3. Discussion

As an alien species, Trapa bispinosa Roxb. has been domesticated and cultivated in
China [26]. Wuhan, China, is one of the cultivation bases of Trapa bispinosa, as the climate
and environment are suitable for the growth and development of the plant [27]. Presently,
research on Trapa bispinosa Roxb. focuses on the extraction of active ingredients [28,29],
starch materials [30-32], pharmacological activity [33,34], etc. BG is one of the main
active components of riboflavin and has significant medicinal value. Moreover, G is
the primary substrate of PGG, which has anti-cancer properties and has been extensively
studied. However, the synthesis mechanism of Trapa bispinosa Roxb. remains unelucidated.
Therefore, a series of experiments on 3G biosynthesis were performed.

Many biochemical reactions are associated with glycosylation, and glycosyltrans-
ferase (GA) plays an essential role in plant growth and development, hormone balance,
and toxic substance removal through glycosylation [35,36]. Meanwhile, a variety of gly-
cosylation donors are involved in the glycosylation reaction. As a UDP-glycosylation
donor-dependent enzyme, UGTs can selectively catalyze the site-directed glycosylation
modification of natural and non-natural compounds. These are widely used in research
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and discovery of new drugs [37,38]. Here, the full-length gene of TbOUGGT was amplified
using a high-fidelity enzyme, and its amino acid sequence was compared with the gly-
cosyltransferase of other species. The UGT family is highly conserved in different plant
species [39]. The conserved functional domain allows the genes to maintain a certain
similarity in catalytic potency. Currently, the UGT crystal structure has been obtained
mainly in plants, such as cassava [40], Saffron [41], Arabidopsis thaliana [42,43], etc. These
UGTs only recognize UDPG as a sugar donor [44]. In subsequent experiments in this study,
TbUGGT selectively catalyzed UDPG and GA as substrates to generate 3G, confirming the
results of the functional analysis.

In this study, during the purification and expression of the TbOUGGT protein, most
proteins existed in the form of inclusion bodies, as predicted with ProtScale and signal
peptide. The protein was a non-membrane and non-secretory protein. As reported in the
literature, inclusion body proteins could not be inactivated after ultrasound [45]. Here,
the TbOUGGT protein was extracted and purified by referring to the particular extraction
method of the Escherichia coli inclusion body [46]. Escherichia coli was used as host bacteria
for heterologous expression, producing inclusion bodies and inhibiting protein expression,
but its activity remained unaffected. The low content of late catalytic might have been
related to the particular processing mode of proteins in Escherichia coli, resulting in the
protein not being wholly purified [47,48]. The specific reasons need to be investigated in
further studies.

The gRT-PCR results demonstrated that the expression levels in the shell and root
were higher than those in the other two parts, which may have been related to the influence
of phenolic tannins on plant growth. The higher shell expression may have been attributed
to the accumulation of plant secondary metabolites in fruits. Studies have shown that
the presence of binary phenol or polyphenol may inhibit the activity of indole acetate
oxidase, reduce the degree of auxin oxidation, and promote plant growth [49]. Specific
concentrations of plant endogenous phenols can enhance their rooting ability. As Trapa
bispinosa Roxb. is a floating aquatic plant with many roots, the generation of polyphenols is
essential to meet its rooting needs. Nevertheless, further research is required to elucidate
the specific promoting mechanism.

4. Materials and Methods
4.1. Plant Materials

In this study, the plant materials of Trapa bispinosa Roxb. were collected in Jiangxia
District, Wuhan City, Hubei Province (114.10° E, 30.27° N). After cleaning, the samples
were treated with liquid nitrogen and immediately stored at —80 °C.

4.2. RNA Extraction and ToOUGGT Enzyme Gene Cloning

RNA was extracted using The Plant Total RNA Isolation Kit (ENOVA BIO, Wuhan,
China) The purity and concentration of RNA were determined using an ultra-micro spec-
trophotometer (MD2000D) and agarose gel electrophoresis (0.8% agarose). Single-strand
c¢DNA was synthesized with PrimeScript IV 1st Strand cDNA Synthesis Mix (Takara Bio,
Beijing, China). Specific primers were based on the TbUGGT sequence information obtained
from Trapa bispinosa Roxb. transcriptome sequencing and designed using PremierX [24], as
shown in Table 1. The ToOUGGT enzyme gene was amplified using PCR with PrimeSTAR
Max DNA Polymerase (Takara Bio, Beijing, China), and an OMEGA PCR purification kit
was used to purify the amplified product. The size and quality of PCR products were
determined with agarose gel electrophoresis (0.8% agarose).
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Table 1. Primer sequences.

Primer Name Sequence (5'-3')
TbUGGT_F CGGAATTCATGGGTTCCGAGTCCTCGC
TbUGGT_R TAAAGCGGCCGCTCACGGGACCGGCTCTACC
TbUGGT_F ggatccGAATTCATGGGAAGTGAATC
TbUGGT_R ataagaatGCGGCCGCTTAGG
T7 F TAATACGACTCACTATAGGG
T7R GCTAGTTATTGCTCAGCGG
q-TbUGGT_F GTTTCAGATGGGAACGGCACTAGG
q-TbUGGT_R TCTGCGATGCTGTGGGTTCAAAG
C1168.2 F GCTTGAAGATATTGTCCCCTCATCCC
C1168.2R AGTCATCCTTTGTGCTGCCATTCTC

4.3. TWUGGT Sequence Analysis and Phylogenetic Prediction

The physicochemical properties of the protein encoded by the TbUGGT gene were
analyzed using ProtParam. Subsequently, conserved protein domains, their families, and
functional sites were analyzed with CD Search, ScanProsite, and Pfam. Furthermore,
ProtScale was used to analyze protein hydrophilicity, while TMHMM was used to predict
the protein transmembrane helical region, and the protein signal peptide was predicted with
SignalP. SOPMA was used to predict the protein’s secondary structure, and AlphaFold2
was used to construct the protein’s three-dimensional structure model [50]. The PDB file
of the 3D structural model of the protein was downloaded, and the ligand molecules
were downloaded from PubChem. Pymol-2.3.4 and AutoDockTools software applications
were used to process the ligands and protein molecules, and Vina software was used
for molecular docking. For visualization, the docking file was uploaded to Plip after
PyMOL processing. The amino acid sequences of the encoded protein were compared
using BLAST, and the homology was analyzed using DNAMAN. Mega-x was used to build
the phylogenetic tree. Online website addresses are displayed in Table 2.

Table 2. Bioinformatic analysis tools.

Tool Name Tool Web Site Access Date
ProtParam https:/ /web.expasy.org/protparam/ 12 February 2022
CD Search https:/ /www.ncbi.nlm.nih.gov /Structure/cdd/wrpsb.cgi? 12 February 2022
ScanProsite https:/ /prosite.expasy.org/scanprosite / 12 February 2022
Pfam http:/ /pfam.xfam.org/ 12 February 2022
ProtScale https:/ /web.expasy.org/protscale/ 12 February 2022
TMHHM https:/ /services.healthtech.dtu.dk/service.php? TMHMM 20 February 2022
SignalP https:/ /services.healthtech.dtu.dk/service.php?SignalP-6.0 20 February 2022

SOPMA https:/ /npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.htmL 30 July 2022
AphaFold2 https:/ /github.com/lucidrains/alphafold2 5 November 2022

4.4. TOUGGT Prokaryotic Expression
(1)  Vector construction and small-scale expression

The base sequence of the TOUGGT gene was optimized (GenScript Biotech Corp,
Nanjing, China) according to the codon preference of Escherichia coli. Specific primers were
designed, and restriction sites (EcoRI and Notl) were added, as shown in Table 1. The
target gene was constructed in the PET-28a vector and transferred to DH5¢c.. The plasmid
was then extracted and sent for nucleic acid sequencing (Sangon Biotech (Shanghai) Co.,
Ltd., Shanghai, China). The corresponding colonies on the plate were carefully selected
and inoculated into a kanamycin medium. The colonies were cultured overnight, and the
plasmids were extracted and stored in glycerobacteria. The PET-28a recombinant vector
was transformed into Escherichia coli BL21 (DE3), and colony PCR verification was per-
formed using T7 primers, as shown in Table 2. BL21 was cultured in Luria-Bertani (LB) with
kanamycin until the OD600 value reached about 0.6, and isopropyl -3-d-thiogalactoside

113



Molecules 2022, 27, 8374

(IPTG) was added at the final concentration of 0.5 mM to induce TbUGGT protein expres-
sion. Finally, 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed to detect fusion protein expression.

(2) Expression and purification of large amounts of protein

Single colonies containing recombinant plasmids were selected and inoculated into a
10 mL LB liquid medium with corresponding resistance. After overnight culture in a 37 °C
shaker, the colonies were transferred to 1 L of LB liquid medium and cultured until OD600
reached about 0.6 (duration of 2-3 h). The bacterial control solution was collected, and
IPTG was added at a final concentration of 0.5 mM. After shaking the culture at 28 °C for
5 h, bacterial precipitates were collected using centrifugation (6000 RPM, 4 °C, 10 min), and
the precipitates were cleaned twice with PBS to remove the residual medium. The bacterial
precipitates were then collected and stored at —20 °C for future use.

The fusion protein was purified according to the instructions of the His-Tag Protein
Purification Kit (Beyotime Biotechnology, Haimen, China). Subsequently, four milliliters of
non-denatured lysate was added per gram of bacterial precipitate and complete suspension.
The bacteria supernatant was collected using centrifugation. The BeyoGoldTM His-tag
packaging column was prepared, and the upper cleaning column was loaded and washed
5 times with 1 mL of washing liquid; then, 0.5 mL of eluent was used ten times. The eluate
of each tube was detected using SDS-PAGE electrophoresis, and the eluate that met the
requirements was combined. The eluent was concentrated using an ultrafiltration tube,
and SDS-PAGE was performed to detect 10 pL of the concentrated protein. The remaining
concentrated solution was stored at —80 °C.

4.5. Enzyme Activity Detection of Th0UGGT Protein

The total enzymatic reaction system was 100 pL, and 0.5 mM 3,4,5-trihydroxy benzoic
acid (GA) and 2.5 mM uridine diphosphate glucose (UDPG) were added. Furthermore,
100 mM MES buffer containing 0.1% (-mercaptoethanol was used to provide a buffer
environment. Next, the purified enzyme solution was added to the experimental group,
while the enzyme solution was not added to the control group. After 3 h of reaction at
30 °C, methanol was added to terminate the reaction, and HPLC and LC-MS were used for
detection. The liquid-phase conditions and methods are described below.

HPLC: chromatographic column, Agilent C18 column; mobile phase, 1% acetic acid
water (A) and acetonitrile (B); injection volume, 20 puL; flow rate, 1.0 mL/min; column
temperature, 35 °C; detection wavelength, 280 nm. Liquid-phase method: 0-10 min,
3-5% B; 10-15 min, 5-50% B; 15-25 min, 50-5% B; 25-30 min, 5-3% B; 30-35 min, 3% B.
The liquid-phase diagram of standard G was compared with the experimental results to
confirm product formation.

LC-MS: chromatographic column, Waters ACQUITY C18 column (50 mm x 2.1 mm,
1.7 pm); mobile phase, 0.2% formic acid aqueous solution (A) and acetonitrile (B). Gradient
elution: 0~1.5 min, 93% A; 1.5~8 min, 93%~80% A; 8~15 min, 80%~75% A. Volume flow
rate, 0.4 mL/min; injection volume, 4 uL; column temperature, 35 °C.

Mass spectrometry conditions: negative ion scanning mode (ESI; m/z 100~1400);
capillary voltage, 2.64 Kv; collision voltage, 45 V; drying gas temperature, 350 °C; source
temperature, 150 °C; desolvent gas, N, 800 L/Hr.

4.6. TWUGGT Expression Pattern

Four samples, including shell (FR), leaf (LR), stem (ST), and root (FR), were selected
from the samples frozen at —80 °C, and the total RNA of the four samples was extracted
using the Kit method. An ultra-micro spectrophotometer (MD2000D) and agarose gel
electrophoresis (0.8% agarose) were used to evaluate the purity and concentration of RNA.
Reverse transcription into cDNA was performed using the PrimeScriptTM RT Reagent
Kit with gDNA Eraser (Takara Bio, Beijing, China) as the template for qRT-PCR. Table 1
displays the primer sequences (q-TbUGGT-F and q-TbUGGT-R) and reference gene EIF5A
(C1168.2-F and C1168.2-R). The reaction systems were prepared according to TB Green®
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Premix Ex TaqgTM II (Takara Bio, Beijing, China). The data were detected using CFEX96TM
real-time System (Bio-Rad, Wuhan, China) and analyzed using the 2-AACt method [51].

5. Conclusions

In this study, the gene TOUGGT was successfully cloned from Trapa bispinosa Roxb.
After gene optimization, the nucleic acid and protein sequences were analyzed using
bioinformatics and the phylogenetic tree and hosted into Escherichia coli. The gene was
purified and successfully expressed in Escherichia coli BL12 (DE3). The HPLC results showed
that TOUGGT could catalyze GA and UDPG to produce G. This study found the catalytic
role of TOUGGT in BG biosynthesis, laying the foundation for subsequent related studies
on G biosynthesis in Escherichia coli.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27238374/s1, Figure S1: Domain prediction of ToUGGT
protein (a—c), Figure S2: Hydrophilicity analysis of TOUGGT (a), Figure S3: Signal peptide predic-
tion (a) and transmembrane prediction (b) of TbOUGGT, Figure S4: Secondary structure prediction
of TbUGGT.
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Abstract: Hybrid compounds of flavones, namely chrysin and kaempferol, and substituted
1,2,3-triazole derivatives, were synthesized by click reaction of the intermediate O-propargyl deriva-
tives. 4-Fluoro- and 4-nitrobenzyl-1,2,3-triazole-containing hybrid molecules were prepared. The
mono- and bis-coupled hybrids were investigated on 60 cell lines of 9 common cancer types (NCI60)
in vitro as antitumor agents. Some of them proved to have a significant antiproliferative effect.
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1. Introduction

Cancer treatment is one of the most important medical challenges. Permanent research
is in progress to produce more effective and less toxic derivatives. One of the exciting and
promising directions of this research is the synthesis of antitumor hybrid molecules [1,2].
The concept of molecular hybridization is to incorporate two or more pharmacophores into
one molecule with covalent bonds, increasing the chance of effectiveness and improving the
drug kinetic properties of the resulting hybrid compared to the corresponding fixed-dose
drug combination. It should be noted that rigid distance imposed by the structure of the
compound between potentially active parts of the hybrid may prevent biological efficiency.

During our previous work, numerous new molecules exerting a significant antiprolif-
erative effect have been developed in this field. Various hybrids of Vinca alkaloids [3] were
synthesized, coupling with amino acid esters [4,5], steroids [6], flavones (e.g., 3, chrysin) [7],
phosphorus derivatives [8], amines [5], and compounds containing the known pharma-
cophore 1,2,3-triazole (2) [5]. Recently our work was extended to the synthesis of new
aminochrysin derivatives coupled with different aromatics [9].

Several flavonoids with antitumor activity are known in the literature [10,11]. Flavones
containing a 2-phenylchromen-4-one (1) backbone, and 1,2,3-triazole derivatives keep at-
tracting much research interest, and many 1,2,3-triazole-containing hybrids are known as
effective anticancer agents [12-15]. During the last decade, numerous biologically active
flavone—1,2,3-triazole hybrids have been synthesized [16-18], for example, 5 apigenin-7-
methyl ether derivative, which showed promising activity against ovarian cancer
(ICs509 =10, 15 and 20 uM for SKOV3, OVCAR-3 and Caov-3 cancer cell lines) (Figure 1) [19].

In this study, the above outlined results inspired us to develop synthetic possibilities
for the preparation of flavone—1,2,3-triazole hybrids.
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Figure 1. The structure of 2-phenylchromen-4-one (1), 1,2,3-triazole (2), chrysin (3), kaempferol (4),
and an anticancer flavone—1,2,3-triazole hybrid (5).

2. Results and Discussion

In the course of elaborating the synthetic design, chrysin (5,7-dihydroxyflavone) (3)
and kaempferol (3,4’ ,5,7-tetrahydroxyflavone) (4) were chosen (Figure 1) to couple with
1,2,3-triazole derivatives. Some chrysin—1,2,3-triazole hybrids prepared by a different way,
were previously reported as antibacterial agents [20].

2.1. Coupling Components

Chrysin (3) is among the best-known flavones. It is abundant in nature and present in
many edible plants and honey [21]. It has an anticancer effect through inducing apoptosis
and autophagy [21,22]. Chrysin (3) seems to be suitable for use alone and /or in combination
with other chemotherapeutic agents [21]. Kaempferol (4) and its derivatives are also found
in many plants. They can prevent coronary heart disease and inflammatory problems, and
they also show antiproliferative effects and may induce apoptosis [23].

It is known that 1,2,3-Triazole derivatives have been widely used as a pharmacophore
in hybrids. In addition to the advantageous physico-chemical properties of this moiety, it is
also known to exert various biological effects [24,25]. 1,2,3-Triazole derivatives are charac-
terized by stability, the ability to form hydrogen bonds (increasing their water solubility),
and weak basicity (they are not protonated at physiological pH). Moreover, 1,2,3-triazole
derivatives have fungicidal, antibacterial, antituberculosis, and anticancer effects [26,27].
The well-known click reaction is used for the preparation of 1,2,3-triazole derivatives, as one
of the tools of modern organic synthetic methods based on structure-activity relationships,
preferably the N'-(4-fluoro- and 4-nitrobenyzl)-1,2,3-triazole derivatives [24,28].

2.2. Chemistry

Chrysin (3) reacted with an equimolar quantity of propargyl bromide (PPGBr) in
dimethylformamide in the presence of cesium carbonate at room temperature (Scheme 1),
resulting in the 7-substituted product (6) (known as an intermediate of antibacterial deriva-
tive prepared by a method different from ours [20]). The reason for the regioselectivity is
that the proton of the 5-hydroxyl group forms an intramolecular H-bond with the neighbor-
ing oxo group. Certainly, with an excess of propargyl bromide (5 equivalent), exclusively
the 5,7-disubstituted derivative (7) proved to be the product, as expected. Others also
synthesized this compound using gold(I) complexes without reporting any preparative
and characterization details [29].

The next reaction step was the click reaction (Scheme 2) using 4-fluoro- and 4-nitrobenzyl
azide prepared in situ from the corresponding benzyl bromides with sodium azide in DMF
at room temperature [30].

The reaction was carried out in the presence of copper(l) iodide, triphenylphosphine,
and N,N-diisopropylethylamine, and resulted in known hybrids 8 and 9, respectively.
These two hybrids were prepared previously with another method, however, only their
antibacterial effect has been investigated [20]. Bis(propargyl) derivative 7 was also treated
with the same reaction conditions and gave the bis-hybrids 10 and 11. Avoiding the
difficult isolation from the triphenylphosphine oxide formed, the latter click reaction was
successfully achieved also with further reagents, namely with copper sulfate pentahydrate
and sodium L-ascorbate in a two-phase mixture.
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Scheme 1. The reaction between chrysin (3) and propargyl bromide (PPGBr).
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Scheme 2. The synthesis of chrysin hybrids (8-11) containing one or two 1,2,3-triazole units.

The second flavone building block, selected for the synthesis of hybrids, was kaempferol
(4). The alkylation with propargyl bromide was investigated with different bases and in
different solvents (Scheme 3). Using cesium carbonate or potassium carbonate as a base in
dimethylformamide compounds 12 and 13 were isolated. However, in acetone solution
compound 14 was obtained.
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Scheme 3. The reaction between kaempferol (4) and propargyl bromide.
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Derivative 13 was the compound isolated in the relatively largest quantity and was
chosen for the click reaction (Scheme 4). Investigating both the reaction conditions resulted
in the isolation of the bis-hybrid 15.

3

a) Cul, DIPEA, PPhs,
toluene, reflux or

b) CuSO4*5H,0,

Na L-ascorbate,
DCM, H20, rt

Y

15 (a: 5.5 h; 7%, b: 8 h; 5%)

F

Scheme 4. The synthesis of a kaempferol hybrid (15) containing two 1,2,3-triazole units.

2.3. Biological Evaluation

The in vitro antiproliferative activities of chrysin (3) and the synthesized compounds
(8-11, 15) were examined against 60 human tumor cell lines according to the given protocols
of NCI (USA) [31-35]. The results are summarized in Table 1. The percentages of growth
show the amount of living cancer cells compared to a reference. The negative numbers
indicate a significant decrease in the cell number. Since derivatives 8 and 10 had shown
remarkable antiproliferative activity on several cancer cell lines during the one-dose test,
they were subjected to a five-dose screening. The Gl5 (50% growth inhibition) values are
also given in Table 1.
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Table 1. Antiproliferative activities of chrysin (3), hybrids 8-11 and 15 against 60 human cancer cell
lines in vitro. In connection with GPR values, the negative numbers causing cell death are highlighted
in bold. Values where GI5p < 10 uM are highlighted in bold, too.

Growth Percent Rates (GPR) at 10 uM (%), GI5p (M)

Type 3 8 9 10 11 15
GPR GPR GlIs5p GPR GPR GlIs5p GPR GPR
Leukemia
CCRF-CEM 102.24 108.83 >100 112.13 77.52 >100 104.65 60.89
HL-60(TB) 116.20 103.89 >100 114.55 98.05 >100 111.80 105.09
K-562 96.80 109.01 >100 103.64 45.49 >100 97.39 46.23
MOLT-4 105.93 95.46 >100 105.64 83.24 >100 96.99 79.61
RPMI-8226 101.04 93.67 >100 99.31 45.61 - 116.61 72.72
SR 77.87 96.85 - - 32.75 - - 64.31
Non-small cell lung cancer
A549/ATCC 98.46 81.15 19.6 89.08 23.19 - 96.90 65.31
EKVX 89.35 60.13 63.8 90.34 57.19 - 102.98 87.06
HOP-62 113.09 —28.49 3.76 93.12 12.36 2.33 91.16 84.75
HOP-92 77.93 —3.35 4.43 94.82 —17.95 1.89 84.25 44.25
NCI-H226 86.84 60.93 3.51 75.07 - 2.07 - 42.31
NCI-H23 92.57 45.78 7.70 87.18 29.16 3.70 88.96 49.35
NCI-H322M 98.30 86.09 >100 93.16 43.54 - 95.03 70.85
NCI-H460 98.34 71.35 - 98.72 2.98 - 104.21 49.75
NCI-H522 88.95 15.11 6.60 87.56 17.59 3.66 73.12 48.28
Colon cancer
COLO 205 104.94 102.72 >100 102.46 68.37 - 118.35 108.22
HCC-2998 102.88 100.11 >100 88.27 74.13 >100 100.57 95.35
HCT-116 82.69 48.53 5.91 86.67 18.21 3.52 88.21 41.04
HCT-15 90.99 94.40 - 87.80 73.48 - 96.46 77.80
HT29 102.89 100.18 >100 99.75 35.13 - 113.48 100.61
KM12 92.93 99.40 >100 100.75 43.34 - 100.81 83.69
SW-620 101.60 102.02 >100 99.67 60.30 - 95.28 79.33
CNS cancer
SF-268 101.55 14.38 4.32 98.12 21.78 3.52 89.15 63.29
SF-295 99.86 10.37 10.2 96.99 38.91 2.32 99.59 65.43
SF-539 92.17 1.10 5.17 84.22 —10.54 221 88.21 38.91
SNB-19 86.04 —32.68 4.51 86.51 12.08 4.55 76.47 54.14
SNB-75 88.98 —65.88 3.74 85.58 6.29 1.69 81.23 53.82
u251 80.67 —16.90 13.9 93.22 10.45 2.80 106.25 71.92
Melanoma
LOX IMVI 85.08 78.50 >100 95.50 34.84 - 99.64 58.11
MALME-3M 101.76 6.44 5.06 83.74 15.21 2.03 88.16 53.41
Mi14 106.78 65.94 >100 94.81 56.84 - 89.13 55.83
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Table 1. Cont.

Growth Percent Rates (GPR) at 10 uM (%), GI5 (M)

Type 3 8 9 10 11 15

GPR GPR G5 GPR GPR G5 GPR GPR
MDA-MB-435 99.53 98.22 - 95.76 40.86 - 100.25 67.94
SK-MEL-2 109.90 —39.78 6.80 99.46 48.82 4.49 85.75 83.61
SK-ML-28 101.70 93.61 - 92.25 29.89 - 100.20 39.71
SK-MEL-5 92.85 84.47 >100 93.58 17.09 - 89.29 54.58
UACC-257 118.94 86.27 >100 95.41 46.37 - 94.84 83.76
UACC-62 82.24 53.15 - 76.28 29.96 - 88.18 42.06

Ovarian cancer
IGROV1 95.22 31.22 17.6 78.98 43.47 445 94.68 53.46
OVCAR-3 97.60 61.68 - 112.53 21.16 - 105.28 53.34
OVCAR-4 112.07 - - 97.37 —9.56 - 100.27 66.63
OVCAR-5 99.07 83.70 >100 95.94 55.10 - 93.98 81.04
OVCAR-8 95.19 20.41 3.76 91.53 12.68 - 91.22 56.95
NCI/ADR-RES 92.84 43.17 5.57 78.12 70.43 >100 99.23 88.99
SK-OV-3 128.15 20.59 6.57 91.10 16.22 - 109.51 87.44

Renal cancer

786-0 99.20 2.24 9.26 101.61 1.13 1.96 100.98 74.81
A498 86.62 63.12 42.0 88.60 30.81 - 95.12 71.72
ACHN 85.03 5.21 6.23 89.78 7.30 - 85.97 53.80
CAKI-1 83.56 58.70 5.76 96.44 54.63 - 83.45 67.48
RXF 393 91.19 9.11 3.58 - —8.05 1.78 85.59 37.74
SN12C 85.77 58.08 >100 98.25 38.67 - 85.22 56.19
TK-10 107.21 0.59 10.4 102.72 37.10 3.01 106.68 90.47
uo-31 89.42 67.00 - 74.94 3.64 - 81.08 79.66

Prostate cancer
PC-3 93.17 75.99 - 92.51 35.99 - 107.77 77.08
DU-145 92.00 65.83 >100 107.16 40.01 - 101.38 67.54

Breast cancer

MCF7 103.05 65.73 - 87.76 53.27 - 88.82 59.60
%?Q%BC_ 82.64 12.02 16.6 82.84 9.10 2.34 73.21 57.07
HS 578T 92.51 9.08 6.26 85.62 20.89 3.28 78.08 45.96
BT-549 91.01 16.31 7.98 83.18 18.75 - 78.58 49.15
T-47D 101.44 44.20 - 85.48 40.62 - 96.27 52.68
MDA-MB-468 91.09 53.94 20.0 80.62 38.69 1.97 74.09 54.70

It can be seen from Table 1 that no antiproliferative effect was shown by chrysin
(3) and compounds 9 and 11. Hybrids 8 and 10 cause cell death on several cell lines
of different types of cancer and show inhibition effect also on some cases. Despite the
relatively limited structural diversity of our compounds, the above results revealed some
interesting structure-activity relationships. We found that (i) the bis-hybrid compounds
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also exert considerable antiproliferative effect and (ii) replacement of the fluorine atom
by a nitro group reduces the bioactivity. The kaempferol-triazole hybrid (15) gave rather
modest results.

The two promising compounds (8 and 10) were tested for their antiproliferative activity
on further two human cervical cancer cell lines HeLa and SiHa (Table 2). Interestingly, the
monohybrid derivative 8 was active only against HeLa cells, and SiHa cells were relatively
resistant to it. The bis-hybrid derivative 10 was more potent and similarly active against
both cell lines, with a sub-micromolar IC5( value against HeLa. Both derivatives exhibited
higher activity than the reference agent cisplatin against HeLa cells.

Table 2. In vitro antiproliferative activity of compounds 8 and 10 against human cervical cancer cell
lines. Compounds were tested in the concentration range of 0.1-30 uM in 2 biological replicates,
5 parallel measurements each. ICsy values and their 95% confidence intervals (C.I.) are presented.
Value where IC5p < 1 uM is highlighted in bold. Cisplatin was included as a reference agent.

ICsp [95% Confidence Intervall(uM)

Hybrid/Cell Line HeLa SiHa
1.909
8 [1.543-2.361] >30
10 0.7331 1.352
[0.5771-0.9312] [1.148-1.592]
Cisplatin 12.26 5.305
P [10.36-14.49] [4.650-6.053]

The results obtained in this paper are encouraging for the future optimization of the
derivatives. We want to emphasize that this study may be the starting point for more
detailed synthetic and anticancer research.

3. Materials and Methods
3.1. General Materials and Methods

All chemicals were purchased from Sigma-Aldrich (Budapest, Hungary) and were
used as received. Melting points were measured on a VEB Analytik Dresden PHMK-
77/1328 apparatus (Dresden, Germany) and are uncorrected. IR spectra were recorded
on Zeiss IR 75 and 80 instruments (Thornwood, NY, USA). NMR measurements were
performed on a Bruker Avance III HDX 500 MHz NMR spectrometer equipped with a
TH(3C/N} 5 mm TCI CryoProbe (Bruker Corporation, Billerica, MA, USA). TH And 13C
chemical shifts are given on the delta scale as parts per million (ppm) relative to tetramethyl
silane. One-dimensional 'H, and 13C spectra and two-dimensional TH-1H COSsY, 'H-'H
NOESY, 'H-13C HSQC, and 'H-'3C HMBC spectra were acquired using pulse sequences
included in the standard spectrometer software package (Bruker TopSpin 3.5, Bruker Corpo-
ration). ESI-HRMS and MS-MS analyses were performed on a Thermo Velos Pro Orbitrap
Elite (Thermo Fisher Scientific, Bremen, Germany) system. The ionization method was
ESI, operated in positive ion mode. The protonated molecular ion peaks were fragmented
by CID (collision-induced dissociation) at a normalized collision energy of 35-65%. For
the CID experiment, helium was used as the collision gas. The samples were dissolved
in methanol. EI-HRMS analyses were performed on a Thermo Q Exactive GC Orbitrap
(Thermo Fisher Scientific, Bremen, Germany) system. The ionization method was EI and
operated in positive ion mode. Electron energy was 70 eV and the source temperature was
set at 250 °C. Data acquisition and analysis were accomplished with Xcalibur software
version 4.0 (Thermo Fisher Scientific). TLC was carried out using DC-Alufolien Kieselgel
60 Fp54 (Merck, Budapest, Hungary) plates. Preparative TLC analyses were performed on
silica gel 60 PF)s54.366 (Merck) glass plates.
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3.2. Chemistry
3.2.1. 7-(O-Propargyl)chrysin (6)

Chrysin (3) (330 mg, 1.3 mmol) and cesium carbonate (426 g, 1.3 mmol) were dissolved
in DMF (15 mL), the solution was stirred at 10 min, then propargyl bromide (0.142 mL,
1.3 mmol) was added in 80% toluene solution. After stirring at room temperature for
18.5 hrs, the reaction mixture was evaporated to dryness, and the residue was dissolved in
dichloromethane (60 mL). Next, water (60 mL) was added, and the pH was adjusted to 1
with 2M hydrochloric acid solution. The water phase was extracted with dichloromethane
(2 x 30 mL), then the combined organic phase was washed with water (60 mL) and saturated
sodium chloride solution (60 mL). The organic phase after drying with magnesium sulfate
was evaporated to dryness, and the crude product was purified with preparative TLC
(dichloromethane-methanol = 40:1) to give 274 mg (72%) of compound 6 as a yellow solid.
M.p.:180-182 °C. TLC (dichloromethane-methanol = 30:1); R¢ = 0.83. IR (KBr) 3284, 1663,
1624, 1540, 1331, 1155, 767 cm~!. 'H NMR (499.9 MHz; DMSO-dg) 6 (ppm) 3.69 (t; ] = 2.4 Hz;
1H; C(7)-OCH,C=CH); 4.97 (d; ] = 2.4 Hz; 2H; C(7)-OCHy); 6.48 (d; | = 2.3 Hz; 1H; H-6);
6.88 (d; ] = 2.3 Hz; 1H; H-8); 7.07 (s; 1H; H-3); 7.58-7.62 (m; 2H; H-3/, H-5'); 7.62-7.66 (m; 1H;
H-4'); 8.09-8.13 (m; 2H; H-2/, H-6'); 12.84 (s; 1H; C(5)-OH). 3C NMR (125.7 MHz; DMSO-
de) 6 (ppm) 56.2 (C(7)-OCHy); 78.3 (C(7)-OCH,C=CH); 79.0 (C(7)-OCH,C=CH); 93.7 (C-8);
98.6 (C-6); 105.2 (C-10); 105.4 (C-3); 126.4 (C-2/, C-6'); 129.1 (C-3/, C-5'); 130.5 (C-1'); 132.1
(C-4'); 157.1 (C-9); 161.1 (C-5); 163.1 (C-7); 163.5 (C-2). 182.1 (C-4). ESI-HRMS:M + H
=293.08086 (delta = 0.08 ppm; C13H1304). HR-ESI-MS-MS (CID = 55%; rel. int. %): 269(5);
265(100); 251(56); 247(4); 239(6); 223(10).

3.2.2. 5,7-Bis(O-propargyl)chrysin (7)

Chrysin (3) (500 mg, 1.97 mmol) and cesium carbonate (3.2 g, 9.84 mmol) were dis-
solved in dimethylformamide (20 mL), the solution was stirred at 10 min, then propargyl
bromide (1.1 mL, 9.84 mmol) was added in 80% toluene solution. After stirring at room
temperature for 45 min, the reaction mixture was evaporated to dryness, and the residue
was dissolved in dichloromethane (40 mL). Next, water (40 mL) was added, and the pH
was adjusted to 1 with 2M hydrochloric acid solution. The water phase was extracted with
dichloromethane (3 x 20 mL), then the combined organic phase was washed with water
(2 x 20 mL) and saturated sodium chloride solution (20 mL). The organic phase after drying
with magnesium sulfate was evaporated to dryness and 620 mg (95%) pure product (7) was
obtained. M.p.: 204-206 °C. TLC (dichloromethane-methanol = 30:1); R¢ = 0.33. IR (KBr)
3214, 1635, 1597, 1450, 1343, 1164, 833 cm 1. "H NMR (499.9 MHz; DMSO-dg) J (ppm) 3.63
(t; ] = 2.4 Hz; 1H; C(5)-OCH,C=CH); 3.70 (t; ] = 2.4 Hz; 1H; C(7)-OCH,C=CH); 4.93 (d;
] =2.4Hz; 2H; C(5)-OCH,); 4.98 (d; | = 2.4 Hz; 2H; C(7)-OCH,); 6.67 (d; | = 2.3 Hz; 1H; H-6);
6.82 (s; 1H; H-3); 7.00 (d; | = 2.3 Hz; 1H; H-8); 7.54-7.62 (m; 3H; H-3/, H-4/, H-5); 8.01-8.09
(m; 2H; H-2/, H-6'). 3C NMR (125.7 MHz; DMSO-dg) ¢ (ppm) 56.2 (C(7)-OCHy); 56.4
(C(5)-OCHy,); 78.3 (C(7)-OCH,C=CH); 78.6 (C(5)-OCH,C=CH); 78.8 (C(5)-OCH,C=CH);
79.0 (C(7)-OCH,C=CH); 95.0 (C-8); 98.8 (C-6); 108.2 (C-3); 109.1 (C-10); 125.9 (C-2/, C-¢');
129.0 (C-3/, C-5'); 130.7 (C-1'); 131.4 (C-4'); 157.8 (C-5); 158.8 (C-9); 159.7 (C-2); 161.2 (C-7);
175.4 (C-4). ESI-HRMS: M + H = 331.09618 (delta = —0.9 ppm; C1H;504). HR-ESI-MS-
MS (CID = 35%; rel. int. %): 313(6); 303(89); 292(47); 289(16); 275(13); 265(13); 251(100);
185(36); 157(10).

3.f2.3. Click Reaction of 7-(O-Propargyl)chrysin (6) with 4-Fluorobenzyl Azide; Preparation
of 8

To 7-O-propargyl chrysin (6) (48 mg, 0.164 mmol) was added 4-fluorobenzyl azide
(25 mg, 0.164 mmol) in toluene solution (4 mL) prepared in situ [30], triphenylphosphine
(9 mg, 0.0328 mmol), copper(I) iodide (4 mg, 0.0164 mmol) and 0.09 mL (0.492 mmol)
diisopropylethylamine. After reflux for 2 h, the reaction mixture was diluted with toluene
(25 mL), then the mixture was washed with water (30 mL). After washing the water
phase with toluene (10 mL), the combined organic phase after drying with magnesium
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sulfate was evaporated to dryness. The preparative TLC (dichloromethane-methanol = 40:1)
of the crude product resulted in 5 mg (7%) pure product (8). M.p.:163-165 °C. M.p.
lit.: 190-191°C [20]. TLC (dichloromethane-methanol = 40:1); R=0.34. IR (KBr) 3424,
1660, 1614, 1558, 1161, 766, 541 cm~!. TH NMR (499.9 MHz; DMSO-ds) § (ppm) 5.29
(s; 2H; Hp-1"); 5.62 (s; 2H; Hy-7"); 6.50 (d; | = 2.2 Hz; 1H; H-6); 6.96 (d; | = 2.2 Hz; 1H;
H-8); 7.06 (s; 1H; H-3); 7.19-7.24 (m; 2H; H-10, H-12'); 7.39-7.44 (m; 2H; H-9/, H-13);
7.58-7.66 (m; 3H; C(2)-Ph: 2x Hyeta, Hpara); 8.09-8.12 (m; 2H; C(2)-Ph: 2x Hyy0); 8.35 (s;
1H; H-6'); 12.8 (br; 1H; C(5)-OH). *C NMR (125.7 MHz; DMSO-dg) 6 (ppm) 52.0 (C-7');
61.7 (C-1'); 93.5 (C-8); 98.6 (C-6); 105.0 (C-10); 105.3 (C-3); 115.5 (d; ?Jc = 21.6 Hz; C-10/,
C-12'); 124.9 (C-6); 126.4 (C(2)-Ph: Cyyppo); 129.1 (C(2)-Ph: Crera); 130.3 (d; 3Jcr = 8.5 Hz;
C-9', C-13); 130.5 (C(2)-Ph: Cipso); 132.0-132.1 (m; C-8', C(2)-Ph: Cpara); 142.0 (C-2'); 157.2
(C-9); 161.1 (C-5); 161.8 (d; 'JcF = 244.2 Hz; C-11); 163.5 (C-2); 163.9 (C-7); 182.0 (C-4). ESI-
HRMS: M+H = 444.13547 (delta = 0.13 ppm; Cp5H;9O4N3F). HR-ESI-MS-MS (CID = 45%; rel.
int. %): 416(100); 363(32); 307(24); 293(12); 291(60); 267(26); 255(47).

3.f2.4:. Click Reaction of 7-(O-Propargyl)chrysin (6) with 4-Nitrobenzyl Azide; Preparation
of 9

To 7-O-propargyl chrysin (6) (48 mg, 0.164 mmol) was added 4-nitrobenzyl azide
(29 mg, 0.164 mmol) in toluene solution (4 mL) prepared in situ [30], triphenylphosphine
(9 mg, 0.0328 mmol), copper(I) iodide (4 mg, 0.0164 mmol) and 0.09 mL (0.492 mmol)
diisopropylethylamine. After reflux for 4 h, the reaction mixture was diluted with toluene
(25 mL), then the mixture was washed with water (30 mL). After washing the water
phase with toluene (10 mL), the combined organic phase after drying with magnesium
sulfate was evaporated to dryness. The residue was dissolved in dichloromethane and after
filtration, the filtrate was evaporated to dryness, then 24 mg (31%) product (9) was obtained.
M.p.: 219-221 °C. M.p. lit.: 187-188 °C [20]. TLC (dichloromethane-methanol = 40:1);
Ry =0.45. IR (KBr) 809; 1155; 1349; 1524; 1617; 1656; 3083 cm™!. TH NMR (499.9 MHz;
DMSO-dg) 6§ (ppm) 5.32 (s; 2H; Hy-1'); 5.83 (s; 2H; Hyp-7'); 6.51 (d; ] = 2.1 Hz; 1H; H-6); 6.97
(d; ] = 2.1 Hz; 1H; H-8); 7.07 (s; 1H; H-3); 7.53-7.58 (m; 2H; H-9’, H-13'); 7.58-7.67 (m; 3H;
C(2)-Ph: 2x Hyeta, Hpara); 8.07-8.13 (m; 2H; C(2)-Ph: 2x Hyyy); 8.22-8.27 (m; 2H; H-10/,
H-12'); 8.43 (s; 1H; H-6'); 12.83 (s; 1H; C(5)-OH). '*C NMR (125.7 MHz; DMSO-d) 6 (ppm)
51.9 (C-7"); 61.7 (C-1'); 93.6 (C-8); 98.7 (C-6); 105.1 (C-10); 105.4 (C-3); 123.9 (C-10/, C-12');
125.4 (C-6"); 126.4 (C(2)-Ph: Cypyp); 129.0 (C-9', C-13');129.1 (C(2)-Ph: Cyrieta); 130.5 (C(2)-Ph:
Cipso); 132.1 (C(2)-Ph: Cpara); 142.2 (C-2'); 143.2 (C-8'); 147.2 (C-11'); 157.2 (C-9); 161.1
(C-5); 163.5 (C-2); 163.9 (C-7); 182.0 (C-4). ESI-HRMS: M+H=471.12976 (delta = —0.3 ppm;
Cy5H1906Ny). HR-ESI-MS-MS (CID=35%; rel. int. %): 443(25); 425(12); 307(18); 291(26);
255(100); 189(2).

3.2.5. Click Reaction of 5,7-Bis(O-propargyl)chrysin (7) with 4-Fluorobenzyl Azide;
Preparation of 10

(a) To 5,7-bis(O-propargyl) chrysin (7) (44 mg, 0.133 mmol) was added 4-fluorobenzyl
azide (40 mg, 0.265 mmol) in toluene solution (6 mL) prepared in situ [30], triphenylphos-
phine (14 mg, 0.0532 mmol), copper(I) iodide (5 mg, 0.0265 mmol) and 0.14 mL (0.798 mmol)
diisopropylethylamine. After reflux for 5 hrs, the reaction mixture was diluted with toluene
(25 mL), and the mixture was washed with water (30 mL), then the water phase was washed
with toluene (10 mL). The combined organic phase was dried with magnesium sulfate and
the precipitated product (10) (32 mg, 38%) could be separated with filtration.

(b) To 5,7-bis(O-propargyl) chrysin (7) (44 mg, 0.133 mmol) was added 4-fluorobenzyl
azide (40 mg, 0.266 mmol) in dichloromethane solution (4.5 mL) prepared in situ [30], cop-
per(Il) sulfate pentahydrate (56 mg, 0.222 mmol), sodium L-ascorbate (88 mg,
0.443 mmol) and water (4.5 mL). After 18 hrs of intensive stirring at room temperature,
the reaction mixture was diluted with water (18 mL) and extracted with dichloromethane
(2 x 20 mL). The combined organic phase was washed with saturated sodium chloride
solution (50 mL), and after drying with magnesium sulfate the solution was evaporated.
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The residue was separated with preparative TLC (dichloromethane-methanol = 15:1) and
27 mg (32%) product (10) was obtained (Figure 2). Mp.: 229-231 °C. TLC (dichloromethane-
methanol = 20:1); Ry = 0.30. IR (KBr) 1642, 1605, 1511, 1352, 1225, 1159 cm~ 1. TH NMR
(499.9 MHz; DMSO-dg) 6 (ppm) 5.23 (s; 2H; Hy-1"); 5.31 (s; 2H; Hp-1'); 5.63 (s; 2H; Hy-7');
5.64 (s; 2H; Hy-7"); 6.76 (s; 1H; H-3); 6.80 (d; ] = 2.2 Hz; 1H; H-6); 7.07 (d; ] = 2.2 Hz;
1H; H-8); 7.18-7.24 (m; 4H; H-10', H-12/, H-10”, H-12"); 7.38-7.42 (m; 2H; H-9”, H-13");
7.40-7.45 (m; 2H; H-9', H-13'); 7.54-7.61 (m; 3H; C(2)-Ph: 2x Hyseta, Hpara); 8.02-8.06 (m; 2H;
C(2)-Ph: 2x Hy0); 8.31 (s; 1H; H-6""); 8.37 (s; 1H; H-6'). 13C NMR (125.7 MHz; DMSO-d) &
(ppm) 51.9 (C-7"); 52.0 (C-7); 61.6 (C-1'); 62.6 (C-1""); 94.8 (C-8); 98.4 (C-6); 108.2 (C-3); 108.8
(C-10); 115.4-115.6 (m; C-10/, C-12/, C-10”, C-12"); 124.5 (C-6"); 124.9 (C-6'); 125.8 (C(2)-Ph:
Cortio); 129.0 (C(2)-Ph: Cyriera); 130.2 (d; 3Jcr = 8.5 Hz; C-97, C-13”); 130.3 (d; 3Jcr = 8.5 Hz;
C-9', C-13');130.7 (C(2)-Ph: Cipso); 131.4 (C(2)-Ph: Cparg); 132.1-132.2 (m; C-8', C-8”); 142.1
(C-2'); 142.9 (C-2""); 158.7 (C-5); 159.0 (C-9); 159.6 (C-2); 161.78 (d; Jcp = 244 Hz), 161.81
(d; YJcp = 244 Hz): C-11/, C-117; 162.2 (C-7); 175.4 (C-4). ESI-HRMS: M + H = 633.20636
(delta = 1.14 ppm; C35Hy704NgF;). HR-ESI-MS-MS (CID = 35%; rel. int. %): 605(43); 588(5);
577(6); 552(8); 498(8); 496(8); 456(5); 452(26); 444(48); 424(5); 399(6).
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Figure 2. The skeleton numbering of compound 10 used for NMR assignment.

3.2.6. Click Reaction of 5,7-Bis(O-propargyl)chrysin (7) with 4-Nitrobenzyl Azide;
Preparation of 11

(a) To 5,7-bis(propargyl) chrysin (7) (44 mg, 0.133 mmol) was added 4-nitrobenzyl azide
(47 mg, 0.266 mmol) in toluene solution (6 mL) prepared in situ [30], triphenylphosphine
(14 mg, 0.0532 mmol), copper(l) iodide (5 mg, 0.0265 mmol) and 0.14 mL (0.798 mmol)
diisopropylethylamine. After reflux for 4 hrs, the reaction mixture was diluted with toluene
(25 mL), and the mixture was washed with water (30 mL), then the water phase was washed
with toluene (10 mL). The combined organic phase was dried with magnesium sulfate, and
the precipitated crude product could be separated with filtration. After preparative TLC
(dichloromethane-methanol = 15:1) of the crude product, 9 mg (10%) pure product (11)
was obtained.

(b) To 5,7-bis(O-propargyl) chrysin (7) (176 mg, 0.532 mmol) was added 4-nitrobenzyl
azide (190 mg, 1.064 mmol) in dichloromethane solution (18 mL) prepared in situ [30], cop-
per(Il) sulfate pentahydrate (224 mg, 0.888 mmol), sodium L-ascorbate (352 mg, 1.772 mmol)
and water (18 mL). After 16.5 h of intensive stirring at room temperature, the reaction mix-
ture was diluted with water (72 mL) and extracted with dichloromethane (3 x 80 mL). The
combined organic phase was washed with saturated sodium chloride solution (200 mL), and
after drying with magnesium sulfate the solution was evaporated. The residue was sepa-
rated with preparative TLC (dichloromethane-methanol = 15:1) and 30 mg (17%) product
(11) was obtained. M.p. = 182-184 °C. TLC (dichloromethane-methanol = 20:1); R = 0.40.
IR (KBr) 805; 1109; 1167; 1348; 1521; 1608; 1644; 3080 cm 1. TH NMR (499.9 MHz; DMSO-d;)
 (ppm) 5.27 (s; 2H; Hp-1"); 5.34 (s; 2H; Hy-1'); 5.83 (s; 2H; Hy-7'); 5.84 (s; 2H; Hy-7"); 6.76
(s; 1H; H-3); 6.82 (d; ] = 2.3 Hz; 1H; H-6); 7.09 (d; | = 2.3 Hz; 1H; H-8); 7.53-7.61 (m; 7H;
H-9, H-13/, H-9", H-13", C(2)-Ph: 2x Hyseta, Hpara); 8.02-8.06 (m; 2H; C(2)-Ph: 2x Hyyypo);
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8.22-8.26 (m; 4H; H-10/, H-12', H-10"", H-12""); 8.39 (s; 1H; H-6""); 8.45 (s; 1H; H-6'). 13C
NMR (125.7 MHz; DMSO-dg) § (ppm) 51.8 (C-7"); 51.9 (C-7'); 61.6 (C-1'); 62.6 (C-1""); 94.9
(C-8); 98.4 (C-6); 108.2 (C-3); 108.8 (C-10); 123.8 (C-10/, C-12/, C-10"", C-12""); 125.0 (C-6"");
125.4 (C-6'); 125.8 (C(2)-Ph: Copio); 129.0 (C-9', C-13/, C-9”", C-13"", C(2)-Ph: Cypeta); 130.7
(C(2)-Ph: Cipso); 131.4 (C(2)-Ph: Cpary); 142.2 (C-2'); 143.1 (C-2"); 143.2 (C-8'); 143.3 (C-8");
147.2 (C-11', C-117); 158.7 (C-5); 159.0 (C-9); 159.6 (C-2); 162.1 (C-7); 175.4 (C-4). ESI-HRMS:
M-+H = 687.19286 (delta = —2.6 ppm; Ca5H,,05Ng). HR-ESI-MS-MS (CID = 35%; rel. int.
%): 659(45); 631(10); 507(84); 471(100); 443(12); 343(3); 291(7).

3.2.7. O-Alkylation of Kaempferol (4) with Propargyl Bromide

(a) Kaempferol (4) (113 mg, 0.393 mmol) and cesium carbonate (129 mg, 0.393 mmol)
were dissolved in dimethylformamide (5 mL) and after 10 min stirring propargyl bromide
(0.043 mL, 0.393 mmol) was added in 80% toluene solution. The reaction mixture was stirred
at room temperature for 2.5 hrs and was evaporated to dryness. The residue was dissolved
in dichloromethane (20 mL), then water (20 mL) was added and the pH was adjusted to 1
with 2N hydrochloric solution. The water phase was washed with dichloromethane (2 x 10 mL),
the combined organic phase was treated with water (20 mL), and then with saturated
sodium chloride solution (20 mL). After drying with magnesium sulfate the solution was
evaporated to dryness and using preparative TLC (dichloromethane-methanol = 20:1)
two products were obtained: 8 mg (6%) of monopropargylated derivative (12), and 25 mg
(19%) of 3,7-bis(O-propargyl) kaempferol (13).

(b) Kaempferol (4) (1130 mg, 3.93 mmol) and potassium carbonate (543 mg, 3.93 mg)
were dissolved in dimethylformamide (15 mL). After 10 min stirring at room temperature
propargyl bromide (0.43 mL, 3.93 mmol, in 80% toluene solution) dissolved in dimethyl-
formamide (5 mL) was dropped into the reaction mixture. After 2.5 h further potassium
carbonate (272 mg, 1.97 mmol) and propargyl bromide (0.22 mL, 1.97 mmol, in 80% toluene
solution) dissolved in dimethylformamide (2 mL) were added. The reaction mixture was
stirred for a further 5 hrs at room temperature, evaporated to dryness, and the residue
was dissolved in chloroform (200 mL). Next, water (200 mL) was added, and the pH was
adjusted to 1 with 2N hydrochloric acid. The water phase was extracted with chloroform
(2x100 mL), and the combined organic phase was washed with water (200 mL) and with
saturated sodium chloride solution (200 mL) and evaporated to dryness. Preparative TLC
(dichloromethane-methanol = 20:1) separation of the residue 40 mg (3%) of 12 and 330 mg
(23%) of 13 were obtained.

3-(O-Propargyl)kaempferol (12): M.p. = 180-182 °C. TLC (dichloromethane-methanol
=20:1); Ry = 0.19. IR (KBr) 821; 1180; 1235; 1557; 1660; 3293 cm~!. TH NMR (499.9 MHz;
DMSO-dg) d (ppm) 3.50 (t; ] = 2.4 Hz; 1H; C(3)-OCH,C=CH); 4.89 (d; | = 2.4 Hz; 2H;
C(3)-OCHy); 6.22 (d; ] = 2.1 Hz; 1H; H-6); 6.46 (d; | = 2.1 Hz; 1H; H-8); 6.90-6.95 (m; 2H;
H-3/, H-5'); 7.98-8.01 (m; 2H; H-2/, H-6'); 10.28 (br s; 1H; C(4')-OH); 10.90 (br; 1H; C(7)-OH);
12.55 (s; 1H; C(5)-OH). 3C NMR (125.7 MHz; DMSO-dg)  (ppm) 58.8 (C(3)-OCH,); 78.6
(C(3)-OCH,C=CH); 79.2 (C(3)-OCH,C=CH); 93.7 (C-8); 98.6 (C-6); 103.8 (C-10); 115.4 (C-3/,
C-5');120.4 (C-1"); 130.4 (C-2/, C-6'); 134.8 (C-3); 156.25 (C-9); 156.34 (C-2); 160.1 (C-4"); 161.1
(C-5); 164.2 (C-7); 177.6 (C-4). EI-HRMS: M = 324.06174 (delta = —3.4 ppm; C15H1,04).

3,7-Bis(O-propargyl)kaempferol (13): M.p. = 185-187 °C. TLC (dichloromethane-
methanol = 20:1); Ry = 0.49. IR (KBr) 1180; 1289; 1332; 1493; 1602; 1662; 3259 em~ L TH
NMR (499.9 MHz; DMSO-dg) 6 (ppm) 3.51 (t; | = 2.4 Hz; 1H; C(3)-OCH,C=CH); 3.68 (t;
J = 2.4 Hz; 1H; C(7)-OCH,C=CH); 4.91 (d; | = 2.4 Hz; 2H; C(3)-OCHy); 4.95 (d; ] = 2.4
Hz; 2H; C(7)-OCH,); 6.46 (d; ] = 2.3 Hz; 1H; H-6); 6.82 (d; ] = 2.3 Hz; 1H; H-8); 6.93-6.97
(m; 2H; H-3/, H-5"); 8.01-8.05 (m; 2H; H-2/, H-6'); 10.3-10.4 (br; 1H; C(4)-OH); 12.55 (s;
1H; C(5)-OH). 3C NMR (125.7 MHz; DMSO-dg)  (ppm) 56.2 (C(7)-OCH,); 58.9 (C(3)-
OCHy,); 78.3 (C(7)-OCH,C=CH); 78.5 (C(3)-OCH,C=CH); 79.0 (C(7)-OCH,C=CH); 79.3
(C(3)-OCH,C=CH); 93.3 (C-8); 98.4 (C-6); 105.2 (C-10); 115.4 (C-3/, C-5'); 120.3 (C-1); 130.5
(C-2/, C-6"); 135.1 (C-3); 155.9 (C-9); 156.8 (C-2); 160.3 (C-4'); 160.8 (C-5); 162.9 (C-7); 177.8
(C-4). EI-HRMS: M = 362.07804 (delta = —1.2 ppm; C1H140g).
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(c) Kaempferol (4) (200 mg, 0.699 mmol) and potassium carbonate (106 mg, 0.769 mg)
were dissolved in acetone (7 mL). After 10 min stirring at room temperature propargyl
bromide (0.076 mL, 0.699 mmol, in 80% toluene solution) dissolved in acetone (3 mL)
was dropped into the reaction mixture. After 7 hrs reflux further potassium carbonate
(53 mg, 0.35 mmol) and propargyl bromide (0.038 mL, 0.35 mmol, in 80% toluene solution)
dissolved in acetone (1.5 mL) were added. The reaction mixture was refluxed for a further
6 hrs, evaporated to dryness, and the residue was dissolved in dichloromethane (40 mL).
Next, water (40 mL) was added and the pH was adjusted to 1 with 2N hydrochloric
acid. The water phase was extracted with dichloromethane (2 x 20 mL), the combined
organic phase was washed with water (40 mL) and with saturated sodium chloride solution
(40 mL) and evaporated to dryness. After preparative TLC (dichloromethane-methanol
=20:1) separation of the residue, 10 mg (3%) of product 14 was obtained. M.p. = 158-160 °C.
TLC (dichloromethane-methanol = 20:1); Rf = 0.82. IR (KBr) 1174; 1185; 1509; 1605;
1627; 3287 cm~'. 'H NMR (499.9 MHz; DMSO-dg) ¢ (ppm) 3.47 (t; | = 2.4 Hz; 1H;
C(3)-OCH,C=CH); 3.64 (t; ] = 2.4 Hz; 1H; C(4)-OCH,C=CH); 3.65 (t; ] = 2.4 Hz; 1H;
C(5)-OCH,C=CH); 3.69 (t; ] = 2.4 Hz; 1H; C(7)-OCH,C=CH); 491 (d; ] = 2.4 Hz; 2H;
C(3)-OCHy); 4.92 (d; ] = 2.4 Hz; 2H; C(4')-OCHy); 4.93 (d; ] = 2.4 Hz; 2H; C(5)-OCHy);
497 (d; ] = 2.4 Hz; 2H; C(7)-OCHy); 6.64 (d; ] = 2.3 Hz; 1H; H-6); 6.96 (d; ] = 2.3 Hz;
1H; H-8); 7.15-7.19 (m; 2H; H-3/, H-5'); 8.07-8.11 (m; 2H; H-2/, H-6/). 3C NMR (125.7
MHz; DMSO-d;) 6 (ppm) 55.5 (C(4')-OCH,); 56.2 (C(7)-OCH,); 56.5 (C(5)-OCH,); 58.2
(C(3)-OCH,); 78.2 (C(7)-OCH,C=CH); 78.5 (C(5)-OCH,C=CH); 78.6 (C(4')-OCH,C=CH);
78.76 (C(4")-OCH,C=CH); 78.79 (C(3)-OCH,C=CH); 78.9 (C(5)-OCH,C=CH); 79.05 (C(7)-
OCH,C=CH); 79.10 (C(3)-OCH,C=CH); 94.7 (C-8); 98.4 (C-6); 108.8 (C-10); 114.7 (C-3’,
C-5); 123.0 (C-1'); 129.8 (C-2/, C-6"); 137.4 (C-3); 152.7 (C-2); 157.80 (C-9); 157.82 (C-5); 158.8
(C-4'); 161.2 (C-7); 171.9 (C-4). EI-HRMS: M = 438.10893 (delta = —2.0 ppm; Co7H;50¢).

3.2.8. Click Reaction of 3,7-Bis(O-propargyl)kaempferol (13) with 4-Fluorobenzyl Azide;
Preparation of 15

(a) To 3,7-bis(O-propargyl) kaempferol (13) (140 mg, 0.387 mmol) was added
4-fluorobenzyl azide (117 mg, 0.773 mmol) in toluene solution (10 mL) prepared in situ [30],
triphenylphosphine (41 mg, 0.155 mmol), copper(I) iodide (15 mg, 0.077 mmol), 0.43 mL
(2.322 mmol) diisopropylethylamine and 13 mL toluene. After reflux for 5.5 hrs, the reac-
tion mixture was diluted with toluene (70 mL), and the mixture was washed with water
(45 mL), then the water phase was washed with toluene (15 mL). The combined organic
phase was dried with magnesium sulfate and after preparative TLC (dichloromethane-
methanol = 20:1) of the residue, 17 mg (7%) product (15) was obtained.

(b) To 3,7-bis(O-propargyl) kaempferol (13) (193 mg, 0.532 mmol) was added 4-
fluorobenzyl azide (161 mg, 1.064 mmol) in dichloromethane solution (18 mL) prepared in
situ [30], copper(Il) sulfate pentahydrate (222 mg, 0.888 mmol), sodium L-ascorbate (351 mg,
1.77 mmol) and water (18 mL). After 8 h of intensive stirring at room temperature, the
reaction mixture was diluted with water (70 mL) and extracted with dichloromethane
(3 x 80 mL). The combined organic phase was washed with saturated sodium chloride
solution (200 mL), and after drying with magnesium sulfate the solution was evaporated.
The residue was separated with preparative TLC (dichloromethane-methanol = 20:1) and
18 mg (5%) product (15) was obtained (Figure 3). M.p. = 151-153 °C. TLC (dichloromethane-
methanol = 20:1); Ry = 0.31. IR (KBr) 1172; 1225; 1512; 1587; 1602; 1665; 3139 cm~ 1. TH NMR
(499.9 MHz; DMSO-d;) 6 (ppm) 5.20 (s; 2H; Hy-1""); 5.27 (s; 2H; Hy-1'); 5.51 (s; 2H; Hy-7");
5.62 (s; 2H; Hy-7"); 6.47 (d; ] = 2.2 Hz; 1H; H-6); 6.85-6.87 (m; 2H; C(2)-Ar: 2X Hyetq); 6.88
(d; ] = 2.2 Hz; 1H; H-8); 7.14-7.19 (m; 2H; H-10"", H-12"); 7.19-7.25 (m; 4H; H-10’, H-12/,
H-9", H-13""); 7.39-7.44 (m; 2H; H-9', H-13'); 7.88-7.92 (m; 2H; C(2)-Ar: 2x H,4,); 8.14 (s;
1H; H-6""); 8.34 (s; 1H; H-6'); 10.30 (br s; 1H; C(2)-Ar: Cpaye-OH); 12.68 (s; 1H; C(5)-OH). 13¢
NMR (125.7 MHz; DMSO-dg) 6 (ppm) 51.7 (C-7""); 52.0 (C-7'); 61.7 (C-1'); 64.1 (C-1""); 93.0
(C-8); 98.3 (C-6); 105.2 (C-10); 115.3 (C(2)-Ar: Cypeta); 115.4 (d; ?JcF = 21.6 Hz; C-10"", C-12"");
115.5 (d; ?Jcr = 21.6 Hz; C-10/, C-12/); 120.3 (C(2)-Ar: Cipso); 124.9 (C-6'); 125.0 (C-6");
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129.8 (d; 3Jcr = 8.4 Hz; C-9”, C-13"); 130.27 (C(2)-Ar: Cpypo); 130.30 (d; 3] = 8.3 Hz; C-9/,
C-13'); 132.1 (d; *Jcf = 3.0 Hz; C-8/, C-8"); 135.6 (C-3); 142.1 (C-2'); 142.4 (C-2"); 156.1 (C-9);
156.5 (C-2); 160.1 (C(2)-Ar: Cpara); 160.9 (C-5); 161.4 (d; ep = 244.2 Hz; C-117); 161.7 (d;
Yep = 2444 Hz; C-11'); 163.7 (C-7); 178.0 (C-4). ESI-HRMS: M + H = 665.19497
(delta = —0.7 ppm; C35H706NgF;). HR-ESI-MS-MS (CID = 35%; rel. int. %): 637(51);
620(5); 584(8); 530(20); 512(51); 484(26); 476(100); 456(7); 448(51); 431(8); 299(4).

HO © N=N.
é I4I o) 2'3 N—7
6 N10” NN e N
| . 7 N\,
NGNS 1{ /10
0 & 0 127=11
| \
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27 3N OH
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Figure 3. The skeleton numbering of compound 15 used for NMR assignment.

3.3. Biological Evaluation
3.3.1. One-Dose Screen

All compounds were tested initially at a single high dose (107> M) in the full NCI60
cell panel [31-35]. The number reported for the one-dose assay is growth relative to the
no-drug control and relative to the time zero number of cells. This allowed the detection
of both growth inhibition (values between 0 and 100) and lethality (values less than 0).
For example, a value of 100 means no growth inhibition. A value of 30 would mean 70%
growth inhibition. A value of 0 means no net growth over the course of the experiment. A
value of —30 would mean 30% lethality. A value of —100 means all cells are dead.

3.3.2. Five-Dose Screen

Compounds that exhibited significant growth inhibition in the one-dose screen were
evaluated against the 60-cell panel at five concentration levels. The human tumor cell
lines of the cancer screening panel were grown in RPMI 1640 medium containing 5% fetal
bovine serum and 2 mM l-glutamine. Typically, cells were inoculated in 96-well microtiter
plates in 100 pL at plating densities ranging from 5000 to 40,000 cells/well, depending
on the doubling time of individual cell lines. After cell inoculation, the microtiter plates
were incubated at 37 °C, 5% CO,, 95% air, and 100% relative humidity for 24 h prior to the
addition of experimental drugs. After 24 h, two plates of each cell line were fixed in situ
with trichloroacetic acid (TCA), to represent a measurement of the cell population for each
cell line at the time of drug addition (f,). Experimental drugs were solubilized in dimethyl
sulfoxide at 400-fold the desired final maximum test concentration and stored frozen prior
to use. At the time of drug addition, an aliquot of frozen concentrate was thawed and
diluted to twice the desired final maximum test concentration with complete medium
containing 50 ug ml~! gentamicin. Additional four, 10-fold or % log serial dilutions were
made to provide a total of five drug concentrations plus control. Aliquots of 100 uL of these
different drug dilutions were added to the appropriate microtiter wells already containing
100 uL of medium, resulting in the required final drug concentrations.

Following drug addition, the plates were incubated at 37 °C, 5% CO,, 95% air, and
100% relative humidity for an additional 48 h. For adherent cells, the assay was terminated
by the addition of cold TCA. Cells were fixed in situ by the addition of 50 uL of cold 50%
(w/v) TCA, and incubated at 4 °C for 60 min. The supernatant was discarded, and the
plates were washed with water (5x) and dried in air. Sulforhodamine B (SRB) solution
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(100 uL) at 0.4% (w/v) in 1% acetic acid was added to each well, and plates were incubated
at room temperature for 10 min. After staining, the unbound dye was removed by washing
five times with 1% acetic acid, and the plates were dried in the air. The bound stain
is subsequently solubilized with 10 mM trizma base, and the absorbance is read on an
automated plate reader at A = 515 nm. Using the seven absorbance measurements [time
zero (t,), control growth (c), and test growth in the presence of drug at the five concentration
levels (t;)], the percentage growth was calculated at each of the drug concentration levels.
Growth inhibition (%) was calculated as:

[(t; — t;)/(c — t;)] x 100, for concentrations where t; > t, (1)

[(t; — t,)/(t;)] x 100, for concentrations where t; < t,. 2)

Three dose-response parameters were calculated as follows. Gl (growth inhibition
of 50%) was calculated from Equation (3), which is the drug concentration resulting in a
50% reduction in the net protein increase (as measured by SRB staining) in control cells
during the drug incubation. The drug concentration resulting in total growth inhibition
(TGI) was calculated from Equation (4), where t; = t,. The LCs( indicating a 50% net loss of
cells following treatment was calculated from Equation (5):

[(t — t2)/(c — tz)] x 100 =50 3)
[(t —t,)/(c — t,)] x 100 =0 )
[(t — t2)/(t2)] x 100 = —50. G)

3.3.3. Antiproliferative Assay on HeLa and SiHa Cells

Cervical adenocarcinoma (HeLa) and cervical carcinoma (SiHa) cells were obtained
from the European Collection of Cell Cultures (Salisbury, UK) and the American Type Tissue
Culture Collection (Manassas, VA, USA), respectively. The cells were cultured in Minimum
Essential Medium supplemented with 10% fetal bovine serum, 1% non-essential amino
acids, and 1% penicillin-streptomycin at 37 °C in a humidified atmosphere. Media and
supplements were purchased from Lonza Group Ltd. (Basel, Switzerland). Cell viability
was assessed by the MTT assay as published before [36]. Briefly, the cells were seeded in
96 well plates at 5000 cells/well density. After 24 h, 100 uL of new media containing the
test samples was added. After incubation for 72 h, an aliquot of 44 uL of MTT solution
(5 mg/mL) was added. After incubation for a further 4 h, the medium was removed by
aspiration, the precipitated formazan crystals were dissolved by adding 100 L of DMSO
to each well, and the plates were shaken at 37 °C for 1 h. The absorbance was measured
at 545 nm with a microplate reader. ICsy values were calculated by fitting sigmoidal
dose-response curves by the nonlinear regression model log (inhibitor) vs. normalized
response and variable slope fit of GraphPad Prism 6 (GraphPad Software Inc., San Diego,
CA, USA). Clinically utilized anticancer agent cisplatin (Ebewe GmbH, Unterach, Austria)
was included as a reference molecule.

4. Conclusions

As a result of the current study, hybrid compounds containing chrysin coupled with
substituted 1,2,3-triazole pharmacophores showed significant in vitro anticancer activities
on several cell lines of different types of cancer. Moreover, the activity of the bis-conjugated
derivatives of chrysin was also considerable. Therefore, it may be a reasonable strategy
to prepare further hybrid molecules of flavones with more complex structures to obtain
potentially valuable new antitumor leads.
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Abstract: Phenolic compounds and flavonoids are potential substitutes for bioactive agents in phar-
maceutical and medicinal sections to promote human health and prevent and cure different diseases.
The most common flavonoids found in nature are anthocyanins, flavones, flavanones, flavonols,
flavanonols, isoflavones, and other sub-classes. The impacts of plant flavonoids and other phenolics
on human health promoting and diseases curing and preventing are antioxidant effects, antibacterial
impacts, cardioprotective effects, anticancer impacts, immune system promoting, anti-inflammatory
effects, and skin protective effects from UV radiation. This work aims to provide an overview of
phenolic compounds and flavonoids as potential and important sources of pharmaceutical and
medical application according to recently published studies, as well as some interesting directions for
future research. The keyword searches for flavonoids, phenolics, isoflavones, tannins, coumarins,
lignans, quinones, xanthones, curcuminoids, stilbenes, cucurmin, phenylethanoids, and secoiridoids
medicinal plant were performed by using Web of Science, Scopus, Google scholar, and PubMed.
Phenolic acids contain a carboxylic acid group in addition to the basic phenolic structure and are
mainly divided into hydroxybenzoic and hydroxycinnamic acids. Hydroxybenzoic acids are based
on a C6-C1 skeleton and are often found bound to small organic acids, glycosyl moieties, or cell
structural components. Common hydroxybenzoic acids include gallic, syringic, protocatechuic,
p-hydroxybenzoic, vanillic, gentistic, and salicylic acids. Hydroxycinnamic acids are based on a
C6-C3 skeleton and are also often bound to other molecules such as quinic acid and glucose. The

main hydroxycinnamic acids are caffeic, p-coumaric, ferulic, and sinapic acids.

Keywords: phenolics; curcumin; protocatechuic; quinones; stilbenes; curcuminoids

1. Introduction

Medicinal plants are very important worldwide, both when used alone and as a
supplement to traditional medication [1-5]. For many years, humans have employed
plants as a source of food, flavoring, and medicines [6-10]. Various parts of medicinal
plants such as seeds, leaves, flowers, fruits, stems, and roots are rich sources of bioactive
compounds [11-13]. Bioactive compounds should be considered as important dietary
supplements [14-19]. Polyphenols are a group of secondary metabolites involved in the
hydrogen peroxide scavenging in plant cells [20]. Phenolic compounds are second only
to carbohydrates in abundance in higher plants, and they display a great variety of struc-
tures, varying from derivatives of simple phenols to complex polymeric materials such
as lignin [21-26]. Phenolic compounds are known for their notable potential activity
against various human viruses, and phenolic compounds also have immunomodulatory
and anti-inflammatory activity [27]. The most abundant phenolic compounds are phenolic
monoterpenes (carvacrol and thymol) and diterpenes (carnosol, carnosic acid, and methyl
carnosate), hydroxybenzoic acids (p-hydroxybenzoic, protocatechuic, gallic, vanillic, cat-
echol, and ellagic), phenylpropanoic acids (p-coumaric, caffeic, rosmarinic, chlorogenic,
ferulic, cryptochlorogenic, and neochlorogenic), phenylpropenes (eugenol), coumarins
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(herniarin and coumarin), flavanoes (naringenin, eriocitrin, naringin, and hesperidin),
flavones (apigenin, apigetrin, genkwanin, luteolin, luteolin 7-glucuronide, cynaroside,
scolymoside, salvigenin, and cirsimaritin), and flavanols (catechin, astragalin, kaempferol,
methyl ethers, quercetin, hyperoside, isoquercetin, miquelianin, and rutin) [28,29].

Plant phenolics are considered promising antibiofilm and antifungal agents [30,31].
Diaz et al. [32] also reported that the levels of phenolic and flavonoid compounds were
correlated with the anti-inflammatory and antioxidant activities of medicinal plants.
Tukun et al. [33] reported that phenolic content is significantly connected to antioxi-
dant activity, and halophytes have high content of nutrients and phenolic metabolites.
Some of the most important phenolic compounds recognized from medicinal plants are
syringic acid and gallic acid from Moringa oleifera [34]; gallic acid, vanillic acid,
4-hydroxybenzoic acid, and syringic acid from Peganum harmala [35]; rosmarinic acid from
Rosmarinus officinalis L. and Mentha canadensis L. [36]; vanillin from Thymus vulgaris [37];
caffeic acid and p-coumaric acid from Ocimum basilicum L., Thymus vulgaris L., Salvia officinalis L.,
and Origanum vulgare L. [36]; piceatannol glucoside, resveratroloside, and piceid from
Polygonum cuspidatum [38]; trans-rhapontin, cis-rhapontin, and trans-desoxyrhaponticin
from Rheum tanguticum Maxim. Ex Balf. [39]; herniarin from Matricaria chamomilla [40];
kayeassamin I, mammeasin E, and mammeasin E from Mammea siamensis [41]; scopoletin,
fraxetin, aesculetin, fraxin, and aesculin from Fraxinus rhynchophylla [42]; phyllanthin,
niranthin, hypophyllanthin, nirtetralin, virgastusin, heliobuphthalmin lactone, and burse-
hernin from Phyllanthus amarus [43]; schisanchinin A, schisanchinin B, schisanchinin C, and
schisanchinin D from Schisandra chinensis [44]; 7-methyljuglone from Drosera rotundifolia [45],
rhein, physcion, chrysophanol, emodin, and aloe-emodin from Rheum palmatum and
Rheum hotaoense [46]; curcumin, demethoxycurcumin, and bis-demethoxycurcumin from
Curcuma longa [47]; luteolin, apigenin, orientin, apigenin-O-glucuronide, and luteolin-
O-glycoside from Origanum majorana [48]; glycitein, genistein, formononetin, daidzein,
prunetin, biochanin A and daidzin, and genistin from Medicago spp. [49]; kaempferol
3-O-glucoside and isorhamnetin 3-O-galactoside from Tephrosia vogelii [50]; rutin, kaempferol
3-O-rhamnoside, and quercetin 3-O-glucoside from M. oleifera [34]; gallocatechin and cate-
chin from Mentha pulegium [48]; taxifolin, taxifolin methyl ether, and dihydrokaempferide
from Origanum majorana [48]; hesperidin, naringenin-O-rhamnoglucoside, and isosakuranetin-
O-rutinoside from Mentha pulegium [48]; and punicalagin, pedunculagin I, granatin A,
ellagic acid, ellagic acid pentoside, ellagic acid glucoside, and punigluconin from
Punica granatum [51]. Phenolic phytochemicals include flavonoids, flavonols, flavanols,
flavanones, flavones, phenolic acids, chalcones, isoflavones, tannins, coumarins, lignans,
quinones, xanthones, curcuminoids, stilbenes, cucurmin, phenylethanoids, and several
other plant compounds, owing to the hydroxyl group bonded directly to an aromatic
hydrocarbon group [52]. The classes of phenolic compounds in plants are shown in Table 1.

Table 1. Classes of phenolic compounds in plants [53].

Class Structure
Simple phenolics, benzoquinones Ce
Hydroxybenzoic acids Ce-Cq
Acetophenones, phenylacetic acids Co-Co
Hydroxycinnamic acids, phenylpropanoids (coumarins, isocoumarins, C.-C
chromones, chromenes) 673
Napthoquinones Co-Cy
Xanthones Cs-C1-Co
Stilbenes, anthraquinones Cy-Cr-Cq
Flavonoids, isoflavonoids Ce-C3-Cq
Lignans, neolignans (Cy-C3)2
Biflavonoids (Cg-C3-Cg)2
Lignins (C6-C3)n
Condensed tannins (proanthocyanidins or flavolans) (C6-C3-Cg)n
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Phenolic acids include two subgroups, i.e., hydroxybenzoic and hydroxycinnamic
acids [53]. Hydroxybenzoic acids consist of gallic, p-hydroxybenzoic, vanillic, protocate-
chuic, and syringic acid, which, in common, have the C¢-C; structure [53]. Hydroxycin-
namic acids, on the other hand, are aromatic compounds with a three-carbon side chain
(C6-C3), with caffeic, p-coumaric, ferulic, and sinapic acids being the most common [52].
Gallic acid is present in cloves (Eugenia caryophyllata Thunb.), while protocatechuic acid
can be found in coriander (Coriandrum sativum L.), dill (Anethum graveolens L.), and
star anise (Illicium verum Hook. f.) [54]. Caffeic acid is found among others in parsley
(Petroselinum crispum L.), ginger (Zingiber officinale Rosc.), and sage (Salvia officinalis L.), and
p-coumaric acid is found in oregano (Origanum vulgare L.), basil (Ocimum basilicum L.), and
thyme (Thymus vulgaris L.) [54]. Some samples of hydroxybenzoic and hydrozycinnamic
acids are presented in Table 2.

Table 2. Examples of hydroxybenzoic and hydroxycinnamic acids.

Phenolic Acids Examples Molecular Formula
.. Gallic acid C7HgOs5
Hydroxybenzoic acids Protocatechuic acid Cy7HgOy4
p-coumaric acid CyHgOs3
. .. Caffeic acid CyHgOy4
Hydroxycinnamic acids Ferulic acid CyoH100s
Sinapic acid Cq11H1205
Other components
Umbelliferone CoHgOs3
Coumarins Esculetin CyoHgOy
Scopoletin C1oHgOy4
Resveratrol C14H1203
Stilbenes Piceatannol C14H1204
Pterostilbene C16H1603
Curcumin Cp1Hp0O¢
Curcuminoids Demethoxycurcumin CpoH1505
Bisdemethoxycurcumin C19H1604
Condensed tannins or proanthocyanidins Procyanidin B1 C30Hp6012
Lignan Sesamin CyoH150¢

Flavonoids include the largest group of plant phenolics, responsible for over half of
the eight thousand naturally occurring phenolic constituents [55,56]. Flavonoids are low
molecular weight compounds, including fifteen carbon atoms, arranged in a C4-C3-Cq
configuration [53]. The genetic structure of main classes of flavonoids are shown in Table 3.

Phenolic phytochemicals play a variety of protective roles against abiotic stresses,
such as UV light, or abiotic stresses, namely predator and pathogen attacks [57]. Pheno-
lic phytochemicals are utilized by humans to treat several ailments including bacterial,
protozoal, fungal, and viral infections, inflammation, diabetes, and cancer. Biosynthesis
and accumulation of polyphenol and other secondary metabolites in plants is consid-
ered as an evolutionary reaction of biochemical pathways under adverse environmen-
tal influences, i.e., biotic/abiotic limitations, including increased salinity and drought
stress [58-60]. Some of the extraction methodologies of phenolic components from medici-
nal and aromatic plants are maceration, digestion, infusion, decoction, Soxhlet extraction,
percolation, aqueous alcoholic extraction by fermentation, counter-current extraction, ultra-
sound extraction, supercritical fluid extraction, and phytonics stage. The principle factors
shaping the production of phenolic components are the water supplied to plants and
the time of stress exposure, and, among the various quantification methods, HPLC and
colorimetric tests are the most utilized to quantify the phenolic compounds analyzed [61].
Djeridane et al. [62] reported that the phenolics in medicinal plants provide substantial
antioxidant activity. A positive, significant linear connection between antioxidant activity
and total phenolic content revealed that phenolic components were the dominant antiox-
idant constituents in medicinal plants [63,64]. Various groups of tests on phenolics indi-
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cated significant mean alterations in radical scavenging activity; tannins demonstrated the

strongest activity, while most quinones, isoflavones, and lignans tested revealed the weakest

activity [65,66]. The most abundant flavone in Cytisus multiflorus is the chrysin derivative,
Kaempferol-3-O-rutinoside is the major flavonol in Malva sylvestris, and Quercetin-3-O-rutinoside
is the principle flavonol in Sambucus nigra [66]. Nepeta italica subsp. cadmea and Teucrium

sandrasicum are rich in phenolics, which indicated antioxidant and cytotoxic properties [67].
Through LC-ESI-MS analysis, five phenolic acids (quinic acid, syringic acid, gallic acid,
p-coumaric acid, and trans-ferulic acid) and five flavonoids (catechin, epicatechin, quercetrin,
rutin, and naringenin) were predominant and common in some desert shrubs of Tunisian

flora (Pituranthos tortuosus, Ephedra alata, Retama raetam, Ziziphus lotus, Calligonum comosum,
and Capparis spinosa) [68].

Table 3. Generic structure of major classes of flavonoids.

Flavonoids Molecular Formula
Apigenin C15H1005
Flavones Luteolin C15H190¢
Chrysin C15H1004
Kaempferol C15H100¢
Flavonols Quercetin C15H1907
Isorhamnetin Ci16H1207
Naringenin C15H1205
Flavanones Eriodictyol C15H1204
Hesperetin C16H140¢
Flavanols C15H1402
Anthocyanidin Cy5Hy107
Taxifolin C15H1207
Flavanonols Aromadendrin C15H1204
Gallocatechin C15H1407
Flavan-3-ols Catechin C15H14 06
Genistein C15H1905
Isoflavones Daidzein C15H1904
Formononetin C16H1204

The main phenolic compounds in Matico (Piper angustifolium R.), Guascas (Galinsoga
parviflora), and Huacatay were chlorogenic acid and hydroxycinnamic acid derivatives [69].
High phenolic and antioxidant activity-containing medicinal plants and species such as
Chanca Piedra (Phyllanthus nirui L.), Yerba Mate (Ilex paraguariensis St-Hil), Zarzaparrilla
(Smilax officinalis), and Huacatay (Tagetes minuta) have the highest anti-hyperglycemia-
relevant in vitro «-glucosidase inhibitory activities with no effect on x-amylase [69].
Nineteen phenolic compounds from different groups are used in wound treatment, and
the compounds are tyrosol, curcumin, hydroxytyrosol, luteolin, rutin, chrysin, kaempferol,
quercetin, icariin, epigallocatechin gallate, morin, silymarin, taxifolin, hesperidin, naringin,
puerarin, isoliquiritin, genistein, and daidzein [70-73]. The most important identified
phenolics in Phlomis angustissima and Phlomis fruticosa, medicinal plants from Turkey, by
RP-HPLC-DAD were hesperidin, catechin, kaempferol, epicatechin, eupatorin, and epigal-
locatechin, and chlorogenic, syringic, vanillic, p-coumaric, ferulic, and benzoic acids [74].
Quercetin of Cordia dichotoma G. Forst. (Lashusa) is the most notable phytoconstituent
responsible for the therapeutic efficacy [75]. Vanillic acid, nepetin, verbascoside, and
hispidulin, of Clerodendrum petasites S. Moore (CP) were chosen as potential phenolic ac-
tive compounds in Thai traditional medicine for the treatment of different kinds of skin
diseases [76-78]. Bouyahya et al. [79] reported that compounds such as terpenoids, al-
kaloids, flavonoids, phenolic acids, and fatty acids of Arbutus unedo L., Thymus capitatus
managed diabetes by several mechanisms such as enzymatic inhibition, interference with
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glucose and lipid metabolism signaling pathways, and the inhibition and the activation of
gene expression involved in glucose homeostasis.

Grewia tenax, Terminalia sericea, Albizia anthelmintica, Corchorus tridens, and Lantana camara
are frequently used to treat gastroenteritis and include higher total phenolic and flavonoid
contents in Namibia [80-85]. The most important phenolics identified from pomegranate
are punicalin, gallic acid, ellagic acid, pyrogallol, salycillic acid, coumaric acid, vanillic
acid, sesamin, and caffeic [86], and phenolic compounds have been discovered to have
inhibitory effects again o-glucosidase activities [87]. Two new phenolics, leucoxenols
A and B, were obtained and identified as major secondary metabolites from the leaves of
Syzygium leucoxylon [88]. Phenolics are main phytochemicals found in Cyathea species,
and Cyathea has been considered to be a potential source of novel cancer therapeutic
compounds [89]. Purified phenolic compounds from the bark of Acacia nilotica showed
insecticidal potential against Spodoptera litura, and they could provide substitutes to syn-
thetic pesticides for controlling various pests [90]. Bellumori et al. [91] reported that the
roots of Acmella oleracea L. had about twice as many phenols as the aerial parts, and caffeic
acid derivatives were the main phenolic compounds in roots and aerial parts. Kaempferol
was found as the most abundant phenolic compound in basil leaf extract after using an
HPLC-UC method (61.4 mg.kg~1) [92]. Apple fruit (Annona squamosa L.) has a specific spa-
tial distribution of microbes and phenolics, its peel phenolics contain antimicrobial activity
against several Gram-positive bacteria, and its peel phenolics had a growth-promoting
effect toward autochthonous yeasts [93-96]. The phenolic contents of Cyathea dregei
(root and leaves), Felicia erigeroides (leaves and stems), Felicia erigeroides (leaves and stems),
Hypoxis colchicifolia (leaves), Hypoxis colchicifolia (leaves), and Senna petersiana (leaves) have
shown high antimicrobial and cyclooxygenase (COX) inhibitory activities [97].

The most important techniques for analysis of phenolic compounds and extracts are
nuclear magnetic resonance (NMR), high performance liquid chromatography (HPLC) with
ultraviolet-visible (UV-Vis) or photodiode array (PDA) detector or coupled to mass spec-
trometry (MS), derivatization (silylation, alkylation, etc.) as well as gas chromatography (GC)
or GC-MS analysis, phytochemical screening such as total flavonoid content (TFC),
total phenolic content (TPC), etc., and antioxidant potential tests such as 2,2-dipehnyl-
1-picrylhydrazyl (DPPH), etc. [97-107]. Solid-liquid extraction (SLE) is one of the main
methods for extraction of phenolic compounds, specially syringic acid, catechin, and
p-coumaric acid, which is simple, well established, and widely used [108]. Ultrasound-
assisted extraction (UAE) is often used for extraction of gallic acid and rutin, which is
easy to execute, uses inexpensive equipment, and consumes less solvents, and has fast
extraction, good extraction yield, and low impacts on the environment [109]. Supercriti-
cal fluid extraction (SFE) usually applies for gallic acid, anthocyanin, and protocatechuic
acid, which has high selectivity, cheaper and safer solvent, easily controlled extraction
conditions, environmental friendliness, low operating temperature, and easy separation
of solvent from solutes [110]. Microwave-assisted extraction (MAE) is used for extraction
of 3-caffeoylquinic acid, 5-caffeoylquinic acid, and ellagic acid, which has short extraction
time and low solvent consumption [111]. Pressurized liquid extraction (PLE) applies for
extraction of rutin and quercetin, which consumes fewer organic solvents, has higher
probability to avoid organic solvents by using water only, and is fast and efficient [112]. For
extraction of proanthocyanidin, naringin, and hesperidin, enzyme-assisted extraction (EAE)
is proposed, which is safe and green and does not need complex paraphernalia [113]. Key
points about phenolic acids and their derivatives are shown in Table 4. This work aims
to provide an overview of phenolic compounds and flavonoids as potential sources of
pharmaceutical and medical application from recently published studies, as well as some
interesting directions for future research.

139



Molecules 2023, 28, 1845

Table 4. Important points about phenolic acids and their derivatives.

The Derivatives of

Phenolic Acids Key Points References

Flavonoids The largest group of natural phenolic compounds. [54,114]
Their structure is based on a 15-carbon phenyl benzopyran skeleton (C6-C3-Cé, i.e., [54,114]
A-C-Brings). !
Based on differences in the pyran ring, flavonoids can be categorized into flavones, (54,114]
isoflavones, flavanonols, flavonols, flavanones, flavan-3-ols, and anthocyanidins. ’

The majority occur as glycosides, except for flavan-3-ols, which are rarely glycosylated. [54,114]
Different patterns of hydroxylation and methylation of the A and B rings consequently result [54,114]
in a variety of compounds for each flavonoid category. !
Flavones have a double bond between C-2 and C-3, a keto function in C-4, and the B ring is [54,114]
attached at C-2. !
The most common flavonoes in medicinal and aromatic plants are luteolin, apigenin, [54,114]
and glycosides. !

In isoflavones, the B ring is attached at C-3 and the main components are daidzein, genistein, (54,114]
and glycitein. !
Flavonols are flavones bearing a hydroxyl group at C-3, such as kaempferol, quercetin, (54,114]
and myricetin. !

In flavanones, the C-ring has no double bond between C2 and C3, such as in naringenin, [54,114]
eriodictyol, and hesperetin. ’
Flavanonols, also called dihydroflavonols, have the same saturated C-ring as flavanones but [54,114]
are hydroxylated at C-3. !
Flavan-3-ols, also referred to as flavanols, also contain a saturated C-ring, but lack the keto

group at C-4, and are hydroxylated at C-3, such as catechin and gallocatechin, or as oligomers [54]
and polymers.

In anthocyanidins, the C-ring lacks the keto group at C-4, is hydroxylated at C-3, and,

uniquely, has two double bonds forming the flavylium cation, such as in cyanidin, petunidin, [54]
malvidin, pelargonidin, peonidin, and delphinidin.

Stilbenes They are based on 1,2-diphenylethylene, which has a C6-C2-C6 skeleton. [115]
They can be found as aglycones, monomers, oligomers, or glycosylated derivatives. [116]

Tannins Tannins are high molecular weight polyphenolic compounds. [117,118]
They can be synthesized as a defensive mechanism in response to pathogen attack and abiotic [117,118]
stresses such as UV radiation. !
Based on their structures, tannins in plants can be classified into mainly hydrolysable tannins [117,118]
and condensed tannins, also known as proanthocyanidins. !
Hydrolysable tannins are built based on gallic acid and are divided into the gallotannins and [117,118]
ellagitannins. !

Quinones They contain a di-one or di-ketone group. [119]
They are distinguished into benzoquinones and naphthoquinones and are based on their [119]
derivative molecules.

They may occur as monomers, dimers, trimers, glycosides, or in reduced forms. [119]

Coumarins They may occur in a free or glycosylated state. [120]
They are divided into six categories, namely simple coumarins, furanocoumarins, [120]
dihydrofuranocoumarins, pyranocoumarins, phenylcoumarins, and bicoumarins.

Curcuminoids They widely occur in Curcuma spp., especially in the rhizomes of Curcuma longa (turmeric). [121,122]
There are three major curcuminoids, namely curcumin, demethoxycurcumin, [121,122]
and bis-demethoxycurcumin. !
The structure of curcumin consists of a keto-enol tautomeric unsaturated chain linking

O X [121,122]
two aromatic rings bearing a hydroxyl and methoxy group.

Lignins Lignans consist of two phenylpropane units joined together by a -g’ bond. [123]
They are divided into eight categories, namely dibenzylbutyrolactols,
dibenzocyclooctadienes, dibenzylbutanes, dibenzylbutyrolactones, arylnaphthalene, [123]

aryl-tetralins, furans, and furofurans.

2. The Important Health Benefits of Phenolic Components

Flavonoids and phenolics are commonly known as the largest phytochemical molecules
with antioxidant characteristics [124]. Traditional Chinese medicinal plants that contain phe-
nolic acids and flavonoids have shown high antioxidant activity. Nepeta italica subsp. Cad-
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mea and Teucrium sandrasicum are rich in phenolic, tannin, and flavonoids content, which
showed antioxidant and cytotoxic properties. Bauhinia variegata L. contained flavonoid
compounds and revealed antioxidant properties against oxidative damage by radical
neutralization, iron binding, and decreasing power abilities [125]. The rhizome extracts
of Polygonatum verticillatum (L.) All. exhibited antioxidant activity, which is connected
to the level of phenolic composition [126]. Singh and Yadav [127] have reported that,
among medicinal plants, oregano, clove, thyme, and rosemary contain the highest amounts
of phenolic compounds. Flavan-3-ol oligomers and monomers were potent antioxidant
compounds abundantly identified in Camellia fangchengensis [128].

Bellis perennis L. was rich in phenolic compounds, and it can be used for wounds, can-
cer, inflammation, and eye diseases [129]. A total of 27 kinds of phenolic compounds were
identified by HPLC-ESI-QTOF-MS/MS, and okra (Abelmoschus esculentus) polyphenols
exhibited great antioxidant activity in vitro [130]. The Althaea officinalis extracts showed
stronger antioxidant activity and excellent x-glucosidase, 5-lipoxygenase, and nitric oxide
inhibitory properties [131]. Dendrobium densiflorum was rich in flavonoid, alkaloid, and
antioxidant activity, Acampe papillosa was rich in total phenol, total tannin, and total saponin
content, and Coelogyne nitida exhibited higher antioxidant activity because of its higher
quercetin content [132]. Cirak et al. [133] showed that Achillea arabica Kotschy is an impor-
tant source of natural antioxidants. The antioxidant property and bioactive constituents
from the fruits of Aesculus indica (Wall. Ex Cambess.) Hook, which were quercetin and
mandelic acid, were the major bioactive molecules with notable antioxidant properties to
decrease oxidative stress caused by reactive oxygen species (ROS) [134]. The phytochemical
compounds and biological activity of Pinus cembra L. contain higher concentration of total
phenolics and flavonoids than that of needle extract, and its bark extract showed better
ability as a free radical scavenger [135]. Higher antioxidant activity in normal-tannin lentil
seed coats than low-tannin ones was reported; kaempferol tetraglycoside was dominant in
low-tannin seed coats, and procyanidins, kaempferol tetraglycoise, and catechin-3-O-glucoside
in normal-tannin has been found [136]. Zhang et al. [137] also reported that antioxidant
activity and prebiotic impacts were positively correlated for oat phenolic compounds.
3,4-dihydroxybenzoic, rutin, vanillic acid, and quercetin were detected from aqueous ex-
tracts of azendjar and taamriouth figs, and a dark peel variety consisted of more phenolics
and exerted a higher antioxidant capacity [138]. Although gallic acid was the most im-
portant compound in carob (Ceratonia siliqua L.) pulp extract, geographic origin strongly
influenced the contents of bioactive compounds and antioxidant activities [139].

Asplenium nidus L. contained gliricidin 7-O-hexoside and quercetin-7-O-rutinoside that
can fight against three pathogens, i.e., Proteus vulgaris Hauser, Proteus mirabilis Hauser, and
Pseudomonas aeruginosa (Schroeter) Migula [140]. Flavones, which were extracted from the
root of Scutellaria baicalensis Georgi, were proven as potential antibacterial agents against
Propionibacterium acnes-induced skin inflammation both in in vitro and in vivo models [141].
Kaempferol that was isolated from the Impatiens balsamina L. exhibited potential activity
to inhibit the growth of P. acnes [142]. Phenolics from kernel extract Mangifera indica L.
also showed anti-acne properties to inhibit the growth of P. acnes [143]. Medicinal plants
such as Albizia procera, Atalantia monophylla, Asclepias curassavica, Azima tetracantha,
Cassia fistula, Costus speciosus, Cinnamomum verum, Nymphaea stellata, Osbeckia chinensis,
Punica granatum, Piper argyrophyllum, Tinospora cordifolia, and Toddalia asiatica have shown
antifungal activity [144]. The strictinin isolated from the leaves of Camellia sinensis var.
assamica (J.W. Mast.) Kitam was a good substitute for antibacterial activities [145]. Phenolic
compounds, especially flavonoids, have long been reported as chemopreventive factors
in cancer therapy [146-148]. The extract of Curcuma longa L. rhizome has been suggested
as a promising source of natural active compounds to fight against malignant melanoma
due to its potential anticancer property in the B164A5 murine melanoma cell line [149].
Glircidia 7-O-hexoside and Quercetin 7-O-rutinoside, which were flavonoids isolated from
the medicine fern (Asplenium nidus), were also proposed as potential chemopreventives
against human hepatoma HepG2 and human carcinoma HeLa cells [140]. Quercetin can
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induce miR-200b-3p to regulate the mode of self-renewing divisions of the tested pancreatic
cancer [150], and a soy isoflavone genistein inhibited the activation of the nuclear factor
kappa B (NF-KB) signaling pathway that maintains the balance of cell survival and apop-
tosis; this soy isoflavone could also take its action to fight against cell growth, apoptosis,
and metastasis, including epigenetic modifications in prostate cancer [151]. Curcumin
exhibits anticancer impacts towards skin cancers, as this phenolic can influence the cell
cycle by acting as a pro-apoptotic agent [152]. Curcumin acts as a non-selective cyclic
nucleotide phosphodiesterase (PDE) inhibitor to inhibit melanoma cell proliferation, which
is associated with epigenetic integrator UHRF1 [153]. Curcumin inhibited proliferation of
the selected cell lines in prostate cancer and induced apoptosis of the cancer cells with a
dose-dependent response [154].

The cardioprotective impacts from various kinds of phenolics and flavonoids occur-
ring in medicinal plants have been investigated in many studies [155,156]. Many phenolic
and flavonoid compounds have been studied and had reported their cardioprotective
properties via different mechanisms including inhibition of ROS generation, apoptosis,
mitochondrial dysfunction, NF-KB, p53, and DNA damage both in vitro and in vivo, and
clinical studies [157]. Kaempferol, luteolin, rutin, and resveratrol showed their efficacy
against doxorubicin-induced cardiotoxicity [158,159]. Isorhamnetin provided a cardiopro-
tective effect against cardiotoxicity of doxorubicin and potentiated the anticancer efficacy
of this drug [160]. The total phenolic and flavonoid contents of the aqueous fraction
from Marrubium vulgare L. have effects on ischemia-reperfusion injury of rat hearts, which
proved that the aqueous fraction from M. vulgare had cardioprotective potential [156].
Aspalathin and phenylpyruvic acid-2-O-3-D-glucoside, two of the major compounds from
Aspalathus linearis (Burm.f.) R. Dahlgren, were demonstrated as potential protective com-
pounds to protect myocardial infarction caused by chronic hyperglycemia [155]. Puerarin is
a potential isoflavone that was reported as an interesting candidate for cardioprotection by
protecting myocardium from ischemia and reperfusion damage by means of opening the
Ca’*-activated K* channel and activating the protein kinase C [161]. Quercetin, hesperidin,
apigenin, and luteolin were reported as flavonoids containing potential anti-inflammatory
impacts [162]. The flavonoids and phenolic compounds of Phyllanthus acidus leaves could be
correlated with the analgesic, antioxidant, and anti-inflammatory activities [163]. Hydrox-
ytyrosol and quercetin 7-O-a-L-rhamnopyranoside exhibited anti-inflammatory activity
through lowering the levels of TNF-«, and hydroxytyrosol and caffeic acid showed signifi-
cant anti-inflammatory activity at 100 um by reducing the release of NO in LPS-stimulated
macrophages comparable to positive control indomethacin [164].

The most important chemical compounds extracted from ethanol of Cardiospermum
halicacabum were chrysoeriol, kaempferol, apigenin, luteolin, methyl 3,4-dihydroxybenzoate,
4-hydroxybenzoic acid, quercetin, hydroquinone, protocatechuic acid, gallic acid, and
indole 3-carboxylic acid, which have shown high anti-inflammatory and antioxidant
activities [165]. The most important phenolic components with antiviral effects against COVID-19
were curcumin, Theaflavin-3,3’ -digallate, EGCG, Paryriflavonol A, Resveratrol, Quercetin,
Luteolin, Scutellarein, Myricetin, and Forsythoside A [166]. In traditional Persian medicinal
science, medicinal plants such as Glycyrrhiza glabra L., Rheum palmatum L., Punica granatum L.,
and Nigella sativa L. have been introduced for treating respiratory disorders and infections
because of their phenolic compounds [167]. The anti-inflammatory activity of polypheno-
lic compounds in Gaillardia grandiflora Hort. Ex Van Houte and Gaillardia pulchella Foug
from Egypt were reported [168]. Anti-inflammatory properties of two medicinal plant
species, Bidens engleri O.E. Schulz from Asteraceae family as well as Boerhavia erecta L. from
Nyctaginaceae family, were identified and reported in various fractions [169]. Plantago
subulata has shown anti-inflammatory properties on macrophages and a protective effect
against HyO, injury [170]. Phenolic content changes with aromatic and medicinal plant
species and extraction method used [171]. Astilbin, a dihydroflavonol, from Smilax glabra
Roxb significantly inhibited nitric oxide production, tumor necrosis factor-« (TNF-c), and
mRNA expression of inducible nitric oxide synthase in the tested cells [172]. Apigenin is a
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main flavone with skin protective impact against UV light; this flavone can be identified
in various edible medicinal plants or plants-derived beverages, e.g., beer, red wine, and
chamomile tea [173,174]. Quercetin is a flavonol that can be discovered in apple peel,
onion skin, and Hypericum perforatum L. leaves [175]. Silymarin, a standardized extract
of flavonolignans from the milk thistle (Silybum marianum (L.) Gaernt.) fruits, consists
of silybin, a principle active component [176]. Genistein is a soybean isoflavone that
was also reported as photoprotective molecule against photocarcinogenesis by inhibiting
UV-induced DNA damage in human skin-equivalent in vitro model [177]. Equol is consid-
ered as an isoflavonoid metabolite from isoflavone daidzein or genistein produced by gut
microflora [178,179]. Genistein is an obvious example of an interesting choice of a flavonoid
phytoestrogen for improving endothelial roles in postmenopausal women with MetS [180].
A chrysin derivative was the most abundant flavone in Cytisus multiflorus, quercetin-3-O-
rutinoside was the main flavonol in Sambucus nigra, and kaempferol-3-O-rutinoside was
the main flavonol in Malva sylvestris [181]. Biological properties of phenolic compounds are
presented in Table 5.

Table 5. Biological activities of phenolic compounds.

Health Benefits

Key Points References

Antioxidant activity

Anti-inflammatory activity

* The stem of Dendrophthoe falcata (Loranthaceae) plant had a high content of

phenolic and flavonoid compounds and very high antioxidant activities. (18]
* The phenolic compounds of Buchenavia tetraphylla, Buchenavia tomentosa, and [183]
Lippia sidoides provided the main contributions to the antioxidant potential.

* The total phenolic, flavonoid, and antioxidant capacity of all blueberry cultivars [184]

increased nonlinearly with ripening.

* Cynaroside, rosmarinic acid, cosmosiin, luteolin, apigenin, and acacetin were the
main components in ethyl acetate extracts of Salvia absconditiflora, Salvia sclarea, [185]
and Salvia palaestina with antioxidant activity.

* Phenolic compounds from Pistacia lentiscus L. black fruits exhibited potent

antioxidant properties. [186]

* Lycium berries of different species contained a total of 186 phenolic compounds, [187,188]
which exhibited potent antioxidant activities. !

* Stachys species contained important bioactive phenolics and had promising [189]
antioxidant impacts.

* Acacia nilotica pods and bark had potent total phenolic content, antioxidant [190]
activity, and tyrosinase inhibitory properties.

* Bersama abyssinica (Meliathacea) was rich in phenolic compounds, flavonoids and [191]

coumarin, and 7,8-Dimethoxycoumarin with high antioxidant activity.
* Epicatechin was the main monomeric polyphenol in the profile of longan phenolics. [192]
* Epicatechin, quercetin 3-O-rhamnoside, and kaempferol were responsible for the

high antioxidant activity of Litsea glaucescens. (193]
* The water extract of Amsonia orientalis leaves exhibited promising antioxidant [194]
activity when used at low concentration.

* The ethanolic extract of Amsonia orientalis leaves had the highest phenolic [194]
substance content and 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity.

* A variety of phenolic compounds and stilbene derivatives in different parts of

germinated peanut suggested that the peanut sprout exerted high [195]
anti-inflammatory effects and may be related to the polyphenolic content and -
antioxidant properties.

* Fermented olive cream and Lactiplantibacillus (Lpb.) plantarum IMC513 reduced [196]
proinflammatory cytokine levels.

* Allium scorodoprasum L. subsp. rotundum extract showed high anti-inflammatory [197]
inhibitory effects against xanthine oxidase activity.

* Helleborus purpurascens demonstrated the strongest anti-inflammatory potential, [198]

especially because of fatty acids.
* Thalictrum minus possessed combined anti-inflammatory and antioxidant effects. [198]
* The leaf of Aurea helianthus demonstrated strong anti-inflammatory activity that [199]
reduced NO production.
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Table 5. Cont.

Health Benefits Key Points References
. .. * Hypericum empetrifolium aerial parts extract (HEA) exhibited antifungal activity
Antifungal activity against Candida tropicalis with 19.53 ug/mL. (2001
* Allium sativum extract revealed strong antifungal activity effects against [201]

Curvularia spp., Trichophyton spp., and Geotrichum spp.
* Rosa micrantha flowers extract revealed fungicide effects in Candida glabrata. [202]
* Phenolic compounds of Ulmus davidiana var. japonica showed antifungal activity

against Cryptococcus neoformans and Candida albicans. [203]
* Zataria multiflora essential oils could act as natural fungicides; carvacrol and thymol [204]
chemotypes of Zataria multiflora inhibited five important fungal plant pathogens.
* Aconitum heterophyllum and Polygonum bistorta exhibited significant antimicrobial [205]
and antioxidant activity.

Antimi . .. * The antimicrobial activities of mint and thyme were due to a wide range of diverse

ntimicrobial activity . [206]

phenolics such as menthone, menthyl acetate, menthol, terpenes, and thyme.
* Phenolic compounds of Codonopsis lanceolata plants exhibited notable [207]
antimicrobial activity.
* Phenolic compounds of cashew (Anacardium occidentale L.) compounds identified [208]
included mainly flavanols, which showed high antimicrobial activity.
* Ixora coccinea Linn. root contained bioactive phenolic compounds including [209]
pyrocatechol, catechin, and chlorogenic acid with potent antimicrobial effects.

Antibacterial activity * The ethyl acetate fraction of Scirpus holoschoenus showed the highest antioxidant [210]

activity and antibacterial effect for Staphylococcus aureus and Bacillus subtilis.
* Rhanterium adpressum showed antibacterial activity. [211]
* The lignum of Rhus verniciflua contained high content of phenolic compounds [212]
with less urushiols, which suggests efficient antibacterial activity with less toxicity.
* Phenolic compounds of Scrophularia ningpoensis Hemsl. showed antibacterial activity. [213]
* Flavonoids, saponin, alkaloids, tannins, steroids, and terpenoids of

Solanum incanum L. and Harrisonia abyssinica Oliv. exhibited antibacterial activity. (214]

* The phenolic extracts from Cerbera manghas, Commelina diffusa, Peperomia pellucida,

Kleinhovia hospita, Mikania micrantha, Homalanthus nutans, Psychotria insularum, [215]

Phymatosorus scolopendria, Piper graeffei, and Schizostachyum glaucifolium exhibited

antibacterial activities.

* Curcumin has been suggested as a potential treatment choice for patients with
Anti-Coronavirus Properties ~ COVID-19 because it inhibits ACE2 and suppresses the entry of SARS-CoV-2 into [216]

the cells.

* Theaflavin, the compound responsible for the orange/black color of black tea, is [217]

a potent inhibitor of the RNA polymerase of SARS-CoV-2.

* Catechin gallate and gallocatechin gallate also showed high inhibitory activity

against SARS-CoV-2 N protein in a concentration-dependent manner and affected [218]

virus replication.

* Myricetin could be further tested and developed as a potential SARS-CoV-2 antiviral. [219]

* The phenolic compounds Kadsurenin L. and Methysticin of Piper nigrum are [220]

candidate ligands for inhibiting COVID-19.

* Plant-derived phenolic compounds of Isatis indigotica root were frequently used [221]

for the prevention of SARS during the SARS outbreaks in east Asia.

* Among phenolic acid constituents, chlorogenic acid, caffeic acid, and gallic acid
of Sambucus Formosana Nakai reduced cytopathicity and virus yield in [222]
HCoV-NL63-infected cells.

* Some phenolic compounds such as diethylstilbestrol, enterodiol, enterolactone,
flavokawain A, flavokawain B, and flavokawain C showed excellent to good [223]
inhibitory activities against collagenase, elastase enzymes, and SARS-CoV-2.

* The phenolic compounds of blackcurrant (Ribes nigrum L.) had antiviral activity

in Coxsackievirus A9 and human coronavirus HCoV-OC-43. [224]
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Table 5. Cont.

Health Benefits Key Points References

* Hydroxytyrosol obtained from olive exhibited neuroprotective impacts on
Neuroprotective potential ~ multiple chronic neurodegenerative diseases including Alzheimer’s, Parkinson’s, [225]

and multiple sclerosis.

* The protective impacts of oil palm phenolics against neurodegenerative diseases

have been recently identified. [226]
* Phenolic compounds of Hypericum wightianum, namely Hyperwightin E and [227]
petiolin G, revealed noticeable neuroprotection at 10 uM.

* Inula viscosa (L.) Greuter has high total phenolics and flavonoids and [228]

demonstrated neuroprotective properties.
* Maclura tinctoria leaf aqueous extract contained high phenolic components, and it
has been found that neuroprotective effects of it could be associated with the [229]
presence of the phenolic compounds identified.
* Phenolic compounds from Lippia microphylla and Dimorphandra gardneriana

Skin health presented a high sun protector factor because of the presence of sakuranetin [230]
flavonoids and quercetin glycosides.
* Among Moroccan medicinal plants, Allium cepa L., Chamaeleon gummifer (L.) Cass,
and Salvia rosmarinus Schleid. Mill. leaves were the most commonly used for [231]
different types of skin diseases.
* Panax ginseng C.A. Meyer and Nardostachys chinensis Bat. have been confirmed

for the treatment of skin pigmentary disorders. 2321
* The protective effects on skin cells associated with blueberry phenolic
compounds that included inhibition of proliferation and cell cycle arrest in [233]
malignant cells decreased oxidized macromolecules, down-regulated
inflammatory cytokine genes, and mitigated oxidative stress.

Wound healing * Gel containing. Ipomoea pes-caprae (Ipc) phenolic-rich leaf extract accelerated [234]
the wound-healing process.
* Loranthus acaciae exhibited high phenolic contents and wound healing activities. [235]
* Haworthia limifolia showed excellent wound-healing properties because of high [236]
phenolic contents.
* Lawsonia inermis and Azadirachta indica are well known for wound healing. [237]
* Aloe vera (Aloe barbadensis) is one of the oldest medicinal plants with wound
healing activity for a variety of skin disorders including burns as well as infections [238]
and diabetic dermal wounds.
* Amphimas pterocarpoides leaves and stem bark have high phenolic and flavonoid
contents, and it has been proven that leaf and stem bark ointments increased the [239]
rate of wound healing in rats.

Anticancer activity * Sedum dendroideum showed anti-proliferative activity in breast cancer cells. [240]
* Hypericum perforatum extract exhibited a remarkable total phenol content, which [241]
showed high anticancer activity.

* Ficus palmata Forssk. exhibited high total phenolic and flavonoids contents, [242]
which showed its high anticancer activity.

* Euphorbia thymifolia and Euphorbia hirta showed anticancer activity against ascites [243]
carcinoma in mice models.

* Vitis vinifera L. contained high phenolic components, which can be considered as [244]
a promising potential for an anticancer drug.

* Phenolic compounds and alkaloid compounds of Dysphania ambrosioides might [245]
have significantly contributed to anticancer activity.

* Sisymbrium officinale had considerable phenolic and flavonoids contents, which [246]

was why it showed anticancer activity.

3. Hydroxybenzoic Acids (Gallic Acid and Protocatechuic Acid)

Hydroxybenzoic acids (HBAs) are antioxidant phytochemicals found in many medicinal
plants and are efficient for prevention of various human diseases [247,248]. Joshi et al. [249]
reported that 4-hydroxybenzoic acid (4HBA) is a potential antidiabetic, anticancer, antifun-
gal, antioxidant, and cardioprotective, etc. Piper garagaranum C. DC contains prenylated
hydroxybenzoic acids, and prenylated hydroxybenzoic acids indicated anti-inflammatory
characteristics, as determined in murine macrophage assays [250].

145



Molecules 2023, 28, 1845

3.1. Gallic Acid

Gallic acid is one of the most abundant polyphenols identified in nature [251,252].
Behera et al. [253] reported that gallic acid reveals antioxidant or free radical scavengers in
adipocyte proliferation. Gallic acid is found in a wide range of natural plants, it is associ-
ated with the health of human beings, and it has well-documented anticancer, antibacterial,
anti-inflammatory, and antifungal activities [254,255]. Gallic acid in Emblica officinalis medi-
ated antidiabetic potential and delineated the upregulation of pAkt, PPAR-y, and Glut4
through gallic acid-mediated antidiabetic properties, thus providing potent therapy for
diabetes [256]. Gallic acid inhibited about 44-57% of the total CaOx crystal formations, and
it is a promising agent with antiurolithiatic properties for the treatment and prevention of
urinary or kidney stones [257]. Gallic acid supplementation adjusted serum lipid metabolism
by decreasing serum triglyceride, fat digestibility, and bacteroidetes/firmicutes ratio [258].
Gallic acid prevents the development and occurrence of gastric precancerous lesions (GPL)
by inhibiting the Wnt/ 3-catenin signaling pathway and then suppressing the epithelial—
mesenchymal transition (EMT) process [259]. Gallic acid is a direct thrombin inhibitor with
a platelet aggregation inhibitory effect [260]. Gallic acid shows significant binding and
disruption of protease structure, and gallic acid has a potential phytotherapeutic effect
against fungal protease, which is a notable virulence factor [261]. Gallic acid can boost
gut microbiota alterations connected with cardiovascular disease (CVD) and suggests
that males suffering from atherosclerosis may benefit from gallic acid supplementation,
as this polyphenol partially restored microbiome dysbiosis [262]. Gallic acid could de-
crease the noxious impacts of diclofenac (DIC) on the antioxidant defense system and
renal tissue [263].

3.2. Protocatechuic Acid

Protocatechuic acid (3,4-dihydroxybenzoic acid) is a natural phenolic acid, and one
of the chief metabolites of complex polyphenols [264]. It can be identified in many plants
such as bran and grain brown rice, particularly in the scales of onion, plums, grapes,
gooseberries, and nuts such as ordinary almonds [265,266]. Da-Costa-Roch et al. [267] and
Adedara et al. [268] reported that protocatechuic acid can be found in many medicinal
plants, especially Hibiscus sabdariffa L. (Hs, roselle; Malvaceae). Protocatechuic acid has
different activities such as neuroprotective activities, antiosteoporotic activities, antitumor
activities, and the protective effects against hepatotoxic and nephrotoxic activities [269,270].
It has also antibacterial, antiulcer, anti-aging, antidiabetic, anticancer, antiviral, antifibrotic,
analgesic, anti-inflammatory, anti-atherosclerotic, and cardiac activity [271,272]. Protocate-
chuic acid from bitter melon (Momordica charantia) alleviates cisplatin-induced oxidative
renal damage, which proves it has protective activity against anticancer drug-induced ox-
idative nephrotoxicity [273]. Protocatechuis acid inhibits Cd-induced neurotoxicity in rats,
increases the Nrf2 signaling pathway, and exhibits anti-apoptotic and anti-inflammatory
activities [274]. Veronica montana has protocatechuic acid as the main phenolic molecule,
and it kills bacteria by affecting its cytoplasmic membrane [275].

4. Hydroxycinnamic Acids (p-Coumaric Acid, Caffeic Acid, Ferulic Acid, Sinapic Acid)

Hydroxycinnamic acid derivatives are a notable class of polyphenols found in veg-
etables, fruits, and medicinal plants, and extensively consumed in human diet [276,277].
Hydroxycinnamic acids significantly contribute to antioxidant capacity [278]. Hydroxycin-
namic acids are widely found in plants and their products such as cereals, fruits, coffee,
vegetables, etc. [279,280].

4.1. p-Coumaric Acid

p-Coumaric acid is a plant metabolite with antioxidant and anti-inflammatory
impacts [281,282]. p-Coumaric acid boosts hepatic fatty acid oxidation and fecal lipid ex-
cretion, and it affects inflammatory and insulin resistance-related adipokines. p-Coumaric
acid stimulates electrical factors of biological and model lipid membranes [283].
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4.2. Caffeic Acid

Caffeic acid (3,4-dihydroxycinnamic acid) has been known as an important source of
natural antioxidants in different agricultural products [284,285]. It has immense use in can-
cer treatment [286,287], and it could be known as an important natural antioxidant [288].
Caffeic acid can induce apoptosis in cancer cells through increasing ROS levels and
impairing mitochondrial function, and it also benefits from reducing aggressive behav-
ior of tumors via suppressing metastasis [289]. Caffeic acid has anti-inflammatory and
antioxidant properties against 6-propyl-thiouracil (PTU)-induced hypothyroidism [290].
Meinhart et al. [291] reported that higher sums of mono-caffeoylquinic acids were found in
mulberry, quince, and bilberry, and the dicaffeoylquinic acids sum was higher in granadilla,
passion fruit, and kumquat. It is a phenolic compound extensively discovered in commonly
consumed foods such as apples, pears, and coffee [292]. The biosynthesis pathway of
caffeic acid can be categorized into two modules, (1) L-tyrosine is synthesized from carbon
sources via the glycolytic pathway, the pentose phosphate pathway, and the shikimate
pathway; (2) caffeic acid is generated by the continuous deamination and hydroxyla-
tion of L-tyrosine [293]. Trifan et al. [294] found that caffeic acid oligomers reported in
Symphytum officinale L. root may contribute to the anti-inflammatory activity for which
comfrey preparations are used in traditional medicine. Caffeic acid phenethyl ester ex-
tracted from Rhodiola sacra could provide health benefits, decreasing the magnitude of
the inflammatory process triggered by endotoxin shock and the production of inflam-
matory mediators [295]. Caffeic acid from the leaves of Annona coriacea have shown
antidepressant-like impacts, which involve important neurotransmitter systems [296].
Spagnol et al. [297] reported that caffeic acid presented antioxidant activity greater than ascorbic
acid and trolox. Caffeic acid regulates lipogenesis-related protein expression in high-fat diet
(HFD)-fed mice, alleviates endotoxemia and the proinflammatory response in HFD-fed mice,
and attenuates gut microbiota dysbiosis in HFD-fed mice [298]. Caffeic acid decreases oxidative
stress levels in the hippocampus and regulates microglial activation in the hippocampus [299].

4.3. Ferulic Acid

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is a polyphenol that is widely known
for its therapeutic potential, showing anti-aging, anti-inflammatory, and neuroprotective
impacts [300,301]. The ferulic acid molecule reveals cis-trans isomerism, with the most
abundant form in nature being the trans isomer, and both isomers have proven results in
the treatment of several pathologies such as diabetes, cancer, and neurodegenerative and
cardiac diseases [302]. Ferulic acid is important for the synthesis of significant chemical
molecules such as coniferyl alcohol, di ferulic acid, vanillin, synaptic, and curcumin, as
well as for giving the cell wall stiffness [303]. Ferulic acid can be applied as an antioxidant
to prevent damage from ultraviolet (UV) radiation and skin carcinogenesis [304]. It is
ample in numerous fruits and vegetables, including bananas, eggplant, citrus fruits, and
cabbage, as well as in seeds and leaves [305,306]. In Chinese medicinal science, ferulic is
normally joined with polysaccharides by covalent bonds in various plant cell walls such as
cereal bran and regarded as the main bioactive compound of Angelica sinensis, chuanxiong
rhizoma, and ferula [307], and it has several biological activities such as anti-apoptosis,
anticancer, antioxidant, and anti-inflammatory impacts [308]. Free ferulic acid is related to
the natural content of ferulic acid in herbs, and total ferulic acid refers to the sum of free
ferulic acid plus the amount of related hydrolyzed components [309,310]. Angelica sinensis
is a perennial herbaceous species that creates the bioactive metabolite ferulic acid [311,312].
The ferulic compounds of Salvia officinalis could be useful as a safe natural source for estro-
genic characteristics [313]. Singh et al. [314] indicated that ferulic acid is a phenol derivative
from natural sources and applied it as a potential pharmacophore that exerts multiple phar-
macological properties such as neuroprotection, A} aggregation modulation, antioxidant,
and anti-inflammatory. Ferulic acid increases cerebellar functional and histopathological
changes induced by diabetes, which can be attributed to its antioxidative effect and its abil-
ity to modulate nitric oxide synthase (NOS) isoforms [315]. Ramar et al. [316] showed that
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ferulic acid and resveratrol revealed antioxidant as well as antidiabetic effects, consequently
modulating liver, kidney, and pancreas damage caused by alloxan-induced diabetes, possi-
bly via inhibition of the proinflammatory factor, NF-KB. Ferulic acid treatment prevents
radiation-induced lipid peroxidation and DNA damage and restores antioxidant status
and histopathological alterations in experimental animals [317]. Hu et al. [318] found that
ferulic acid could alleviate inflammation and oxidative stress. Ferulic acid can inhibit
cancer proliferation through various mechanisms, including changing the cancer cell cycle,
inducing apoptosis, and regulating proteins involved in cell proliferation [319], and ferulic
acid could be used as a potential official adjuvant for breast cancer treatment [320].

4.4. Sinapic Acid

Sinapic acid, a widely prevalent hydroxycinnamic acid, contains numerous biological
activities related to its antioxidant property [321,322]. It protects lysosomes and prevents
lysosomal dysfunction [323]. Saeedavi et al. [324] reported that sinapic acid may be a
new therapeutic potential to treat allergic asthma through suppressing T-helper 2 immune
responses. Sinapic acid phenethyl ester boosts gene expression related to the cholesterol
metabolic process [325]. Hu et al. [326] indicated that sinapic acid can be utilized as
an effective chemo preventive agent against lung carcinogenesis. It can also alleviate
blood glucose levels by improving insulin production in pancreatic 3-cells, and it can
exhibit an antioxidative impact by suppressing lipid peroxidation and increasing the
activity of antioxidant enzymes [327]. Sinapic acid significantly increases caspase-3 activity
and inhibits cell invasion, and it has anticancer impacts on prostate cancer cells [328].
Sinapic acid pretreatment mitigates renal impairment and structural injuries through
the downregulation of oxidative/nitrosative stress, inflammation, and apoptosis in the
kidney [329]. Raish et al. [330] indicated the ability of sinapic acid to restore the antioxidant
system and to suppress oxidative stress, pro-inflammatory cytokines, extracellular matrix,
and TGF-f3, and showed that sinapic acid treatment (10 and 20 mg/kg) significantly
ameliorated bleomycin (BML)-induced lung injuries. Singh and Verman [331] revealed that
sinapic acid increases streptozotocin (STZ)-induced cognitive impairment by ameliorating
oxidative stress and neuro inflammation in the cortex and hippocampus. Sinapic acid can
modulate the redox state in high-fat diet (HFD) rats [332].

5. The Health Benefits of Coumarins (Umbelliferone, Esculetin, Scopoletin)

Coumarins (2H-chromen-2-one ring) with the molecular formula CoHgO; are an im-
portant group of natural compounds and are used as additives in both cosmetics and
foods [333], and they constituent a notable class of heterocyclic compounds with the char-
acteristic benzo-x-pyrone moiety in its structure [334]. Coumarin has been reported to
have antibacterial, anticancer, antioxidant, anti-inflammatory, anticoagulant, and anti-
Alzheimer’s disease (AD) activities [335,336]. Coumarin derivatives are found naturally
as secondary metabolites in more than 150 species of plants and in over 30 plant fam-
ilies such as Clusiaceae, Umbelliferae, Guttiferae, Rutaceae, Oleaceae, Fabaceae, and many
more [337]. Seo et al. [338] reported that different coumarins were identified from the roots of
Angelica dahurica using NMR spectroscopy, and each coumarin revealed remarkable differ-
ences in content and inhibitory effect. Kassim et al. [339] indicated that the good antioxidant
activity of Melicope glabra (Rutaceae) is because of umbelliferone, glabranin, and scopoletin.
Coumarin-based compounds extracted from the medicinal plants are shown in Table 6.

Table 6. Coumarin-based compounds obtained from the medicinal plants used by various ancient
medical systems [340].

Compounds Molecular Formula Pharmaceutical Activity
6-hydroxy-4-methoxy-5-methylcoumarin Cy1H19O4 Microtubule stabilizing agent
(+)-Calanolide CHyOs5 Anti-HIV agent
Inophyllum Co5Hp405 Anti-HIV agent
Theraphin ConHsOg Anticancer agent

Antimalarial agent
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5.1. Umbelliferone

Umbelliferone is a 7-hydroxycoumarin and an isomer of caffeic acid [341], and it
has been reported for different pharmacological activities against numerous diseases
such as cancer [342]. The plant sources of umbelliferone are Acacia nilotica, Angelica
decursiva, Aegle marmelos, Artemesia tridentata, Aster praelatus, Balsamocitrus camerunensis,
Chamomilla recutita, Citrus aurantium, Cirtus natsudaidai, Citrus paradise, Coriandrum sativum,
Diospyros oocarpa, Diplostephium foliosissimum, Dystaenia takeshimana, Edgeworthia chrysantha,
Edgeworthia gardneri, Eriostemon apiculatus, Ferula communis, Ferula communis, Ferula assafoetida,
Fructus Aurantii, Glycyrrhiza glabra, Angelica archangelica, Haplophyllum villosum, Harbouria
trachypleura, Haplopappus desertzcola, Haplophyllum patavinum, Hydrangea chinensis,
Hydrangea macrophylla, Hieracium pilosella, Ipomoea mauritiana, Justicia pectoralis, Matricaria
recutita, Melicope glabra, Musa spp., Parkinsonia aculeata, Peucedanum praeruptorum, Picea
abies, Potentilla evestita, Rhododendron lepidotum, Platanus acerifolia, Selaginella stautoniana,
Saussurea eopygmaea, Stellera chamaejasme, and Typha domingensis [343]. It has been reported
to have antioxidant, anti-inflammatory, free radical scavenging, and antihyperglycemic
properties [344], and antifungal characteristics [345]. Althunibat et al. [346] reported that
umbelliferone prevented isoproterenol cardiotoxicity in rats, and it decreased isoproterenol-
induced oxidative stress and inflammation. Kutlu et al. [347] reported that umbelliferone
has a strong antioxidant and anti-inflammatory effect on sepsis, and it can be considered
as a new treatment for organ dysfunction. Umbelliferone ameliorates atopic dermatitis
(AD)-associated symptoms and inflammation via regulation of various signaling pathways,
suggesting that umbelliferone might be a potential therapeutic of AD [348]. Umbelliferone
downregulates TGF-31 levels in kidney tissue and it may promote kidney function and
ameliorate renal oxidative stress [349]. Mohamed et al. [350] indicated that umbelliferone
ameliorated oxidative stress-related hepatotoxicity via its ability to augment cellular an-
tioxidant defenses by activating Nrf2-mediated HO-1 expression. Umbelliferone exhibits
anticancer impacts on human oral carcinoma (KB) cell lines, with the increased generation
of intracellular reactive oxygen species (ROS) triggering oxidative stress-mediated depolar-
ization of mitochondria [351]. Umbelliferone has gastric protective activity in vivo, and it
has antidiarrheal activity in vivo [352].

5.2. Esculetin

Esculetin (6,7-dihydroxycoumarin), a natural coumarin derived from herbs, has shown
different pharmacological activities [353]. Kadakol et al. [354] reported that esculetin, a
naturally occurring 6,7-dihydroxy derivative of coumarin, has revealed its potential func-
tion in various non-communicable diseases (NCDs) including obesity, diabetes, renal
failure, cardiovascular disease, cancer, and neurological disorders. Esculetin reduced both
chronic and acute topic skin inflammation, and mitigated inflammation by suppressing
infiltration of inflammatory cells [355]. It can be found in many medicinal plants such as
Artemisia capillaris, Matricaria chamomilla L., Artemisia scoparia, Citrus limonia, Cortex Fraxini,
and Ceratostigma willmottianum [356-358]. Esculetin supplementation could protect against
development of non-alcoholic fatty liver in diabetes via regulation of glucose, lipids, and
inflammation [359]. The esculetin protects human hepatoma HepG2 cells from hydrogen
peroxide-induced oxidative injury, and the production is provided via the induction of pro-
tective enzymes as part of an adaptive response mediated by Nrf2 nuclear accumulation [360].
Esculetin prevents progressive renal fibrosis under insulin resistance (IR) and type 2
diabetic nephropathy (T2D) conditions, and it decreases oxidative stress in the kidney
under IR and T2D conditions [361]. Esculetin has the ability to suppress tumor growth
and metastasis via Axin2 suppression, which can be an attractive therapeutic strategy for
the treatment of metastatic colorectal cancer (CRC) [362]. Esculetin treatment decreased
neurological defects and improved cognitive impairments in transient bilateral common
carotid artery occlusion (tBCCAO)-treated mice, and the mechanism underlying the phar-
macological impacts of esculetin involved its action on mitochondrial autophagy and the
apoptosis triggered by mitochondrial oxidative stress via mediation of mitochondrial frag-
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mentation during transient cerebral ischaemia and reperfusion injury [363]. Zhang et al. [364]
reported that esculetin could be a potential therapeutic drug for the treatment of hepatic
fibrosis by inducing stellate cell senescence. Wang et al. [365] indicated that esculetin is
safe and reliable, is easy to be absorbed by the body, and can be synthesized in a variety
of ways. Esculetin inhibits the pyroptosis of microvascular endothelial cells through the
NF-KB/NLFP3 signaling pathway and is expected to be conducive in treating pyroptosis-
related diseases [366]. Esculetin directly binds to hnRNPA1 and decreases the concentration
of hnRNPA1 in endometrial cancer cells, and it downregulates the levels of BCL-XL and
XIAP expression, resulting in apoptosis and an arrest in proliferation [367]. Esculetin
inhibits clear cell renal cell carcinoma growth in a dose- and time-dependent manner, and
it induces apoptosis and cell cycle arrest [368]. Esculetin could be used as a dietary therapy
for the prevention of alcoholic liver disease, and it can markedly prevent ethanol-induced
liver injury in mice [369].

5.3. Scopoletin

Scopoletin (6-methoxyl-7-hydroxy coumarin) has a phenolic hydroxyl structure and
is a member of the coumarin family [370]. It has a long history of use for its medicinal
characteristics in traditional Chinese medicine [371]. Scopoletin is one of the main bioactive
components of Convolvulus prostratus Forssk, known to have a role in acetylcholinesterase
inhibitor, antimicrobial, memory enhancer, and antioxidative properties [372]. It is a
major component of noni (Morinda citrifolia L.), which contributes to the anti-inflammatory,
antioxidative, immunomodulatory, and hepatoprotective properties [373]. Scopoletin could
be a potential phagocytic enhancer, and it can increase immunity through enhancing
macrophage phagocytic capabilities [374]. Scopoletin improved vancomycin-induced renal
injury via restoring the antioxidant defense system [375]. Scopoletin reduces non-alcoholic
fatty liver disease in high-fat diet-fed mice [376]. It has been reported that scopoletin could
exert a positive impact on anti-aging related to autophagy via modulation of p53 in human
lung fibroblasts [377].

6. The Health Benefits of Stilbenes (Resveratrol, Piceatannol, Pterostilbene)

Stilbenes (based on the 1,2-diphenylethylene skeleton) are a group of plant polyphe-
nols with rich structural and bioactive diversity [378]. They originate from plant families
such as Vitaceae, Gnetaceae, Leguminaceae, and Dipterocarpaceae, and, structurally, they
have a C6-C2-C6 skeleton, normally with two isomeric forms [379,380]. They have wonder-
ful potential for anti-inflammatory, antiviral, anticancer, and antioxidant activities, as well
as an application as cosmetic materials, coloring agents, and dietary supplements [381-383].
Wine and grapes are the main dietary source of stilbenes [384]. These compounds are
synthetized by plants in response to abiotic or biotic stress situations [385]. Most stil-
bene compounds reveal antimicrobial properties, acting as phytoalexins in response to
pathogen or herbivore attack [386]. Phytochemical phenols of stilbene families indicated
good stability at elevated temperatures [387].

6.1. Resveratrol

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a plant polyphenol, extensively pop-
ularized during the last decades, owing to its promising beneficial effects on human
health [388]. It is a famous non-flavonoid polyphenol, related to the family of stilbenes
whose structure consists of two phenolic rings linked by a double bond, which promotes
two isomeric conformations: trans- and cis-resveratrol [389,390]. Resveratrol’s cis-isomer
is unstable, and its trans-isomer contains greater stability, but converts to the cis-isomer
under exposure to high pH or UV light [391,392], with heat increasing the degradation
process [391]. It exists in many traditional herbs, and in several types of fruits, especially in
the muscadine grape, red wine, cranberry, lingonberry, and redcurrant [393], and roots of
various plant species including Polygonum cuspidatum and rhubarb (Rheun rhapontiicum) [394].
It is also useful in common age-related diseases such as cancer, cardiovascular diseases,
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type 2 diabetes, and neurological conditions, and it has also positive impacts on metabolism
and can boost the lifespan of various organisms [395]. Resveratrol supplementation can
be considered as an adjuvant therapy for relieving inflammation [396]. It has great po-
tency in treating cardiovascular diseases [397]. Resveratrol attenuates kidney damage
in malignant hypertension rats, and it can increase glomerular filtration while decreases
proteinuria [398]. It inhibits the release of proinflammatory cytokines and leads to the
release of anti-inflammatory cytokines, and it scavenges free radicals and upregulates
antioxidant enzymes [399]. Chowdhury et al. [400] indicated that resveratrol treatment
indicated beneficial impacts on preventing oxidative stress and fibrosis in the kidneys
of high-fat (HF) diet-fed rats, probably by modulating the gene expression of oxidative
stress and inflammation-related parameters and enzymes. Resveratrol can downregu-
late the pro-inflammatory cytokine release decreasing lung injury [401]. Resveratrol-
containing fruits could be a promising substitute for the management of Alzheimer’s
disease [402]. It can be more effective in cardiotoxicity prevention [403]. Polygonum cuspidatum
is an important medicinal plant in China and a rich source of resveratrol compounds,
which is a secondary metabolite formed in the long-term evolution procedure of plants
to increase their response to adverse environments such as pathogens and ultraviolet
radiation [404]. As an anticancer parameter, resveratrol promotes apoptosis in hepatocel-
lular carcinoma cells [405]. Bhaskara et al. [406] reported that resveratrol is a potential
reducing factor that can prevent carcinogenesis due to its antioxidant abilities, and it acts as
an immunomodulatory agent for treating cancer. Resveratrol can exhibit anti-aging activity
through a variety of signaling pathways [407]. Resveratrol shows potent anti-rotavirus
efficacy in vitro and in vivo, and it blocks viral structural expression and genomic RNA
synthesis [408]. Resveratrol oligomers from Paeonia suffruticosa indicate neuroprotective
effects in vitro and in vivo by regulating cholinergic, antioxidant, and anti-inflammatory
pathways, and they may have promising applications in the treatment of Alzheimer’s
disease [409]. Resveratrol is also involved in neurodegenerative diseases (NDs) with mul-
tiple neuroprotective activities [410]. Antimicrobial activity of resveratrol against many
bacteria and fungi has been reported, such as antimicrobial activity against Gram-positive
bacteria such as Bacillus cereus, Bacillus megaterium, Staphylococcus aureus, Enterococcus
faecalis, Enterococcus faecium, Mycobacterium tuberculosis, Mycobacterium smegmatis, Streptococcus
pneumoniae, Streptococcus pyogenes, Propionibacterium acnes, and Listeria monocytogenes;
against Gram-negative bacteria such as Escherichia coli, Klebsiella pneumoniae, Salmonella
enterica serovar Typhimurium, Pseudomonas aeruginosa, Helicobacter pylori, Arcobacter butzleri,
Arocobacter cryaerophilus, Haemophilus ducreyi, Neisseria gonorrhoeae, Neisseria meningitidis,
Vibrio cholerae, Fuscobacterium nucleatum, Campylobacter jejuni, and Campylobacter coli; and
against fungi such as Trichophyton mentagrophytes, Trichophyton tonsurans, Trichophyton
rubrum, Epidermophyton floccosum, Microsporum gypseum, Candida albicans, Saccharomyces
cerevisiae, Botrytis cinerea, and Trichosporon beigelii [411]. Resveratrol has powerful anticancer
characteristics in different cancer cells and organs such as pancreatic cancer, colorectal
cancer, gastric cancer, esophageal cancer, hepatocellular cancer, oral cancer, and biliary tract
cancer [412]. Resveratrol decreases damage to pancreatic tissue via suppression of calcium
overload; it suppresses calcium overload and, thereby, decreases trypsinogen activation,
oxidative stress, mitochondrial dysfunction, and disorders, and it also reduces damage to
other organs such as lung and heart by decreasing microcirculatory dysfunction [413].

6.2. Piceatannol

Piceatannol (3,4,3' 5 -tetrahydroxy-trans-stilbene), a natural polyphenolic stilbene, has
pleiotropic pharmacological potentials [414]. It can be found in different kinds of fruits and
vegetables such as blueberries, grapes, and passion fruit [415]. Piceatannol is a metabo-
lite of resveratrol found in red wine, which prevents cardiac hypertrophy in rat neonatal
cardiomyocytes [416]. It has previously been known as an antileukemic principle, which has
been shown to be an inhibitor of protein-tyrosine kinase activity [417]. It has been reported
that its low water-solubility and bioavailability could limit its application in both food and
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pharmaceutical fields [418]. Piceatannol, compared with the renowned resveratrol, is a
better anticancer factor and a superior agent with other biological properties [419]. Piceatan-
nol lightened oxidative injury and collagen synthesis in lung tissues during pulmonary
fibrosis, and it suppressed the activation and collagen synthesis of TGF-B-induced lung
fibroblasts [420]. It appears to be an appropriate nutritional or pharmacological biomolecule
that modulates effector T cell functions, namely cytokine production, differentiation,
and proliferation [421]. Piceatannol attenuates fat accumulation in steatosis-induced
HepF?2 cells, it suppressed lipogenesis and fatty acid uptake in steatosis-induced HepG2
hepatocytes, and it suppressed fatty acid-induced oxidative stress [422]. It shows anti-
aggregation activity, and it increases catalase and glutathione peroxidase activity [423]. It
can also be considered as a potential chemotherapeutic factor in the treatment of leukemia,
but it may be connected with the risk of multi-drug resistance [424]. Passion fruit seed
extract and piceatannol could exert anticancer activity via human glyoxalase I (GLO I)
inhibition [425]. Piceatannol is a promising medication for preventing acute liver failure
and the mechanisms may be associated to its inhibitory impacts on ER stress, inflammation,
and oxidative stress [426]. Piceatannol has a potential inhibitory activity against human
glyoxapase I (GLO I), and it inhibits the proliferation of GLO I-dependent human lung
cancer [427]. It protects ARPE-19 cells against apoptosis induced by photo-oxidation,
and the protective effect of piceatannol is because of the activation of the Nrf2/NQO1
pathway [428]. Piceatannol is a potent enhancer of cisplatin-induced apoptosis, and it
reveals the potential for clinical development for the treatment of ovarian cancer [429].
It has been reported that piceatannol significantly decreases the degree of bovine serum
albumin (BSA) glycosylation, and this suggests its potential impact on preventing the
progression of diabetes mellitus [430].

6.3. Pterostilbene

Pterostilbene, a dimethyl ester derivative of resveratrol, may act as a cytotoxic and
anticancer factor [431]. It primarily exists in blueberries, grapevines, and heartwood
of red sandalwood [432,433]. Phenolic resveratrol, pterostilbene has been reported to
have antifungal activity against a broad range of important phytopathogenic fungi such
as Leptosphaeria maculans and Peronophythora litchii [434]. Tt is an anti-inflammatory and
antioxidant agent with preventive effects toward skin disorders, and its anticancer impacts
include inducing necrosis, apoptosis, and autophagy [435]. It can alleviate hepatic damage
and oxidative stress and increase hepatic antioxidant function in piglets [436]. It possesses
the abilities of antiproliferation, reversing epithelial to mesenchymal transition (EMT),
and suppression of cancer stemness, and it could suppress tumor growth and inhibit the
metastasis of tumor cells to livers and lungs with therapeutic safety in BALB/C mice [437].

7. The Important Health Benefits of Lignan (Sesamin)

Lignans are naturally occurring compounds produced and accumulated in different
edible and medicinal plants, which can be subdivided bio-synthetically into neolignan and
lignans [438,439]. Lignans, as the notable subgroup of phenylpropanoids, are involved in
the plant defense responses to numerous biotic and abiotic stresses [440]. Lignans, with
different biological activities, such as antitumor, antibacterial, antioxidant, and antiviral
activities, are generally distributed in nature and mostly exist in the xylem of plants [441,442].
The level of lignans varies between plant parts of all species [443].

Sesamin, a major lignan derived from sesame seeds, has several benefits and medicinal
characteristics [444]. It exerts various pharmacological impacts, such as prevention of
hyperlipidemia, hypertension, and carcinogenesis, as well as anticancer and chemopre-
ventive activity in vitro and in vivo [445,446], and antioxidant and anti-inflammatory char-
acteristics [447,448]. Plants reported to contain sesamin are Paulownia tomentosa Staud.,
Phyllarthron comorense, Justicia simplex, Hyptis tomentosa, Anacyclus pyrethrum, Artemisia
absinthium, Artemisia gorgonum, Chrysanthemum cinerariaefolium, C. frutescens, C. indicum,
Diotis maritima, Eupatorium ageratina, E. ritonia, E. fleischmannia, Otanthus maritimus, Aptosimum
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spinescens, Gmelina arborea Roxb., Acanthopanax senticosus, A. sessiliflorum, Eleutherococcus
divaricatus, Asarum sieboldii, Aristolochia cymbifera, Alnus glutinosa, Salicomia europaea,
Austrocedrus chilensis, Evodia micrococca, Fagara xanthoxyloides, Fagara tessmannii, Fagara
heitzii, Micromelum minutum, Melicope glabra, Spiranthera odoratissima, Flindersia pubescens,
Zanthoxylum naranjillo, Zanthoxylum tingoassuiba, Zanthoxylum piperitum, Zanthoxylum
nitidum, Zanthoxylum flavum, Zanthoxylum alatum Roxb., Zanthoxylum bungeanum, Ginkgo
biloba, Machilus glaucescens, Ocotea usambarensis, Aiouea trinervis Meisn., Talauma hodgsonii,
Magnolia spp., Picea abies, Macropiper excelsum, Piper sarmentosum, Sesamum indicum,
S. radiatum, S. mulayanum, S. malabaricum, S. alatum, S. angustifolium, S. angolense, S. calycinum,
Anemopsis californica, Quercus frainetto Ten., Vernicia fordii, Jatropha curcas, Larrea tridentata,
Morinda citrifolia, Glossostemon bruguieri, Ligustrum japonicum, and Triclisia sacleuxii [449].
Sesamin could boost the proliferation and adhesion of intestinal probiotics, leading to
modulating gut microbiota, which provided the basis for sesamin as a food-borne func-
tional parameter for improving intestinal health [450]. Sesamin suppressed breast cancer
proliferation, and it downregulated programmed death ligand 1 (PD-L1) expression, which
is mediated by NF-KB and AKT [451]. Sesamin increased osteoblast differentiation by the
increase of type I collagen (COL1A1) and alkaline phosphatase (ALP) gene expression
as well as ALP activity [452]. Sesamin ameliorated lead-induced neuroinflammation in
rats, and decreased accumulation of lead in blood and neuronal tissues of rats [453].
It ameliorated polymorphonuclear neutrophils infiltration and exudate volume [454].
Majdalawieh et al. [455] reported that sesamin can potentially be utilized as an effec-
tual adjuvant therapeutic agent in ameliorating tumor development and progression, and
it could be utilized in the prevention and treatment of different types of cancer. It has been
reported that sesamin promoted diabetes-induced neuroinflammation in rats, exhibited
neurotrophic supportive action in diabetic rats, and prevented neuronal loss in diabetic
rats [456]. Sesamin has a chondroprotective effect through inhibition of proteoglycans (PGs)
degradation induced by IL-1beta and inhibition of collagen degradation [457].

8. The Health Benefits of Condensed Tannins or Proanthocyanidins (Procyanidin B1)

Proanthocyanidins, also known as condensed tannins [458,459], belong to the oldest
of plant secondary metabolites, and these constituents are widespread in woody plants,
but are also discovered in certain forages, as well as fruits, seeds, nuts, and bark [460,461].
Yu et al. [462] reported that proanthocyanidins were prevalent in lotus seed coats. They
can be categorized into three groups according to their component units and the link-
ages between them: procyanidins, prodelphinidins, and propelargonidins [463]. The
biological activity of plant proanthocyanidins is associated with their chemical concen-
tration and structure [464]. Proanthocyanidins from Pinus thunbergii mainly included
catechin/epicatechin, and they showed significant antioxidant capacity [465]. Proantho-
cyanidins in tea, black currant, grapes, bilberry, pine bark, cranberry, and peanut skin
may lead to a decrease in the oxidative stress (ROS), induce lower iNOS and COX-2 over-
expression, then lower inflammation, and, lastly, show activities against diabetes, asthma,
neuropathologies, cardiovascular ailments, obesity, and cancer [466]. The precursors of
proanthocyanidins are produced by the phenyl propanoid pathway in the cytosol and
are converted to the vacuole, where they polymerize to create proanthocyanidins [467].
They have various bioactivities, such as anticancer, antibacterial, and antioxidant [468].
Proanthocyanidins stimulate antioxidant capacity and increase resistance against oxidative
stress-induced senescence in fruits after harvest [469].

Procyanidins are associated with the class of natural products known as proantho-
cyanidins or condensed polyphenols [470]. They have been reported to reveal broad
advantages to human health and are applied in the prevention of cancers, diabetes, cardio-
vascular diseases, etc. [471]. They are structurally diverse constituents and can be divided
into monomeric, oligomeric, or polymeric variants associated with degree of polymeriza-
tion, which plays a role in manifesting various impacts that are associated with human
health [471]. The anti-digestion and antioxidant impacts of grape seed procyanidins have
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been proven [472]. Procyanidin B1 is also a promising liver cancer antitumor drug [473]
(Na et al., 2020). Procyanidins increase the glycometabolism and decrease the secretion of
inflammatory factors of postpartum mice with gestational diabetes mellitus (GDM) [474].

9. The Health Benefits of Curcuminoids (Curcumin, Demethoxycurcumin,
Bisdemethoxycurcumin)

9.1. Curcuminoids

Curcuminoids are a group of polyphenol coloring constituents that exist in the
plant species Curcuma, such as Curcuma longa, C. Wenyujin, C. zedoaria, etc. [475,476].
They are synthesized in turmeric from cinnamic acid precursors obtained via the phenyl-
propanoid biosynthetic pathway, and there are three different precursors, namely curcuminoids
biosynthesis-cinnamic acid, ferulic acid, and coumaric acid [477]. Ramirez-Ahumada et al. [478]
reported that curcuminoid synthase activity in turmeric crude protein extracts converts
feruloyl-CoA into curcumin. Curcumins are the commercially available component in
curcuminoids, as the principle constituents, and the other two, demethoxycurcumin and
bisdemethoxycurcumin, as minor components [479,480]. Curcumin and demethoxycur-
cumin are distinctive because of the phenylmethoxy group [481]. Curcuminoids share
important pharmacological characteristics possessed by turmeric, a distinguished curry
spice, considered as an important factor in Alzheimer’s disease [482]. It has been reported
that curcuminoids of turmeric can be considered as a modern medicine for the treatment of
knee osteoarthritis [483] as well as a potential anticancer agent [484]. Zhou et al. [485] also
reported that turmeric rhizomes exhibit versatile biological activities such as a significant
anticancer property. Three curcuminoids, namely curcumin, demethoxycurcumin, and
bisdemethoxycurcumin, in turmeric were found and were shown to contain significant
synergistic anticancer activities [486]. Curcuminoids rescued neurotoxin-induced inflam-
matory gene expression and rescued neurotoxin-induced apoptotic gene expression, and
individual curcuminoids showed significant function useful for Alzheimer’s disease [482].

9.2. Curcumin

Curcumin (bis-«,3-unsaturated 3-diketone), also known as diferuloylmethane, is a hy-
drophobic polyphenol obtained from the rhizome of the perennial herb genus Curcuma, which
belongs to the ginger family (Zingiberaceae) and consists of species such as Curcuma longa,
Curcuma amada, Curcuma aromatic, Curcuma zedoaria, and Curcuma raktakanta [487,488].
Curcumins contain different medicinal values such as antioxidant, anti-pulmonary fi-
brosis, anti-inflammation, antiviral, and chronic obstructive pulmonary disease impacts,
and attractively docked with multi-target molecular proteins related to diabetes [489—494].
Curcumin is insoluble in water and easily efficient in organic solvents [495]; the active
functional groups of curcumin can be oxidized by electron transfer and hydrogen
abstraction [496], and curcumin is more durable in acidic to neutral conditions than in
alkaline circumstances [495-497]. Curcumin, as an enzyme inhibitor, has proper structural
characteristics including a flexible backbone, hydrophobic nature, and different available
hydrogen bond (H-bond) donors and acceptors [498]. Curcumin is stable to heat but
is light-sensitive and produces singlet oxygen and other reactive oxygen species (ROS)
when exposed to the sun, which is also a photodynamic and photobiological property of
curcumin [499]. Curcumin decreases inflammation by inhibiting lipopolysaccharide-
induced nuclear factor-KB (NF-KB) p65 translocation and mitogen-activated protein ki-
nase activation in dendritic cells [500]. Curcumin decreases morphine dependence in
rats through an inhibitory influence on neuroinflammation and a decline in the expres-
sion of p-opioid receptors in the prefrontal cortex [501]. Curcumin influences synaptic
plasticity genes (Arc and Fmr1) to decrease amnesia [502]. Xie et al. [503] reported that
curcumin together with photodynamic therapy have been confirmed as effective in many
kinds of cancer cells in vitro and animal models. It has been extensively applied in can-
cer treatment because of its ability to trigger cell death and suppress metastasis [504].
Mahjoob and Stochaj [505] reported that curcumin improves aging-related cellular and
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organ dysfunctions. Curcumin can be a promising antifatigue substitute for improving exer-
cise performance [506]. Its derivatives have anti-inflammatory actions for drug repurposing
in traumatic brain injury (TBI), but their molecular targets are not clear [507].

9.3. Demethoxycurcumin

Demethoxycurcumin is one of the principle active compounds of curcuminoids dis-
covered in turmeric powder, which is used as a spice in Asian cooking and traditional
medicine [508]. Recent studies reveal that demethoxycurcumin has various biological
activities including antioxidant, anti-inflammation, and anticancer activities [509-511].
Lin et al. [512] reported that demethoxycurcumin is the most active constituent against var-
ious kinds of breast cancer cell lines and induces apoptosis and autophagy. Demethoxycur-
cumin, a natural derivative of curcumin, revealed stronger inhibitory activity on nitric oxide
and tumor necrosis factor-o production in comparison with curcumin in lipopolysaccharide-
activated rat primary microglia [513]. Demethoxycurcumin remitted the inflammation of
nucleus pulposus cells without overt cytotoxic impacts [514].

9.4. Bisdemethoxycurcumin

Bisdemethoxycurcumin is a demethoxy derivative of curcumin and is much more
stable than curcumin in physiological media [514-516]. It can scavenge free radicals and
control cellular redox balance because of its antioxidant property [517,518], and it has
potential anti-allergic effects [519]. Mahattanadul et al. [520] reported that bisdemethoxy-
curcumin’s antiulcer impacts might be because of its characteristics of decreasing gas-
tric acid secretion and increasing the mucosal defensive mechanism via suppression of
inducible nitric oxide synthase (iNOS)-mediated inflammation. Bisdemethoxycurcumin
inhibits human pancreatic c-amylase (HPA) [521].

10. Conclusions

Phenolic compounds are one of the most important types of compounds with an
important role in growth and reproduction, providing protection against pathogens and
predators, and they could be the main determinant of antioxidant potential of foods. Phe-
nolics are a heterogeneous collection of compounds generated as secondary metabolites
in plants. Phenolic compounds are aromatic or aliphatic compounds with at least one
aromatic ring to which one or more OH groups are connected. They are subdivided into
different groups depending on the number of phenolic rings that they possess and the
structural elements joined to them. They are naturally occurring compounds present in
several foods such as cereals, fruits, vegetables, and beverages. Polyphenols can also be
found in dried legumes and chocolate. The distribution of phenolic compounds in plant tis-
sues and cells change considerably according to the type of chemical compound. They also
contribute towards the color and sensory characteristics of fruits and vegetables. Different
classes of phenolic compounds in plants are simple phenolics, benzoquinones, hydroxyben-
zoic acids, acetophenones, phenylacetic acids, hydroxycinnamic acids, phenylpropanoids,
naphthoquinones, xanthones, stilbenes, anthraquinones, flavonoids, isoflavonoids, lignans,
neolignans, biflavonoids, lignins, and condensed tannins. Hydroxybenzoic acids are gallic
acid and Protocatechuic acid. Hydroxycinnamic acids are p-coumaric acid, caffeic acid, fer-
ulic acid, sinapic acid, and other components such as coumarins (umbelliferone, esculetin,
scopoletin, resveratrol, piceatannol, pterostilbene), curcuminoids (curcumin, demethoxycur-
cumin, bisdemethoxycurcumin), condensed tannins or proanthocyanidins (procyanidin B1),
and lignan (sesamin). From a human physiological viewpoint, phenolic compounds are
important in defense responses such as antioxidant, anti-aging, antiproliferative, and anti-
inflammatory. High phenolic activity in many species could prove to be beneficial towards
human health if included as part of food designs for a healthy diet.

Flavonoids are the largest group of natural phenolic compounds, and, based on the
differences in the pyran ring, flavonoids can be divided into flavones, isoflavones, fla-
vanonols, flavonols, flavanones, flavan-3-ols, and anthocyanidins. They can be subdivided

155



Molecules 2023, 28, 1845

into different subgroups on the basis of the carbon of the C ring on which the B ring is
attached and the degree of unsaturation and oxidation of the C ring. Flavonoids in which
the B ring is linked in position 3 of the C ring are called isoflavones. Those in which the
B ring is linked in position 4 are called neoflavonoids, while those in which the B ring is
linked in position 2 can be further subdivided into several subgroups on the basis of the
structural characteristics of the C ring. The most prominent health benefits of phenolic
compounds are antioxidant activity, anti-inflammatory properties, antifungal activity, an-
timicrobial activity, antibacterial properties, anti-coronavirus activities, neuroprotective
potential, appropriate for skin health, suitable for wound healing, and anticancer activities.
Flavonoids, a group of natural substances with variable phenolic structure, are found in
vegetables, fruits, grains, bark, stems, roots, flowers, wine, and tea. Flavonoids are con-
sidered as an important constituent in different pharmaceutical, medicinal, nutraceutical,
and cosmetic applications. They belong to a class of low-molecular-weight phenolic com-
pounds that are extensively distributed in the plant kingdom. Future research is needed to
determine the pharmaceutical benefits of phenolic and flavonoid compounds of medicinal
plants, especially traditional Chinese medicinal plants, and to gain a better understanding
of these chemical compounds in medicinal plants and herbs. It is also important to increase
analytic techniques to allow the collection of more data on excretion and absorption.
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Abstract: Ovarian cancer represents a major health concern for the female population: there is no
obvious cause, it is frequently misdiagnosed, and it is characterized by a poor prognosis. Additionally,
patients are inclined to recurrences because of metastasis and poor treatment tolerance. Combining
innovative therapeutic techniques with established approaches can aid in improving treatment out-
comes. Because of their multi-target actions, long application history, and widespread availability,
natural compounds have particular advantages in this connection. Thus, effective therapeutic alter-
natives with improved patient tolerance hopefully can be identified within the world of natural and
nature-derived products. Moreover, natural compounds are generally perceived to have more limited
adverse effects on healthy cells or tissues, suggesting their potential role as valid treatment alterna-
tives. In general, the anticancer mechanisms of such molecules are connected to the reduction of cell
proliferation and metastasis, autophagy stimulation and improved response to chemotherapeutics.
This review aims at discussing the mechanistic insights and possible targets of natural compounds
against ovarian cancer, from the perspective of medicinal chemists. In addition, an overview of the
pharmacology of natural products studied to date for their potential application towards ovarian
cancer models is presented. The chemical aspects as well as available bioactivity data are discussed
and commented on, with particular attention to the underlying molecular mechanism(s).

Keywords: ovarian cancer; natural compounds; semi-synthetic compounds; medicinal chemistry;
anti-metastasis; apoptosis

1. Introduction

Among gynecologic cancers, ovarian cancer is categorized as the third most prevalent
cancer after cervical and uterine cancer, having high mortality rates in female subjects [1].
Epithelial ovarian malignancies, which include serous, mucinous, endometrioid, metastatic
and clear cell carcinoma, represent the majority of ovarian diseases [2]. Intracavitary
implantation, hematic and lymphatic pathways can all be exploited to transmit epithelial
ovarian cancer, and the main route of spread is intraperitoneal metastases [3,4]. In the
initial phases of the disease, patients are commonly asymptomatic, and 70% of patients are
diagnosed at a later stage [5].

Nowadays, cytoreductive surgeries followed by platinum /paclitaxel-based chemother-
apy are being considered as first-line approaches. Patients who receive this treatment, on
the other hand, are prone to develop chemotherapeutic resistance and cumulative adverse
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effects, including nephrotoxicity [6]. To date, treatment of ovarian cancer is considered
among the most challenging tasks in the field of oncology owing to its low survival rate
(5 years < 40%) [7]. Consequently, novel drugs and alternative therapeutics for treatment
or prevention of progression of ovarian cancer are needed.

Due to the adverse side effects associated with standard anticancer treatment, plant-
derived products, alone and/or in combination with conventional anticancer agents, are
being explored nowadays as adjuvant treatment to minimize adverse side effects [8].

Recently, several ovarian cancer prevention and early detection strategies have not
shown expected or satisfactory results, which is partially attributable to the disease’s
heterogeneity [9]. Increased DNA lesion repair, aberrant intracellular signal transmission,
and drug metabolic inactivation are all promoted by genetic changes. Complete remission
has instead been achieved by combining surgical intervention with genetic analysis [10].
In this context, the PARP inhibitor olaparib is administered to patients with BRCA1 or
BRCA2 mutations [11]. It is also common practice to treat patients who have experienced a
relapse after receiving platinum-based chemotherapy. Due to rapid tumor development
and chemotherapy resistance, the period between treatments decreases progressively
after a relapse.

As anticipated, to increase the survival quality of patients undergoing chemotherapeu-
tic treatment, novel approaches are required. Botanical components are naturally occurring
antioxidants or alkaloids with a long history in ethnopharmacology and characterized
by the potential of being employed as therapeutic resources [12-14]. Natural products
derived from plants are commonly thought of as nutritional supplements [15], meanwhile,
plant-based constituents and products may be used as adjuvant therapies against ovarian
cancer and for reduction of metastatic tumor size, and some examples have been reported
in the literature.

With this review, we aim at highlighting the beneficial impacts of natural products, as
single molecules and in combination, on ovarian cancer. Several scientific databases (Google
Scholar, PubMed, Embase, etc.) were searched for records published from 2000 onwards by
using the following keywords: ovarian cancer, etiology, risk of ovarian cancer incidence,
natural products and ovarian cancer, ovarian cancer progression and chemopreventive
potential of natural compounds [16-27]. The review is organized into sections covering
etiology, risk factors and molecular mechanisms of ovarian cancer development. Then,
cellular events and biochemical pathways targeted by natural compounds are discussed.
Eventually, a focus on some relevant and widely studied molecules are presented.

2. Etiology of Ovarian Cancer

Each ovary is approximately 3.5 cm long, 2 cm wide and 1 cm thick. It has an oval,
solid structure that is about the size of an almond. The ovaries are located in ovarian
fossae, which are small depressions on either side of the uterus in the lateral walls of
the pelvic cavity. Characterizing the variation in the ovarian surface epithelium (OSE) in
accordance with pre-cancer lesions (intraepithelial neoplasia) is quite difficult owing to
the intra-abdominal localization of the ovaries (Figure 1) and prevalence of disease [28].
Therefore, knowledge regarding earlier genetic and molecular events that are linked with
ovarian cancer is still very limited. As a result, the causes of ovarian cancer are not
very clear, and this is particularly true for epithelial ovarian cancer. The alterations in
the OSE are a contributing factor in ovarian cancer, as shown by the following evidence:
(1) the OCP, a widely used strategy of ovarian cancer prevention, triggers cancer-preventive
molecular pathways in the OSE [29]; (2) evidence of dysplastic, premalignant alterations in
the OSE can be detected using conventional techniques [30]; (3) colocalization of dysplastic
specimens in the OSE of ovaries with loss of cancer-suppressing action or overexpression
of cyclooxygenase 2 [31]; and (4) evolution from a nonmalignant to a cancerous OSE in a
some early ovarian malignancies [32].
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Figure 1. Schematic representation of the ovary structure.

Another hypothesis postulates that the cells that develop in the fallopian tube serve
as the foundation for ovarian cancer growth [33]. This hypothesis, while it is still only a
theory, is supported by the fact that the majority of ovarian cancer cells show histological
features similar to those of the fallopian tube itself. Additionally, an abnormally high
incidence of histologic and molecular markers linked to dysplasia at the fimbriated end of
the fallopian tube is observed in preventive oophorectomy cases from high-risk women [34].
The probability of fallopian tube cancer development is noticeably increased in women who
have a BRCA-related inherent ovarian disease risk. Furthermore, a thorough examination
of the fallopian tubes in women with serous pelvic cancer has revealed a high likelihood
of endosalpinx inclusion or concurrent tubal carcinomas. Similarly, p53 changes can
be retrieved in both the pelvic and fallopian tube lesions, which suggests the possible
hereditary character of the disease [35,36]. Additionally, p53 markers have been found
in fallopian tubes removed for non-carcinogenic causes in women within a population
bearing risk factors of ovarian cancer [37]. The fimbriated end of the fallopian chamber may
evolve toward neoplasia when dysplastic cells shed from the OSE, or even when taking
into consideration ovarian stromal materials provided during ovulation [38].

3. Risk Factors for Ovarian Cancer

Because of the rate of ovulatory cycles, it has been demonstrated that women who
have early menarche (age < 12) and late menopause (age > 50) have a greater risk of
ovarian cancer. In particular, early menarche and late menopause enhance the possibility
of disease development by 1.1 to 1.5 times and 1.4-4.6 times, respectively. Breastfeeding,
pregnancy, and the usage of ovulation-restricting oral contraceptives also all represent risk
factors [39,40]. Endometriosis and ovarian cancer have been linked in epidemiological
research, however the mechanism is uncertain [41]. Family history for ovarian cancer
is known to be one of the most significant risk factors. BRCA1 and BRCA2 mutations
have been associated with a high risk of ovarian and breast cancer development [39].
More specifically, women having mutations in BRCAI and BRCA?2 are thought to have
elevated risk for the development of ovarian cancer [42]. Located on chromosome 17q21,
BRCAT1 is an onco-suppressor gene, while BRCA2 is located on chromosome 13q [39]. The
codon is prematurely terminated when these genes are removed or inserted, resulting in a
shortened protein. The mutation of such genes promotes uncontrolled cell proliferation
because they play a role in chromatin remodeling. More specifically, BRCA1 and BRCA2
mutations have been linked to an increased risk of developing ovarian cancer by 50% and
20%, respectively [40,42-51]
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4. Ovarian Cancer Carcinogenesis and Progression: Molecular Mechanisms

The stages of cancer progression are demonstrated in Figure 2: a higher number, such
as stage 4, denotes that the cancer has progressed more widely. Several hypotheses have
been formulated to explain the mechanisms underlying disease onset and progression.
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Figure 2. Stages of ovarian cancer, which vary from stage 1 to stage 4.

In this context, the cancer stem cell hypothesis deserves particular attention as it
has been introduced to explain many cancer complications, resulting in drug resistance,
metastases, and recurrence, that are related to disease progression. Cancer stem cells are a
small population of tumor cells that contribute to the formation of phenotypically diverse
tumors. Their hallmarks have been recently demonstrated to be targeted also by natural
compounds to combat cell invasion and recurrence [52-54].

Several other hypotheses have been proposed to clarify the mechanism of ovarian
cancer progression. Repeated ovulation, when associated with repetitive ovarian epithelial
damage and repair, raises the risk of DNA damage and carcinogenesis, according to the
so-called ovulation theory [55]. As a result, having a higher number of ovulations raises
the risk of ovarian cancer. In rats, hyper-ovulation raises the chance of ovarian cancer
progression substantially. According to experimental studies, ovulation may produce
carcinogenesis by stimulating multiple cellular actions [56]. Therefore, incessant ovulation
increases the risk of mutagenicity due to transformation of injured OSE cells. Bradykinin
and other vasoactive mediators, as well as leukocytes and prostaglandins, are stimulated
during ovulation [57].

The gonadotrophin hypothesis suggests that increased levels of gonadotrophins drive
epithelial neoplastic change either straightforwardly or by implication through steroido-
genesis [58]. On the other hand, it has been noted that progestins can induce apoptotic
pathways and decrease the chance of growth alterations, while estrogens can promote the
development of the disease [59]. In this context, carcinogenesis may also likewise connected
to the use of conceptive therapeutics [60].

Epithelial ovarian cancer cells can relocate to the peritoneal cavity, bringing about
ascites and, potentially, immunosuppression that favors cancer development. Lysophos-
phatidic acid inhibits TNF receptor apoptosis-inducing ligand (TRAIL)-induced apoptosis
by activating the PI3K/ Akt pathway [61]. In ascites and plasma samples from epithelial
ovarian cancer specimens, a recent report found a huge change in cytokines, demonstrating
in particular a unique variety in ascites cytokines [62]. Additionally, it has been noted
that protein kinase C (PKC), Akt, lysophosphatidyl acid (LPA), and interleukin-6 (IL-6)
are increased in ovarian cancer [63]. According to another report, ovarian cancer cells use
the Akt/nuclear factor kappa B (NF-kB) pathway to produce IL-6, IL-8, and VEGF [64].
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PKC likewise plays a critical role in the regulation of various pathways. More specifically,
in ovarian cancer patients, PKC dysregulation has been related to carcinogenesis and
resistance to treatments [65]. The abovementioned inflammatory agents and pathways
result in increased ovarian cancer-related inflammation. Generally, inflammation then
induces the production of various toxic oxidants that cause direct harm to DNA, proteins,
and lipids, enhancing carcinogenesis [66]. In addition to this, inflammation is linked to
increased cellular proliferation. Excessive cellular divisions then result in DNA repair
replication errors, causing increasing mutagenesis [67]. Ovarian cancer cells release several
inflammation mediators, including cytokines and interleukins [68]. In ovarian cancers,
elevated levels of prostaglandins are observed as compared with normal cells [69], and
prostaglandins promote cancer cell invasion at high concentrations [70]. Oxidative stress is
another significant event associated with ovarian cancer. Compared with healthy women,
patients with ovarian cancer show decreased antioxidant species and increased levels of
oxidative stress [71]. More specifically, in ovarian cancer epithelial cells, some studies
have reported oxidative stress conditions, with decreased concentrations of antioxidative
enzymes. In addition to defective apoptosis, nitric oxide (NO), myeloperoxidase (MPO),
NAD(P)H oxidase, and extended combinations of these enzymes have all been observed
in ovarian cancer tissues. Besides, ovarian cancers have more elevated levels of caspase-3
nitrosylation, bringing about a huge decrease in caspase-3 capacity. MPO is a significantly
relevant pro-oxidant chemical forming NO [72-74]. According to several experimental
reports, high MPO levels have been detected in ovarian cancer cells [75]. At the molecular
level, MPO directs apoptosis, severe reactions, and drug resistance [76]. MPO prompts the
formation of reactive oxygen species (ROS), causing oxidative stress and influencing iron
redox balance [72]. As a result, oxidative stress may play a crucial role in the progression of
ovarian cancer [77].

5. Molecular Mechanisms Underlying Bioactivity of Natural Products

Mounting evidence demonstrates that plant-derived natural components like phyto-
chemicals can have a role as adjuvants to conventional chemotherapy and may represent
promising options for the future development of treatments against ovarian cancer [78,79].

The interest of researchers in the identification of small molecules acting as anticancer
agents towards ovarian cancer is constantly growing, and this is testified by the increasing
number of contributions in the field. In the 2019-2021 timeframe, some relevant reviews on
this topic were published. Shafabakhsh and Asemi as well as Vafadar et al. reviewed the
antiproliferative potential of one of the most widely studied natural compounds, quercetin,
in the context of ovarian cancer [80,81]. On the other hand, Kubczak et al. reviewed the
molecular targets for anticancer natural compounds identified so far, and organized their
contribution into sections according to chemical classes [82]. Eventually, Wu et al. focused
their attention on ovarian cancer, and classified the studied compounds according to the
mechanisms by which natural molecules may act [83].

In this part of the review, we aim at providing a comprehensive and updated overview
of natural compounds studied as anticancer agents in the context of ovarian cancer. With
respect to previous contributions in the field, we expanded the list of possible molecular
mechanisms according to the latest reports. Moreover, in the following sections, we provide
a focus on the most promising compounds for which a higher amount of data can be
retrieved in the recent literature. Eventually, we discuss the potential of semi-synthetic
derivatives of natural compounds with enhanced anticancer activity.

More specifically, the current section briefly reports the role of natural constituents
against ovarian cancer, and their proposed mode of action is also be discussed herein. In
general, natural compounds potentially modulate chemotherapeutic resistance, autophagy,
inflammation, propagation, and apoptosis [84]. A brief overview of the several cellular
events is reported below. The studied molecules have been grouped according to the
proposed mechanism of action.

183



Molecules 2023, 28, 2070

5.1. Compounds Inducing Apoptosis and Cytotoxicity and Inhibiting Proliferation

Apoptosis is a kind of organized cell death, and it represents a crucial process for
maintenance of homeostasis [85]. The induction of apoptosis and inhibition of cell pro-
liferation are the main general mechanisms through which several natural compounds
exert their anticancer role [86,87], and the main examples in the field of ovarian cancer are
reported below.

Pro-apoptotic activity in ovarian cancer cell lines has been reported for procyanidins
from cocoa [88], zeylenone from Uvaria grandiflora Roxb [89], and sanguiin H-6, a natural
constituent present in red raspberry [90].

Similarly, methyl lucidone from L. erythrocarpa has cytotoxic effects and induced
apoptosis in SKOV-3 and OVCAR-8 cell lines [91], while tanshinones from Salvia miltiorrhiza
(Danshen), such as cryptotanshinone, tanshinone-I (Tan-I) and tanshinone-IIA (TII-A), were
reported to induce apoptosis by interaction with TNF receptors. In particular, TII-A showed
the highest activity [92].

Sulforafane (SEN) is a biologically relevant component found in cruciferous vegetables,
including broccoli, and it suppressed cell growth by downregulating the cell cycle regulators
cyclin D1 and cyclin-dependent kinases 4 and 6 [93].

Additionally, dihydroartemisinin (DHA), traditionally used to treat fever symptoms
and recently investigated as a potential tool against severe acute respiratory syndrome-
coronavirus 2 (SARS-CoV-2) [94,95], can be found in Artemisia annua [96] and induced
apoptosis in ovarian cancer cells [97].

Reduced cell proliferation was also achieved with use of berbamine, an alkaloid
obtained from Berberis amurensis, through the involvement of the Wnt/catenin signaling
pathway [98].

Epigallocatechin gallate (EGCG), one of the main catechins found in green tea, in-
hibited the development and proliferation of OVCAR3 [99], as well as Pulchrin A from
Enicosanthellum pulchrum [100].

Kadsuphilactone B, a nortriterpenoid from Schisandra chinensis (Turcz) B. [101],
resveratrol [102] and curcumin [103], which will be discussed in a separate section of
the review, represent other examples of compounds promoting ovarian cancer cell death.

Other naturally occurring mixtures, such as those containing silybin analogs, demon-
strated a potential inhibitory effect on cancer development, including inhibition of elonga-
tion, pro-apoptotic effects, and cytotoxicity [104]. For a detailed list of extracts, the reader
should refer to the review by Wu et al. [83].

Overall, the main involved mechanisms targeted by the abovementioned compounds
include induction of DNA damage, caspase-3, reduction of Janus family tyrosine kinase
(p-JAK), Akt phosporilation and SERCA, increased apoptosis-inducing factor (AIF), PARP
and Bcl-2 family proteins.

5.2. Interference with Reactive Oxygen Species (ROS) Damage and with Nucleic Acid Repair

Excessive oxidative stress is generally believed to play a role in a wide range of
diseases, from inflammation to cancer. Carcinogenesis has been connected to enhanced
ROS formation and damage [105], and several studies have highlighted the involvement of
antioxidant and radical scavenger properties of natural and synthetic compounds [106,107].

In various experiments, the abovementioned antioxidant SFN induced apoptosis in the
OVCAR3, OVCAR4, OVCARS, and SKOV3 cell lines and diminished cancer development
in vivo [108].

Several flavones, including quercetin [109], and isoflavones have been previously
reported to show antiproliferative activity [110]. Quercetin is a relevant natural compound
that has been widely studied, and the properties of this molecule will be overviewed in
another section of this review. It has been demonstrated that the isoflavone formononetin
(FMN), which is found in red clovers and soy, has anticancer and cancer-preventive actions
in a variety of cell types. FMN combats ROS and cell division [83,111].
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DNA can be harmed directly or indirectly by events such as oxidative stress, radiations,
alkylating agents, and a range of other chemotherapeutic techniques, but the capability of
ovarian cancer cells to repair DNA damage is believed to be a crucial element in determining
the resistance to chemotherapy [112].

In this context, sideroxylin from Callistemon lanceolatus induced apoptosis and reduced
proliferation in ovarian cancer cells by influencing lipid peroxidation and ROS activity [113].

Additionally, berberine, another example of a common alkaloid that can be retrieved
from several natural sources [114], which has been proven to stop cell division by interfering
with DNA repair processes, inhibited the effects of PARP1, which is involved in oxidative
states of damaged DNA [115].

Besides, alone or in combination with cisplatin, the abovementioned compound WFA
induced the formation of reactive oxygen species (ROS) in A2780 ovarian cancer cells,
which caused DNA harm. The compound acted in a synergistic cytotoxic manner with
cisplatin, which formed DNA adducts [116].

On the other hand, in the context of the role played by nucleic acid sequences as targets
for anticancer agents, aberrant RNAs have been discovered to play critical oncogenic roles
in several human cancers. For example, astragalus polysaccharide (APS), a bioactive
substance from Astragalus membranaceus, increased apoptosis while decreasing cell invasion
targeting such sequences [117].

5.3. Modulation of Inflammation

It is now widely accepted that inflammation has a direct association with carcino-
genesis as it contributes in initiation, proliferation, invasion, and metastasis [118]. Pro-
inflammatory cytokines like TNF-« and IL-6 are blocked by anti-inflammatory compounds
including baicalein, apigenin, curcumin, EGCG, genistein, luteolin, and wogonin [83].
Alongside, signal transducer and activator of transcription 3 (STAT-3) prevention,
cyclooxygenase-2 (COX-2) inhibition, and nitric oxide synthase (iNOS) downregulation are
considered as the main anti-inflammatory mechanisms of phytochemicals [119].

5.4. Suppression of Events Related to Disease Progression: Cell Migration and Angiogenesis

Cell migration and invasion are among the hallmarks of disease progression, and
some natural compounds have been reported to target such events.

Among these, tetramethylpyrazine (TMP) from Ligusticum wallichil decreased cell
viability and motility in SKOV-3 cells [120], and emodin, which is contained in several
preparations of Chinese herbs, was found to suppress cell division, invasion, and migration
by hindering the ILK/GSK-33 pathway [121].

Another event that contributes to disease progression is angiogenesis. BLP, the above-
mentioned mixture containing proanthocyanidins from Chinese bayberry leaves, is prob-
ably the most promising in this context, as it demonstrated an anti-angiogenic effect
in the IOSE-364 ovarian cell line due to an inhibition of vascular endothelial growth
factor (VEGF) [122].

Similarly, Tan-IIA, already mentioned above, interfered with disease progression in
an A2780 xenograft model. Concerning the underlying mechanism of action, Tan-IIA
promoted antiangiogenetic effects, mediated by the interference with VEGEF, and induced
apoptosis in the ID-8 and A2780 cell lines [123].

Several natural flavonoids were also reported to act on the EGF/VEGF pathway,
including apigenin, taxifolin, luteolin, quercetin, genistein, kaempferol [124], harmine [125],
and cranberry proanthocyanidin-1 [126].

5.5. Regulation of Tumor Micro Environment

The tumor microenvironment is a complex and dynamic combination of elements in
which cancer cells are embedded. It comprises nonmalignant cells, the extracellular matrix
and several cytokines, chemokines, and growth factors. Considering their multi-target
action, natural compounds can modulate several aspects of the microenvironment. In
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particular, Dias et al. highlighted how natural derivatives can influence metabolic crosstalk
to “re-educate” tumor microenvironment cells towards potential anticancer activity. In
particular, curcumin, resveratrol, EGCG, shikonin, and phloretin were reported to alter the
metabolism of stromal cells [127].

The abovementioned effect is achieved through the modulation of the expression of
cancer-associated genes by the natural products, and this mechanism has also been reported
to explain the anticancer activity of quercetin, berberine, and tanshinones [128].

In addition, 3-escin was recently reported to combat ovarian cancer metastasis by
targeting both cancer and stromal cells in the tumor microenvironment [129].

5.6. Other Mechanisms Related to Dysregulation of Cell Cycle

Dysregulation of the cell cycle is a relevant contributing factor in the carcinogenesis of
ovarian cancer, and interference with the G0/G1 stages is the most commonly reported
mechanism of natural compounds with an anticancer role targeting this process [130]. This
mechanism was reported for asiatic acid from Centella asiatica [131], mentoflavone from
Selaginella tamariscina [132], proanthocyanidins from Chinese bayberry leaves (BLPs) [133],
and pulchrin A [134], which were found to combat cell proliferation and cancer progression,
in particular by targeting such phases of the cell cycle.

Moreover, co-treatment with herbal extracts from Fritillaria cirrhosa (FC) and Scutellaria
baicalensis (SB) resulted in G0/ G1 stage cell cycle arrest also in OVCA 420 and OVCA 429
ovarian cancer cells [135].

Additionally, cucurbitacin-A, isolated from Momordica charantia L., was found to show
anticancer potential, causing cell cycle arrest in the G2/M phase [136].

In this context, licorice plants contain large amounts of the flavonoid isoliquiritigenin
(ISL). In OVCAR-5 and ES-2 cell lines, ISL also decreased cell proliferation in a dose- and
time-dependent manner, targeting the G2/M phase of the cell cycle [137].

Autophagy is another physiological cell process that contributes to the maintenance of
a normal cell cycle. According to increasing evidence, autophagy and ovarian cancer also
appear to be connected [138]. Thus, natural compounds that help in modulating autophagy
may find an application in ovarian cancer treatment. Among the natural constituents
reported to act against ovarian cancer through this mechanism, Emblica officinalis (Amla)
extracts [8], resveratrol [139], withaferin A (WFA) [140], and grifolin [141] were reported.

Moreover, Tan-I, a compound from the class of tanshinones, cited above, increased
levels of the autophagy-related proteins beclinl, ATG7, and p62 as well as LC3II/LC3I and
caspase-3 in A2780 and ID8, boosting apoptosis and inducing autophagy [142,143].

Finally, genistein promoted autophagy of caspase-independent cells [144] and induced
apoptosis in cisplatin-sensitive and resistant ovarian cancer cells (A2780/CaOV3, ES-2).

5.7. Natural Constituents Modulating Resistance to Chemotherapeutic Agents

In ovarian cancer cells, plant-derived constituents were found to enhance sensitivity
to chemotherapeutics, an aspect which, as anticipated, is crucial in this pathology.

For example, pre-treatment with either ellagic acid or resveratrol 48-h before cis-
platin administration was reported to increase cytotoxicity of cisplatin itself in A2780CisR
cisplatin-resistant cells, while synergistic treatment with either cisplatin-ellagic acid or
cisplatin—resveratrol for 26 weekly cycles completely prevented cisplatin resistance in
A2780 cells [145].

Moreover, in A2780 cells, SEN diminished the xenobiotic-reaction component (XRE).
SEN also interferes with cell pH regulation and migration, and in this context it has been
proposed as an agent to combat chemoresistance [146].

In doxorubicin-resistant human ovarian cancer cell lines (NCI/ ADR-RES), treatment
with RCM, also known as Korean dark raspberry, led to apoptosis through phosphorylation
of c-Jun N-terminal kinase (JNK) [147]. In the same model, ellagic acid and quercetin, two
phytochemicals also found in RCM as well as in many other natural sources, were shown
to influence JNK and Akt phosphorylation, thus inducing apoptosis [148].

186



Molecules 2023, 28, 2070

Finally, since therapy with WFA and doxorubicin reduced cell proliferation in xenograft
mice models of ovarian cancer more effectively than WFA or doxorubicin alone, it has been
postulated that WFA may be thought of as an adjuvant to standard doxorubicin therapy to
minimize adverse effects [140].

A schematic representation and summary of the pathways targeted by natural com-
pounds and mentioned in this section are reported in Figure 3. Moreover, Table 1 sum-
marizes the most recently reported updates on the molecular mechanisms underlying the
activity of natural compounds and their derivatives in the context of ovarian cancer.
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Figure 3. Schematic representation of several cellular signaling pathways potentially targeted by
natural compounds (adapted and updated from [83]).

Table 1. Overview of natural substances showing anticancer properties against ovarian cancer models.
This table is intended as an addendum to the one reported by Wu et al. [83], thus updated records
were included. The reader is invited to refer to the abovementioned review for a more comprehensive
overview with the corresponding references. The table also includes semi-synthetic derivatives of
natural compounds that showed antiproliferative activity and that are discussed in Section 6.5 of the
current review.
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6. A Focus on Selected Natural Compounds with Promising Activity against
Ovarian Cancer

In the following part of the review, we focus on some of the most widely studied
natural compounds, some of which have already been mentioned in previous paragraphs,
with reported activity against ovarian cancer models (Figure 4). The compounds are
presented to the reader according to a classification related to their chemical structure and
natural origin. In particular, their potential as antiproliferative and anti-apoptotic agents,
as well as the evidence concerning their anti-metastatic activity, are discussed. Eventually,
a focus on semi-synthetic derivatives of natural compounds, designed to achieve improved
anticancer activity, is presented.

OH
: s 2
HO OH
OH

Curcumin Resveratrol

Quercetin Ginsenoside Rg3

Figure 4. Chemical structures of curcumin, resveratrol, quercetin, and ginsenoside Rg3, the most
promising natural compounds discussed in the review.

6.1. Curcumin

The primary ingredient in South Asian and Indian curries is turmeric, which comes
from the root of Curcuma longa. Turmeric has a long history of usage in India and China
as a traditional medicine [155]. Curcumin and two others related curcuminoids, namely
demethoxycurcumin and bisdemethoxycurcumin, are well-known and widely studied
compounds contained in this plant. As indicated by several reports published throughout
the years, curcumin and curcuminoids have strong anticancer effects due to the interaction
with a combination of intracellular targets [156].

6.1.1. Antiproliferative and Proapoptotic Activity

Excessive proliferation and unbalanced apoptosis are two signs of uncontrolled cell
growth, and these events also occur in ovarian cancer, as discussed in the first part of this
review. The protein kinase B/phosphatidylinositol 3-kinase (Akt/PI3K) signaling pathway
is overactivated in ovarian cancer cells and supports cell proliferation and invasion [157].

In ovarian cancer cells, curcumin decreased Bcl-2 expression while it increased Bax
and caspase-3, causing cell cycle arrest in the G2/M stage and consequent cell death [158].
According to Watson et al., curcumin activates caspase-8 and caspase-9 first, and then
caspase-3 to exert this activity [159]. Moreover, the authors found that curcumin decreased
Akt phosphorylation, Bcl-2, and survivin, an anti-apoptotic protein. When phosphory-
lated, STAT-3 advanced malignant growth by promoting cell proliferation and hindering
apoptosis [160]. According to Saydmohammed et al., curcumin also reduced STAT-3 phos-
phorylation, which regulates the growth of ovarian cancer cells [161]. Curcumin regulated
STAT-3 phosphorylation and enhanced interleukin (IL)-6 and IL-8 release, which decreased
ovarian cell motility [162]. Seo et al. reported that curcumin influenced Ca* homeostasis
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in ovarian cancer cells [103]. Curcumin also interferes with miRNAs, short non-coding
RNA sequences regulating target genes post-transcriptionally [163]. According to Du et al.,
treatment with dimethoxy-curcumin sustained the levels of miR-551a, inducing apoptosis
in ovarian cancer cells [164]. Additionally, when dihydroartemisinin and curcumin were
combined, miR-124 was upregulated and its target, midkine, which promotes carcinogene-
sis and is overexpressed in infections, was downregulated [165], causing cell cycle arrest
and apoptosis. Additionally, curcumin increased apoptosis and stopped the growth of
ovarian cancer cells by targeting miR-9 [166].

Thus, as can be deduced from the results of the high number of reports concerning
curcumin published in this context, it can be postulated that the compound may act through
a combination of mechanisms at the molecular level to exert its antiproliferative activity.

6.1.2. Anti-Metastatic Activity

Unregulated cancer cells, also in the case of ovarian cancer, can spread to different
organs [4], and in this context matrix metalloproteinases (MMPs), a type of proteolytic
protein, promote the development of ovarian cancer [167]. By reducing the phosphorylation
of FAK, MMP-9, and Rab coupling protein, curcumin inhibited SKOV3 cell invasion [168].
Moreover, bisdemethoxycurcumin reduced metastasis-related proteins such as MMP-2,
MMP-9, and vascular cell bond particle 1 (VCAM-1) in SKOV3 cells by controlling oxidative
stress and inactivating the NF-«B pathway [169]. The cooperation of VCAM-1 and integrin
has been shown to play a role in ovarian cancer cell intrusion and metastasis [170].

6.2. Resveratrol

Resveratrol is a polyphenolic compound that can be found in grapes, peanuts, and
plants such as Polygonum cuspidatum [171]. Resveratrol improves heart disease and con-
ditions affecting the nervous system and kidneys, and it is reported to have several other
beneficial properties [172,173]. This compound has been widely studied throughout the
years for its biological roles, and it has been cited previously in the current review. In this
section, a brief overview of the reports concerning its antiproliferative and anti-metastatic
activities are reported.

6.2.1. Antiproliferative and Proapoptotic Activity

In a mouse model, resveratrol diminished glucose uptake by cancer cells [174]. Resver-
atrol influenced GSK33 in ovarian cancer cells, reducing protein glycosylation [175]. GSK3/3
phosphorylated and deactivated glycogen synthase, thus regulating glucose storage [176].
Tino et al. [177] found that the combined use of resveratrol and acetyl resveratrol effi-
ciently retarded the growth of ovarian cancer cells, and that this effect was accomplished
by decreased NF-kB protein [177]. Besides GSK3, in ovarian cancer cells, resveratrol re-
duced the phosphorylation of Akt, and increased the extracellular signal-coordinating
kinase (ERK) [102].

6.2.2. Anti-Metastatic Activity

By reducing integrin levels, resveratrol has been shown to hinder the ability of ovar-
ian cancer cells to invade the peritoneal mesothelium, thus preventing metastasis [178].
Resveratrol may limit the interaction between ovarian cancer cells and mesothelial cells
by preventing the motility of the firsts, and, in particular, downregulation of VEGF in
hypoxic conditions appears to be involved [179]. In fact, increased VEGF production has
been shown to be related to metastasis in ovarian cancer cells [180].

6.3. Ginsenosides

The major pharmacologically active components of ginseng, ginsenosides, have an-
tioxidant and anticancer properties [173,181]. Ginsenoside Rg3 and Rb1 especially have
been reported to display anticancer activity [182].
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6.3.1. Antiproliferative and Proapoptotic Activity

According to Li et al., ginsenoside Rg3 decreased ovarian disease cell glycolysis
by downregulating phospho-STAT-3 [183]. Additionally, the compound triggered the
upregulation of miR-603 in ovarian cancer cells by inhibiting DNA methylation. The same
natural molecule also influenced hexokinase-2 activity [184].

However, the use of ginsenoside Rg3 is a rather debated issue, as recent reports
showed that the use of low concentrations of the compound stimulated cell proliferation,
while high concentrations were needed to achieve anticancer effects [185].

6.3.2. Anti-Metastatic Activity

HIF-1« is a dimeric protein that plays a role in hypoxic conditions and metastasis [186].
Epithelial-mesenchymal transition (EMT), which is related to cell-cell adhesion, frequently
takes place prior to the onset of ovarian cancer. Liu et al. observed that ginsenoside
20(S)-Rg3 counteracted EMT and downregulated HIF-1 through interference with the
ubiquitin-proteasome pathway [183]. Additionally, it was discovered that ginsenoside
Rg3 increased prolyl hydroxylase protein 1 and resulted in HIF-1« degradation [187].
Moreover, a reduction in cell intrusion capability was observed upon treatment with
this compound [184].

Furthermore, ginsenoside Rb1 reduced hypoxia-induced EMT in ovarian cancer cells
by downregulating miR-25. More specifically, it prevented the production of EP300, a
transcriptional activator of E-cadherin, a crucial molecule for epithelial cell attachment,
from being suppressed by miR-25, which would have had an anti-metastatic impact [188].
By interaction with actin microfilaments in the cytoplasm through «- and p-catenin, E-
cadherin is associated with the adhesion of epithelial cells [189].

6.4. Quercetin

Quercetin is one of the most widely studied naturally occurring flavonoids, which is
known to possess a plethora of biological properties through several mechanisms including
interaction with DNA (Figure 5) and several protein targets [190], and this section of the
review is focused on the reports on anticancer activity of this compound in ovarian cancer
models. Shafabakhsh and Asemi [93] and by Vafadar et al. [94] recently reviewed the
anticancer properties of quercetin, and the reader is invited to refer to these reviews for a
more comprehensive overview of the molecular mechanisms of this compound.

Figure 5. Quercetin structure and predicted binging mode to a G-quadruplex DNA sequence (Protein
Data Bank ID: 3CE5; adapted from [190]). The artwork was produced using UCSF Chimera [191].
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Liu et al. examined the effects of quercetin on apoptosis in an ovarian cancer mice
xenograft model and demonstrated that quercetin caused mitochondrial apoptosis [192].
Furthermore, by causing endoplasmic reticulum (ER) stress, quercetin triggered mitochondria-
mediated apoptosis in ovarian cancer cells. Quercetin affected ER stress, apoptosis, and
autophagy via the p-STAT3/Bcl-2 center. In general, quercetin downregulates the growth of
metastatic ovarian cancer cells through the induction of apoptotic conditions. In particular,
the flavonoid increases the activity of apoptotic species including caspase-3, caspase-9,
and cytochrome c. Moreover, pro-apoptotic proteins Bid, Bax, and Bad are also involved.
Concerning this biomolecular mechanism, Bad and Bid promote the oligomerization of
Bax and of the protein Bak, and this event triggers the permeabilization of the outer mito-
chondrial wall. Bid can directly trigger apoptosis, while Bad interacts with anti-apoptotic
Bcl-2 proteins, thus lowering the threshold for induction of apoptosis. As a result, their
equilibrium has an effect on the neoplastic shift in the human endometrium [193]. Like
curcumin, quercetin causes mitochondrial-mediated apoptosis and thus limits the prolifer-
ation of metastatic ovarian cancer cells [194]. Moreover, our group recently demonstrated
that quercetin, as well as its glycoside rutin, can target specific DNA sequences and arrange-
ments in vitro, demonstrating that the compound could influence gene expression [190].

As for natural compounds and drugs in general, the bioavailability and formula-
tion/delivery system may be crucial for obtaining the biological effects. In this con-
text, another study investigated the antiproliferative potential of a quercetin-based nano-
formulation. Both in vitro and in mice xenograft models, this specific form of quercetin
reduced the development of ovarian cancer cells. Furthermore, it has been noted that
quercetin from the nano-formulation activated caspase-3, caspase-9, and Bax while inhibit-
ing MCL-1 and Bcl-2 to enhance apoptosis [195].

Additionally, several studies were aimed at understanding the synergistic benefits of
quercetin when used in combination with various chemotherapeutics. In an in vitro/in vivo
investigation, Gong et al. [196] examined the effects of quercetin combined with radiation
on ovarian cancer. Exposure of quercetin made ovarian cancer cells undergo ER stress, and
there was also an increase in p53, p21, and Bax expression, a reduction of Bcl-2 expression,
and an increase in DNA damage.

Quercetin coupled with radiation dramatically decreased the growth of cancer cells
and activated p53 in a xenograft ovarian cancer model. In another study, pretreatment
with quercetin sustained the cytotoxic activity of cisplatin in ovarian cancer patients. In
particular, quercetin increased ER stress, decreased STAT3 phosphorylation, and decreased
Bcl-2 expression. Quercetin supported the anticancer impacts of cisplatin also in a xenograft
mice model, suggesting a potential role for quercetin as a promising adjuvant medication
for ovarian cancer treatment [197].

Other formulations of quercetin, such as PEGylated liposomal quercetin (lipo-quercetin),
were tested in vitro and in vivo in models of both cisplatin-sensitive and cisplatin-resistant
human ovarian cancer. Studies conducted in vitro revealed that the presence of lipo-
quercetin caused cell cycle arrest and apoptosis in both kinds of cancer cells. Moreover,
lipo-quercetin was more effective than free quercetin in mice xenograft models [198].
Several studies examined the impact of quercetin on cell cycle progression [199], and it was
reported that the compound regulated 1-phosphatidylinositol 4-kinase (PI kinase) activity
and lowered inositol-1,4,5-triphosphate (IP3) levels, thus confirming its effect on the cell
cycle [200]. Moreover, quercetin was recently studied as an anti-metastatic agent in the
context of ovarian cancer [201].

In the context of quercetin derivatives, an in vitro study examined the effects of 3,4',7-
O-trimethylquercetin (34'7TMQ) on the growth and progression of ovarian cancer cells,
and the compound diminished ovarian cancer cell invasion [202].

Importantly, recent studies showed that quercetin can help in mitigating the side
effects of chemotherapeutic agents including cisplatin, 5-fluorouracil, taxol, and pirarubicin.
While other, less recent, research reports showed quercetin to be directly effective in the
treatment of ovarian cancer, especially when paired with other drugs; it has been later
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demonstrated that low doses of quercetin increase antioxidant enzymes and reduce ROS-
mediated anti-neoplastic drug toxicity [203]. In this context, another in vitro study in
ovarian cancer cells supported the synergistic effect of quercetin when administered in
combination with cisplatin [204].

The findings reported in this section suggest that quercetin and its formulations have
anticancer potential against ovarian cancer through a combination of several mechanisms,
which are outlined in Figure 6. Table 2 reports an update on findings concerning the
potential of quercetin as an anticancer agent, in particular in the context of ovarian cancer.
As can be noted from the records reported in the table, great efforts are currently focused
on improving drug-likeness features and delivery strategies for this compound, together
with the investigation of synergistic and potentiation effects with respect to traditional

anticancer agents.

- Metastasis

m @ — - Cellinvasion
T - Cell migration

Extrinsic
Pathways

- Cell survival
- Cell proliferation

- Cell migration

- Oncogenic transformation

Nucleus

Figure 6. Quercetin targets several signaling pathways within the cells, representing a potential
therapeutic agent against ovarian cancer (adapted from [80]).

Table 2. Update on experimental data reported in the literature for the activity of quercetin in the
ovarian cancer model. This table is intended as an addendum to the ones reported by Shafabakhsh and
Asemi [80] and by Vafadar et al. [81], thus updated records were included. The reader is invited to refer
to the abovementioned reviews for a more comprehensive overview, with the corresponding references.

Ovarian Cancer Major Findings and

Compound/Formulation Model Type of Study Mechanisms Reference

Graphene oxide
polyvmyl.pyrro.h'd one- Ovarian cancer cells In vitro Synergistic cytotoxic effect [205]
quercetin-gefitinib
(GO-PVP-QSR-GEF)

Micellar(nanostructures) Improvement of the efficacy

resveratrol(flle){:g)lercetm Q) Xenograft model In vivo of adriamycin [206]
. . Human telomeric
Quercetin ) In vitro G-quadruplex stabilization (1901

193



Molecules 2023, 28, 2070

Table 2. Cont.

Compound/Formulation

Ovarian Cancer Major Findings and

Model Type of Study Mechanisms Reference

Quercetin

. . Att ti f
Opvarian cancer cells In vitro enuation o [201]
metastatic ability

Quercetin micelle and
thermosensitive hydrogel
drug delivery system

SKOV-3 cells and

animal model In vitro and in vivo Enhanced cytotoxicity [207]

6.5. Semi-Synthetic Compounds

As anticipated, natural compounds are endowed with unique features in terms of
chemical diversity and are often characterized, as highlighted by the overview presented in
the previous sections of this review, by the capability of targeting a combination of biochem-
ical pathways within the cell. Nevertheless, such compounds may also be characterized by
poor bioavailability, lack of drug-likeness features, limited availability from natural sources,
and poor specificity. Thus, research has recently focused on the design of semi-synthetic
or synthetic derivatives of natural compounds with improved performances to address
these issues [208].

Several examples of semi-synthetic investigational anticancer agents are presented in
the literature. Napabucasin and other derivatives of naphthoquinones from Handroanthus
impetiginosus were tested against cancer cells. The compounds inhibited STAT3, induced
apoptosis, and stimulated ROS production [209]. Another example is represented by the
paper from Nadysev et al. that reported the synthesis and characterized the biological
activity profile of 4-aminomethyl derivatives of heliomycin, a metabolite from Actinomyces
flavochromogenes var. heliomycini and Streptomyces resistomycificus. The molecules were
tested against a set of cell lines and showed improved water solubility and antiproliferative
efficacy with respect to the natural compound [210].

More specifically, concerning therapeutic approaches against ovarian cancer, Li et al.
very recently reported a set of derivatives of celastrol, a compound isolated from Triptery-
gium species. This molecule has promising anticancer properties, but it is endowed with
suboptimal pharmacological properties due to poor water stability, low bioavailability, and
toxicity. The authors modified the structure to obtain drug-like compounds targeting the
STAT3 pathway and showing anti-proliferative activity through induction of apoptosis and
reduction of cell migration [152].

Previously, Chen et al. studied the synthetic compound FBA-TPQ, a derivative of
the marine pyrroloiminoquinone alkaloid makaluvamine, which is isolated from sponges
of the genera Zyzzya. FBA-TPQ exhibited anticancer activity against OVCAR-3 ovarian
cancer cells through ROS species, p53-MDM2, and PI3K-Akt pathways. Moreover, minimal
toxicity was observed in non-tumorigenic human IOSE-144 cells, and in vitro data were
supported by in vivo studies in xenograft models [151].

Verticillins are another class of fungal metabolites, and several ester derivatives of ver-
ticillin H were prepared and tested against a panel of cancer cell lines, including OVCAR-3.
The compounds showed cytotoxic activity in the nanomolar range [154].

Cycleanine is a bisbenzylisoquinoline macrocyclic alkaloid from Triclisia subcordata.
Uche et al. synthesized a small pool of aminoalkyl derivatives that were tested against
ovarian cancer cells. The molecules showed anticancer activity through activation of
caspases 3/7 and cleavage of PARP [149].

The chemical structures of the most promising semi-synthetic compounds are shown
in Figure 7, and the main findings in this context are outlined in Table 1.
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Figure 7. Chemical structures of the discussed semi-synthetic derivatives of natural compounds. The
parts of the molecules that have been modified are highlighted in orange.

7. The Point of View of the Medicinal Chemist

Although it is widely established that first-line conventional chemotherapy has a
therapeutic effect in many ovarian cancer patients, drug resistance typically limits the
efficacy of treatment regimens. Natural products have been investigated in ovarian cancer
models both per se and in adjuvant treatment, with positive outcomes in several cases,
as overviewed in the previous paragraphs. As laid out in the reported studies, such
compounds, belonging to several different chemical classes and acting through a combina-
tion of mechanisms, may effectively hinder cancer progression according to in vitro and
in vivo studies. Importantly, moreover, natural compounds alone or in combination, boost
chemotherapy efficacy while lowering toxic and side effects, potentially allowing a more
promising outcome.

Three major observations can be drawn from this literature overview, considering the
topic from the point of view of the medicinal chemist. First, the multi-target mechanism of
natural compounds represents a valuable resource, but the lack of selectivity may represent
a drawback for the development of novel therapeutic approaches. Second, it must be noted
how many natural compounds, besides showing anticancer activity per se, also possess
potentiating/synergistic properties with respect to other drugs. Additionally, they can
help in re-sensitizing resistant cancer cells. Eventually, it must be considered that natural
compounds should represent the starting point for compound optimization, as testified
by the growing interest towards semi-synthetic derivatives with enhanced drug-likeness
and performances. In fact, as overviewed in Section 6 of this review, the development
of semi-synthetic compounds is pushing the efficacy of nature-derived molecules in the
nanomolar range, even if every case is peculiar. Moreover, the efforts of medicinal chemists,
besides improving antiproliferative activity, are pointed towards improving water solubility,
stability, bioavailability, and toxicity profiles.

However, a major pitfall is still present and must not be ruled out, as very limited
data support the clinical use of the natural compounds discussed in this paper. In fact, few
clinical studies have assessed the anticancer effects of natural molecules, even for the most
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studied ones such as quercetin, particularly in the field of ovarian cancer [81,211]. In other
cases, compounds that have been demonstrated to be effective in in vivo models of ovarian
cancer were tested in clinical trials, but with different anticancer indications. This is, for
example, the case for (3-escin [212]. Nevertheless, there are also compounds that have been
more widely studied in clinical trials such as resveratrol, which, anyway, is affected by
limitations in terms of bioavailability [213].

8. Conclusions and Future Perspectives

This review overviewed and summarized the anticancer potential of plant-derived
molecules in ovarian cancer models. The compounds discussed in this paper bear a variety
of different chemical scaffolds, as can be expected for molecules of natural origin. In this
connection, the main classes comprise phenolic components, flavonoids, steroid glycosides,
terpenoids, chalcones, and several alkaloids.

Similarly, the underlying molecular mechanisms for the different compounds are very
diverse, and they include autophagy and apoptosis induction, ROS activity, inhibition of
cell invasion, angiogenesis, and metastasis [214]. Most importantly, natural molecules often
act through a combination of the abovementioned mechanisms.

Nevertheless, more exploration is required to estimate and understand the effective
potential of natural substances in pre-clinical and clinical trials. In particular, some major
points must be addressed, including (i) assessment of dose for use of natural compounds in
ovarian cancer; (ii) usage of natural compounds as co-treatments with chemotherapy,
radiotherapy, and other immunotherapies [215]; (iii) use of a combination of natural
compounds acting through different and ideally synergistic mechanisms; and (iv) advanced
formulation studies to improve bioavailability of the molecules, thus paving the way for
the potential application of natural and nature-inspired compounds as antiproliferative
agents against ovarian cancer.
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Abstract: Two new 4-hydroxy-2-pyridone alkaloids furanpydone A and B (1 and 2), along with
two known compounds N-hydroxyapiosporamide (3) and apiosporamide (4) were isolated from
the endophytic fungus Arthrinium sp. GZWM]Z-606 in Houttuynia cordata Thunb. Furanpydone A
and B had unusual 5-(7-oxabicyclo[2.2.1]heptane)-4-hydroxy-2-pyridone skeleton. Their structures
including absolute configurations were determined on the basis of spectroscopic analysis, as well
as the X-ray diffraction experiment. Compound 1 showed inhibitory activity against ten cancer cell
lines (MKN-45, HCT116, K562, A549, DU145, SF126, A-375, 7860, 5637, and PATU8988T) with ICs
values from 4.35 to 9.72 uM. Compounds 1, 3 and 4 showed moderate inhibitory effects against
four Gram-positive strains (Staphylococcus aureus, methicillin-resistant S. aureus, Bacillus Subtilis,
Clostridium perfringens) and one Gram-negative strain (Ralstonia solanacarum) with MIC values from 1.56
to 25 uM. However, compounds 1-4 showed no obvious inhibitory activity against two Gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa) and two pathogenic fungi (Candida albicans and
Candida glabrata) at 50 M. These results show that compounds 14 are expected to be developed as lead
compounds for antibacterial or anti-tumor drugs.

Keywords: pyridone alkaloids; Arthrinium sp.; endophytic fungus; antibacterial; cytotoxicity

1. Introduction

Since ricinine [1] and ilicicolin H [2] were found in the early 1970s, a series of 4-hydroxy-
2-pyridinone alkaloids with diverse structures were reported [3-6]. These alkaloids were
mainly isolated from plants and fungi and had good biological activity [7]. According
to the position and type of substituents, C-3 was often replaced by alkanes (e.g., sep-
toriamycin from Septoria pistaciarum [8]) or terpenes (e.g., tenelin from Beauveria tenella
and Beauveria bassiana [9]), and C-5 was often replaced by phenyl (e.g., sambutoxin from
Fusarium sambucinum [10]) or cyclohexyl (e.g., torrubiellone A-B from Torrubiella sp. [11]).
There were also a small number of derivatives whose C-6 was replaced by alkanes (e.g.,
pyridomacrolidin from Beauveria basiana [12]). These kind of compounds usually have
anti-inflammatory, antibacterial, cytotoxicity, antimalarial, antiviral, insecticidal, antioxi-
dant, anti-fibrosis, neuroprotection, inhibition of protein tyrosine kinase, and so on [13-16],
which have attracted widespread attention.

In the past few years, there were some new 4-hydroxy-2-pyridones discovered from
fungi, such as (+)-didymellamide B, (+)-didymellamide E, (+)-N-hydroxyapiosporamide,
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and didymellamides F-H which were isolated from Coniochaeta cephalothecoides [17], and
arthpyrones A and B with novel oxabicyclo[3.3.1]-nonane ring which were isolated from
Arthrinium arundinis ZSDS1-F3 [18]. Three new 4-hydroxy-2-pyridone alkaloids citridones
E-G with antibacterial activity were isolated from the endophytic fungus Penicillium suma-
trense GZWM]JZ-313 in our previous studies [19]. In order to obtain more compounds
of this type from endophytic fungus, Arthrinium sp. GZWM]JZ-606 was isolated from
Houttuynia cordata Thunb. Further chemical investigation of this fungal strain led to the
isolation of two new 4-hydroxy-2-pyridone derivatives (1 and 2) which we named fu-
raprazone A and B (Figure 1), along with the known N-hydroxyapiosporamide (3) [18,20]
and apiosporamide (4) [21]. Compounds 1 and 2 were the first reported compounds with
5-(7-oxabicyclo[2.2.1]heptane)-4-hydroxy-2-pyridone skeleton. Compared with the previ-
ously reported 1,2-epoxyhexane [17,21], 2-oxobicyclo [3.3.1] nonane [18] or benzene [22],
7-oxadicyclo [2.2.1] heptane can improve some biological activities [23-25]. Herein, the
isolation, structure elucidation, the antimicrobial and cytotoxic activity of these compounds
are described.

1 R=OH
2R=H

Figure 1. Structures of compounds 1-4.

2. Results and Discussion
Structure Elucidation

Compound 1 was obtained as a yellow crystal. The molecular formula was deduced
as Cp4H31NO7 based on the HRESIMS ion peak at m/z 468.19861 [M + Na]* (caled. for
Cp4H31NO7Na = 468.19927). Its IR (KBr) spectrum exhibited absorptions at 3434 cm~!
(hydroxy), 1649 cm~! (carbonyl), and 1605/1552/1446 cm~! (aromatic heterocycle). Com-
pound 1 had the same molecular formula with N-hydroxyapiosporamide (3) and showed
a high degree of similarity in UV absorption. The NMR spectra displayed two methyls,
five sp>-methylenes, eight sp>-methines, three sp>-methines, one sp>-quaternary carbon,
five sp>-quaternary carbons (including two carbonyls) (Table 1), which was also similar to
those of compound 3, especially for the important 'H NMR signals, such as two methyl
groups at H3-11(dy 0.94) and H3-12 (dy 0.82), a single special hydrogen signal at H-16
(011 7.93), two olefinic protons at H-6 (o5 5.41) and H-7 (dy 5.60). The above evidence
suggested that compound 1 has a similar skeleton with compound 3. The 'H-'H COSY
correlations (Figure 2) from Hy-1 (6 0.88 and 1.95) to H-10 (6 1.58), H-3 (dy 1.50) to
H3-11, and H-8 (dy 2.85) to H-12 proved the existence of a decalin moiety. The relative
configurations of this part were confirmed by the NOESY correlations (Figure 2) from H-10
to H3-11/Hj3-12 and H-5 (0 1.83) to H-3/H-9 (d11 4.45), and indicated that compound 1
has the same decalin moiety as compound 3. The IH-TH COSY correlations from H-20
0y 3.87) to Hp-24 (01 1.63 and 2.25) and the HMBC correlations (Figure 2) from H-21
(6n 4.00) and H»-23 (6 1.70 and 2.25) to C-19 (6c 89.4) confirmed the presence of an
oxygenated cyclohexane moiety in compound 1. However, there was a large chemical
shift difference between these two compounds at C-19/20/21/22 (6c 89.4, 82.1, 82.9, 78.6
for 1; 70.4, 60.5, 57.7, 67.2 for 3). Nevertheless, there is still one degree of unsaturation
in the structure 1, implying an oxygen bridge in this cyclohexane moiety, but the HMBC
correlations cannot be used to confirm it. The key HMBC correlations from H-9 to C-13
(6¢c 211.4), H-16 to C-15 (6¢ 159.9)/C-18 (6c 173.2)/C-19 indicated that the decalin and
hexane moieties substituted at C-13 and C-17 of the 4-hydroxy-2-pyridinone part. The
crystal of compound 1 was fortunately acquired in methanol/water (v/v, 1:1) solution. The
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results of the X-ray (Figure 3) analysis (Flack parameter = —0.15 (11), CCDC: 2218951)
confirmed an oxygen bridge between C-19 and C-22 forming the furan ring and led to the
final determination of its absolute configuration as 3R, 55, 8R, 9R, 10R, 195, 20S, 218, 22S.
This novel 4-hydroxy-2-pyridone was named furanpydone A.

Table 1. 'H (600 MHz) and 13C (150 MHz) NMR data of 1-4.

1b sa 3b 4b
Position
Sc du (J in Hz) dc du (J in Hz) dc oy (J in Hz) dc du (J in Hz)
0.77-0.85, m
0.86-0.91, m ! 0.87-0.91, m 0.86-0.92, m
1 31.0, CH, 1.95,d (11.1) 29.6, CH, 1.83, ;lg)(lZ.Z, 31.0, CH, 1.91-194 m 31.0, CH, 1.90-1.95, m
1.00-1.09, m 1.00-1.08, m
0.99-1.11, m 0.92-1.00, m ’ g
2 36.6, CHy 1.74, overlap 35.1, CHy 1.67,d (12.1) 36.6, CHy 1.73-1.77, 36.6, CH, 1.73-1.78,
overlap overlap
3 34.4,CH 1.48-1.53, m 32.6,CH 143-149, 343,CH 1.49-1.52, m 344,CH 1.48-1.53, m
overlap
0.80, t (12.2) 0(')7\/2;?:8’ 0.80, t (12.2) 0.79, t (12.2)
4 43.2, CH, 1.72-1.80, 41.4, CH, 1.69-1 7% 43.1, CHy 1.73-1.77, 43.2, CH, 1.73-1.78,
overlap ) T overlap overlap
overlap
1.83, “t” like 1.75, “t” like 1.81-1.85, 1.80-1.86,
5 432,CH (108) 414,CH (101) 433,CH overlap 432, CH overlap
6 131.7, CH 5.41,d (9.7) 130.4, CH 5.37,d (9.9) 131.7, CH 5.42,d(9.9) 131.7,CH 5.41,d (9.8)
7 132.6,CH 5.58-5.63, m 131.7,CH 5.56-5.59, m 132.5,CH 5.58-5.62, m 132.6, CH (9556(31’ ;1‘:1;17)
8 32.3,CH 2.83-2.90, m 30.6, CH 2.71-2.76, m 32.3,CH 2.82-2.86, m 32.4,CH 2.80-2.86, m
4.42-4.47, 4.33,dd 445,dd 4.43,dd
K 545,CH overlap 518 CH (11.4,57) 545,CH (11.3,5.7) 542,CH (11.4,5.8)
10 37.5,CH 1(')5\,(;%6'1%0’ 35.8, CH 1.41-1.49, m 37.6,CH 1.56-1.60, m 37.6, CH 1.54-1.60, m
11 229, CHj 0.94, d (6.5) 22.5,CHjs 0.87,d (6.5) 23.0, CH3 0.94, d (6.5) 22.9,CHjs 0.93, d (6.5)
12 18.4, CH, 0.82,d (7.0) 17.9, CH, 0.74,d (7.3) 18.4, CH, 0.83,d (7.3) 18.4, CH, 0.83,d (7.2)
13 211.4,C 209.6, C 211.7,C 212.0,C
14 108.2,C 106.7, C 108.6,C 108.8, C
15 1599, C 161.8,C 159.6,C 163.9,C
16 139.5,CH 793, s 139.1,CH 7.33,d (6.0) 140.0,CH 8.04, s 139.9, CH 7.58,s
17 111.0,C 1108, C 1145,C 116.6,C
18 173.2,C 175.7,C 175.6,C 179.3,C
19 894,C 88.0,C 70.4,C 704, C
20 82.1, CH 3.87, brs 80.5, CH 3'58’1(15 @1, 60.5, CH 3.66,d (3.7) 60.5, CH 3'64’(2 tl) like
3.78, “t” like 3.43, “t” like 3.42, “t” like
21 829, CH 4.00, d (4.3) 81.2,CH @7 57.7,CH 3.3) 57.6, CH 6.3)
4.42-4.47, 4.30, “t” like 4.13,ddd
2 78.6, CH overlap 76.6, CH 5.1) 672, CH 412-4.14, m 67.2, CH 856,57, 28)
1.68—}.73, 1.45-1.54, m 1.34-1.38, m 1.32-1.38, m
23 24.1,CH, 2202 23.0,CH, 2.02-2.10, 25.7,CH, 1.81-1.85, 25.8,CH, 1.80-1.86,
' o overlap overlap overlap
overlap
1.70, ddd 1.70, ddd
1(-)6‘]0;;%5, 1(-)4‘]5;;;9' (13.9,10.2, (135,104,
24 33.1, CHy 31.8, CHy 31.8, CHy 2.8) 31.6, CHy 2.5)
220227, 201208 226, ddd 222, dd
P P (14.4, 8.4,2.5) (133, 8.6)
20-OH 477,d (6.1)
21-OH 531,d (47)
-NH 11.38, brs

2 measured in DMSO-dg, ® measured in methanol-d, solvent.
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HMBC ~ > 'H-'HCOSY == NOESY »

Figure 2. The key 2D NMR correlations of compounds 1 and 2.

Figure 3. ORTEP drawing of 1.

Compound 2 was obtained as a yellow powder. The molecular formula was deduced
as Cp3H3106N based on the HRESIMS peak at m/z 452.20319 ([M + Na]*, calcd. for
452.20436), which has ten degrees of unsaturation as furanpydone A (1), but one less
oxygen atom than it. According to IR (KBr) spectrum data, they seem to have similar
functional groups at 3445 cm™! (hydroxy), 1652 cm ! (carbonyl), and 1604/1557 /1456 cm !
(aromatic heterocycle). According to 1D NMR and HSQC data, compound 2 displayed two
methyl (¢, 0.74/17.9,0.87/22.5), five sp3-methylene (011/c 1.50 and 2.06/23.0; 0.81 and
1.83/29.6; 1.47 and 2.04/31.8; 0.96 and 1.67/35.1; 0.75 and 1.70/41.4), eight Sp3-methines
(On,c 2.74/30.6,1.46/32.6,1.45/35.8,1.75/41.4, 4.33/51.8, 4.30/76.6, 3.58/80.5, 3.78 /81.2),
three sp>-methines (dy3,c 5.37/130.4, 5.57/131.7,7.33/139.1), one sp>-quaternary carbon
(6¢c 88.0), and five spz—quaternary carbons (6¢ 106.7, 110.8, 161.8, 175.7, 209.6), which were
extremely similar to compound 1 (Tables 1 and S1) suggested the similar structure of these
two compounds. The 'H-'H COSY correlations (Figure 2) from Hy-1 (5 0.81 and 1.83) to
H-10 (6 1.45), H-3 (g1 1.46) to H3-11 (o 0.87), H-8 (6 2.74) to H3-12 (dy1 0.74), H-20 (0y
3.58) to Hp-24 (0 1.47 and 2.04), the key HMBC correlations (Figure 2) from H-9 (d¢; 4.33) to
C-13 (¢ 209.6), H-16 (613 7.33) to C-15 (6¢ 161.8) /18 (8¢ 175.7) /19 (6¢ 88.0), H-21 (6yy 3.78) to
C-19 further confirmed that compound 2 and 1 have the same skeleton structure. Analysis
of the NMR spectral data revealed that the chemical shift of C-15 (6c 161.8) moved to a
lower field, which was similar to compound 4, the key TH-1H COSY correlation between
H-16 and H-NH (d 11.38) confirmed the absence of an N-hydroxy group in 2. The key
NOESY correlations from H-10 to H3-11/H3-12, H-5 (6y 1.75) to H-3 (6y 1.47)/H-9 (g
4.33), as well as the same chemical shift for C-19/20/21/22/23/24 with furanpydone A (1)
suggested that these two compounds had the same relative configuration. The similarity
of electronic circular dichroism (ECD) curve of compound 2 (213 (—5.83), 228 (—11.74),
265 (+5.40), 310 (+7.09), 341 (